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Abstract 

As p a r t  o f  t h e  U. S. Nat ional  Pho tovo l ta ic  Program, t h e  J e t  Propuls ion Laboratory 's  (JPLfs) F l a t -P l a te  
Solar  Array (FSA) P r o j e c t  has conducted a comprehensive 10-year research a c t i v i t y  addressed t o  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  pho tovo l ta ic  modules, and t o  developing t h e  technology 
requi red t o  achieve 30-year 1 i f e  (1).  Th i s  paper prov ides an overview o f  t h e  r e l i a b i l  i t y  issues and progress, 
and high1 i g h t s  t h e  design, analysis, and t e s t  t o o l s  generated t o  achieve t h e  h i gh  l e v e l s  o f  re1 i a b i l  i t y  
necessary f o r  f u t u r e  large-scale t e r r e s t r i a l  app l i ca t ions .  Much o f  t h e  technology i s  a lso  d i r e c t l y  app l i cab le  
t o  t h e  l a r g e  space arrays c u r r e n t l y  under cons idera t ion  f o r  use i n  e x t r a t e r r e s t r i a l  app l i ca t ions .  

The r e l i a b i l i t y  o f  pho tovo l ta ic  s o l a r  arrays i s  probably second i n  importance on l y  t o  cos t  i n  t h e  l i s t  o f  
fac to rs  i n f l uenc i ng  t h e  market acceptance o f  t h i s  new technology. Because o f  t h e i r  modular nature, 
pho tovo l ta ic  a r rays  possess a h igher  than normal s e n s i t i v i t y  t o  common-mode f a i l u res ,  bu t  a t  t he  same t ime 
of fer  a wealth o f  redundancy op t ions  t o  increase re1 i a b i l  i t y .  Achieving t h e  h igh  re1 i a b i l  i t y  demanded by 
f u t u re  large-scale app l i ca t i on  requ i res  t h a t  these r e l i a b i l i t y  design a t t r i b u t e s  be understood we l l  and used 
e f f e c t i v e l y .  

As a t o o l  f o r  managing module and a r ray  r e l i a b i l i t y  development, t h e  FSA P ro j ec t  has adopted a t a r g e t  f o r  
l i f e - c y c l e  r e l i a b i l i t y  cos ts  equ iva len t  t o  30 years w i t h  no s i g n i f i c a n t  a r ray  power degradation. Because small 
l e v e l s  o f  degradation o r  replacement are economical ly j u s t i f i e d ,  a t y p i c a l  ar ray meeting t h e  t a r g e t  l i f e  w i l l  
l a s t  somewhat longer  than 30 years t o  recapture t h e  l i f e - c y c l e  cos ts  associated w i t h  t h e  gradual degradation 
expected (see Fig.  1) .  A convenient means f o r  quan t i f y i ng  t h e  l i f e - c y c l e  cos ts  associated w i t h  r e l i a b i l i t y  
a t t r i b u t e s  i s  based on computing t he  break-even pho tovo l ta ic  energy cos t  over t h e  expected l i f e  o f  t h e  
app l i ca t i on  ( 2 ~ 3 ) :  

where: 
L R = Cost (worth) o f  energy (s tar tup-year  $/kwh) 

C, + Ci Mi (1 + k)-' Ei = Energy generated i n  year i (kwh) 
i=l Co = I n i t i a l  p l a n t  c o s t  (s tar tup-year  16) 

R = L (1 1 Ci = Cost per  module replacement ac t i on  (s tar tup-year  $/module) 

E (1 + k)-j 
Hi = Number o f  modules replaced i n  year i 
k = Present-value dfscount r a t e  

i=l L = P l a n t  l i f e t i m e  (years) 

Not i ce  t h a t  t h e  above expression e x p l i c i t l y  inc ludes t he  e f f e c t s  o f  a r r ay  degradation versus t ime  (Ei)r 
module i n i t i a l  c o s t  (Co), and t h e  cos t  o f  module replacement (Ci Mi). 

I n  assessing t he  imp l i ca t ions  o f  t h e  30-year e q u i v a l e n t - l i f e  ta rge t ,  it i s  i n s t r u c t i v e  t o  examine t h e  l i f e -  
c y c l e  cos t  impact o f  t y p i c a l  f a i l u r e  modes found i n  present-day PV modules. For some mechanisms, such as 
f ront-sur face so i l i ng ,  t h e  economic impact i s  d i r e c t l y  p ropor t iona 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 open-c i rcu 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 nd i v i dua l  so l a r  ce l l s ,  complex 
s ta t i s t i ca l -economic  analyses t h a t  inc lude  t he  e f f e c t s  o f  c i r c u i t  redundancy, maintenance pract ices,  and l i f e -  
c y c l e  cos t i ng  are requi red (3,5). Without such analyses, f a i l u r e  l e v e l s  cannot be in te rp re ted  w i t h  meaning. 
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 associated w i t h  modules made w i t h  c r y s t a l l i n e - s i l i c o n  s o l a r  
c e l l s .  The u n i t s  of degradation l i s t e d  i n  t h e  t h i r d  column prov ide a convenient means o f  quan t i f y ing  t h e  
f a i l u r e  l e v e l s  o f  t he  i nd i v i dua l  mechanisms according t o  t h e i r  approximate t ime  dependence. For example, u n i t s  
of $ / y r  i n  t he  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  increasing r a p i d i t y  W y r 2 )  i s  t he  u n i t  used t o  i n d i c a t e  l i n e a r l y  
increasing f a i l u r e  rate.  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. 
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Table 1. System l i f e - c y c l e  energy c o s t  impact and Table 2. System l i f e - c y c l e  energy c o s t  impact and 
a1 lowable degradation l e v e l s  f o r  13 p r i n -  
c i p a l  f a i l u r e  mechanisms f o r  c r y s t a l 1  ine- 
s i l i c o n  PV modules. 

a l l owab le  degradation l e v e l s  f o r  13 
p r i n c i p a l  t h i n - f  i l m  module f a i l u r e  
mechanisms. 

Type of 
Degradation 

Component 
failures 

Power 
degradation 

Module 
failures 

Life-limiting 
wearout 

'"'". ."' ' " "  I Failure Mechanism 
Energy Cost 'Or Economic I ,,A, Increase* I 3:"' enalty 1 

J to loss of stabilizers I of life 1 L' I c" 1 a d  I life I 

Open-circuit cracked cells 
Short-circuit cells 
Interconnect open circuits 
Cell gradual power loss 
Module ootical dearadation 

k = Discount rate 

Type of 
Degradation Failure Mechanism 

Energy Cost 

- -= -- 

%/yr 
%/yr 
%/yr2 
%/yr 
%/vr 

k = Oiscount rate 

Usina 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  degradation f o r  each 

k = 0 
0.08 
0.24 
0.05 
0.67 
0.67 

mechanisi  t h a t  w i l l  r e s u l t s  i n  a  10% increase i n  t h e  c o s t  o f  d e l i v e r e d  energy from a  l a r g e  PV system. Because 
t h e  mechanisms w i l l  genera l l y  occur concur ren t l y?  t h e  t o t a l  c o s t  impact i s  t h e  sum o f  t h e  13 c o s t  
c o n t r i b u t i o n s .  Column 6 l i s t s  a  strawman a l l o c a t i o n  of a l l owab le  degradation among t h e  13 mechanisms t o  
achieve a  s p e c i f i c  t o t a l  r e l i a b i l i t y  performance. I n  t h i s  case? t h e  r e l i a b i l i t y  a l l o c a t i o n s  a r e  c o n s i s t e n t  
w i t h  a  20% increase i n  t h e  c o s t  o f  energy over t h a t  from a  p e r f e c t ?  f a i l u r e - f r e e  system w i t h  a  30-year l i f e .  

I n  c o n t r a s t  t o  Table l r  Table 2  prov ides s i m i l a r  data generated f o r  13 f a i l u r e  mechanisms l i k e l y  t o  be 
associated w i t h  t h i n - f  i l m  amorphous-Si c e l l s  mono1 i t h i c a l l y  deposited on a  g lass  supers t ra te  ( 4 ) .  Note t h a t  
t h e  modu le - fa i lu re  and power-degradation mechanisms a re  e s s e n t i a l l y  t h e  same as those f o r  c r y s t a l l i n e - S i  except 
f o r  module o p t i c a l  degradation and l i gh t - induced  e f f e c t s .  Because t h e  t h i n - f i l m  c e l l s  a r e  assumed deposited 
d i r e c t l y  on t h e  g lass  supers t ra te?  t h e r e  i s  no polymer i n  t h e  o p t i c a l  path t o  t h e  c e l l  t h a t  can degrade i n  i t s  
t ransmiss ion p roper t ies ;  t h e  a l l o c a t i o n  f o r  t h i s  mechanism i s  t h e r e f o r e  s u b s t a n t i a l l y  reduced. I n  i t s  p lace i s  
t h e  new? and probably  l a r g e r  power degradat ion mechanism r e f e r r e d  t o  as 1  ight - induced e f f e c t s .  The 5% 
a l l o c a t i o n  f o r  t h i s  degradation assumes it reaches e q u i l i b r i u m  q u i c k l y  i n  t h e  f i r s t  few months o f  f i e l d  
a p p l i c a t i o n  and remains cons tan t  a t  t h e  5% l e v e l  over  t h e  p l a n t  l i f e .  

k = 10 

0.13 
0.40 
0.25 
1.15 
1.15 

Although d i f f e r e n t  degradation a l l o c a t i o n s  cou ld  have been chosen i n  Tables 1 and 2? t h e  impor tant  p o i n t  i s  
t h a t  these a l l o c a t i o n s  a l low t h e  s i g n i f i c a n c e  o f  observed f a i l u r e s  t o  be measured? and goals  t o  be developed t o  
guide mechanism-specif ic research a c t i v i t i e s .  The remainder o f  t h e  paper addresses each category i n  l i g h t  o f  
t h e  h i s t o r i c a l  experience t o  date, and summarizes t h e  technologies developed t o  achieve t h e  l i s t e d  a l l o c a t i o n s .  

I n  t h e  f i r s t  category? t i t l e d  lkomponent f a i l u r e s " ?  a r e  c e l l - l e v e l  f a i l u r e  mechanisms associated w i t h  open- 
c i r c u i t i n g  o r  s h o r t - c i r c u i t i n g  o f  i n d i v i d u a l  s o l a r  c e l l s .  With c r y s t a l l i n e - s i l i c o n  devices? these f a i l u r e s  
general 1  y  r e s u l t  from c e l l  c rack ing  and mechanical f a t i g u e  o f  t h e  c e l l - t o - c e l l  metal 1  i c  in terconnects .  With 
t h i n - f i l m  c e l l s  t h i s  f a i l u r e  category i s  p r i n c i p a l l y  associated w i t h  open-c i rcu i t i ng  o f  t h e  c e l l - t o - c e l l  
m o n o l i t h i c  in te rconnec t  due t o  corros ion.  Both types o f  devices a l s o  experience p e r i o d i c  s h o r t  c i r c u i t s ?  
though t h i s  f a i l u r e  mechanism i s  f a r  l e s s  troublesome than t h e  open c i r c u i t s .  

~ ~ d ~ l ~  
0.005 
0.050 
0.001 
0.20 
0.20 

A t  t h e  r o o t  o f  t h e  h igh  s e n s i t i v i t y  t o  c e l l  f a i l u r e s  ind ica ted  i n  Tables 1 and 2  i s  t h e  need t o  
in te rconnec t  e l e c t r i c a l l y  thousands o f  n e a r l y  i d e n t i c a l  s o l a r  c e l l s  i n  s e r i e s  and p a r a l l e l  t o  achieve t h e  
vo l tage  and c u r r e n t  l e v e l s  o f  t h e  intended app l i ca t ion .  For  example, a  150-vol t  r e s i d e n t i a l  a r r a y  w i l l  r e q u i r e  
300 t o  400 s e r i e s  c e l l s ?  and a  1500-volt  c e n t r a l - s t a t i o n  a p p l i c a t i o n  w i l l  r e q u i r e  3000 t o  4000. Th is  l a r g e  
number o f  s e r i e s  elements makes an a r r a y  ext remely s e n s i t i v e  t o  in f requen t  open-c i rcu i t  c e l l  f a i l u r e s  even when 
a  h igh  l e v e l  o f  c i r c u i t  redundancy i s  used. 

Energy 
Energy 
Energy 
Energy 
Enerov 

F ig .  2  g r a p h i c a l l y  i l l u s t r a t e s  t h i s  s e n s i t i v i t y  by n o t i n g  t h e  e f f e c t  o f  one c e l l  f a i l u r e  per  10tOOO per  
year on var ious  system con f igu ra t ions .  To c o n t r o l  t h i s  exaggerated s e n s i t i v i t y  a t  h igh  vo l tage  l e v e l s ?  
extens ive use o f  c i r c u i t  redundancy techniques such as s e r i e s / p a r a l l e l i n g  and bypass diodes i s  recommended 
(395). 

EnuLt- to lerant  c i r c u i t  design 

Before t h e  degradat ion a l l o c a t i o n  associated w i t h  s o l a r c e l l  f a i l u r e s  can be addressed f u r t h e r ?  t h e  
i n f l u e n c i n g  e f f e c t s  o f  t h e  a v a i l a b l e  c i r c u i t  redundancy s o l u t i o n s  must be considered. The f i r s t  s tep toward 
c i r c u i t  redundancy i s  genera l l y  associated w i t h  d i v i d i n g  t h e  l a r g e  m a t r i x  o f  c e l l s  t h a t  makes up t h e  array i n t o  
a  number o f  p a r a l l e l  s o l a r - c e l l  networks r e f e r r e d  t o  as source c i r c u i t s .  The source c i r c u i t s  p rov ide  
convenient p o i n t s  f o r  moni tor ing a r ray  performance and p rov ide  an a b i l i t y  t o  i s o l a t e  small  areas o f  t h e  t o t a l  
a r ray  f o r  maintenance and repa i r .  
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F i g u r e  2. Array degradation f o r  an open-c i rcu i t  3 PARALLEL STRINGS 
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c e l l s  w i t h  no c i r c u i t  redundancy. F i g u r e  3. S e r i e s / p a r a l l e l  nomenclature. 

As shown i n  F ig.  3 ,  each source c i r c u i t  may c o n t a i n  a  s i n g l e  s t r i n g  o f  s e r i e s  s o l a r  c e l l s  o r  a  number o f  
p a r a l l e l  s t r i n g s  in terconnected p e r i o d i c a l l y  by c ross  t i e s .  The c ross  t i e s  d i v i d e  each source c i r c u i t  i n t o  a  
number o f  s e r i e s  blocks. One o r  more s e r i e s  b locks  may a lso  be br idged by a  bypass diode which i s  designed t o  
c a r r y  t h e  source-c i rcu i t  c u r r e n t  i n  t h e  event  t h a t  l o c a l  f a i l u r e s  c o n s t r i c t  t h e  c u r r e n t  f l ow t o  t h e  p o i n t  o f  
vo l tage  reversa l  and power d i s s i p a t i o n .  

SERIES 
CELLS 

I S )  

A  key problem i n  assessing t h e  impact of c e l l  f a i l u r e s  has been i n  q u a n t i f y i n g  t h e  i n f l u e n c e  o f  s p e c i f i c  
s e r i e s - p a r a l l e l  and bypass-diode arrangements on a r r a y  degradation. T h i s  problem has been so lved i n  recen t  
years by t h e  development o f  an extens ive parametr ic  ana lys is  based on t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  f a i l e d  
subs t r ings  due t o  random c e l l  open-c i rcu i t  f a i l u r e s  (5,6). Reference 5 con ta ins  a  l a r g e  number o f  parametr ic  
p lo ts ,  an example o f  which i s  shown i n  F ig.  4, which a l lows  r a p i d  computat ion o f  t h e  e f f e c t s  o f  c e l l  f a i l u r e s  
and c i r c u i t  redundancy on a r r a y  power loss.  

POWER L O S S  
AT 5 Y E A R S  

Using these techniques, toge ther  w i t h  t y p i c a l  a r ray  and balance-of-system cos ts  and e f f i c i e n c i e s  per  
re ference (31, and a  c e l l  f a i l u r e  r a t e  o f  0.0001 per  year, it i s  p o s s i b l e  t o  c a l c u l a t e  t h e  break-even l i f e -  
c y c l e  energy c o s t s  f o r  va r ious  redundancy and replacement op t ions  us ing Equat ion 1. Fig.  5  d isp lays  t h e  
c a l c u l a t e d  l i f e - c y c l e  energy cos ts  f o r  two replacement s t r a t e g i e s  as a  f u n c t i o n  o f  t h e  number o f  s e r i e s  b locks 
i n  source c i r c u i t s  composed o f  8 - p a r a l l e l  by 2448-series c e l l s .  I n  t h e  f i r s t  s t ra tegy,  no module replacement 
i s  al lowed and it can be seen t h a t  t h e  l i f e - c y c l e  cos ts  increase sharp ly  w i t h  low numbers o f  s e r i e s  blocks. 
Th is  r e f l e c t s  t h e  r a p i d  a r ray  degradation e x h i b i t e d  i n  F ig.  2 f o r  s e r i e s - s t r i n g  c i r c u i t s  w i thou t  bypass diodes. 
For  t h e  second s t r a t e g y  (dashed curve) i n  F ig.  5, modules a r e  rep laced each t ime a  s o l a r  c e l l  f a i l s  d u r i n g  t h e  
30-year l i f e  o f  t h e  p lan t .  Th is  r e s u l t s  i n  no power degradation, b u t  does cause a  s u b s t a n t i a l  module 
replacement-cost c o n t r i b u t i o n .  T h i s  c o s t  a l so  v a r i e s  w i t h  t h e  number o f  s e r i e s  b locks due t o  improvements i n  
module y i e l d  t h a t  occur when module s e r i e s - p a r a l l e l i n g  achieves 8 p a r a l l e l  by 2  o r  more s e r i e s  blocks. Th is  
degree o f  module s e r i e s - p a r a l l e l i n g  i s  o n l y  reached i n  t h i s  example when 272 o r  more s e r i e s  b locks a r e  used per  
source c i r c u i t .  

A t  t h i s  po int ,  it i s  impor tant  t o  no te  t h a t  t h e  economic impact o f  c e l l  f a i l u r e s  presented i n  Tables 1 and 
2 assumes t h e  h igh  l e v e l  o f  redundancy associated w i t h  t h e  minimum l i f e - c y c l e  cos ts  i n  F ig.  5. The c r i t i c a l  
quest ion i s  t h e r e f o r e  s h i f t e d  t o  t h e  f e a s i b i l i t y  o f  achiev ing t h e  low c e l l - f a i l u r e  r a t e s  ind ica ted  as being 
necessary. 

0. W01 0. W1 0.01 0.1 1.0 

SUBSTRING FAILURE DENSITY 

F i g u r e  4. Example p l o t  f o r  power 
l o s s  determinat ion.  
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SERIES BLOCKS PER SOURCECIRCUIT  

F i g u r e  5. R e l a t i v e  1  i f e - c y c l e  energy c o s t  versus 
s e r i e d p a r a l  l e l  i ng  c o n f i g u r a t i o n  and 
maintenance st rategy.  



For purposes o f  assessing t h i s  f e a s i b i l i t y ,  a c e l l  f a i l u r e  i s  considered as more than 25% degradation i n  
s h o r t - c i r c u i t  c u r r e n t  compared w i t h  t h e  average c e l l .  Th is  i s  g e n e r a l l y  s u f f i c i e n t  t o  cause reverse b i a s i n g  of 
t h e  l o c a l  bypass d iode and t h e r e f o r e  l o s s  o f  power from t h e  s e r i e s  b lock  c o n t a i n i n g  t h e  f a i l e d  c e l l .  

ed c e l l s  

Of t h e  c r y s t a l l i n e - S i  c e l l - f a i l u r e  mechanisms seen i n  t h e  f i e l d ,  c e l l  c rack ing  i s  probably  t h e  most 
prevalent .  However, t h e  number o f  c e l l s  w i t h  s i g n i f i c a n t  degradat ion (more than 25% degradation i n  shor t -  
c i r c u i t  c u r r e n t )  i s  very sma l l r  p a r t i c u l a r l y  w i t h  modern modules w i t h  h igh  degrees o f  c e l l - c o n t a c t  redundancy. 
Most cracked c e l l s  remain e l e c t r i c a l  1 y o p e r a t i v e  because t h e  c e l l  metal 1 i z a t i o n  and c e l l  i n te rconnec ts  b r idge  
t h e  break and complete t h e  e l e c t r i c a l  c i r c u i t .  

Q u a n t i f i c a t i o n  o f  c e l l  f a i l u r e  r a t e s  requ i res  ex tens ive  and expensi ve a u d i t i n g  o f  t h e  actual  f i e l d  
performance o f  m u l t i k i l o w a t t  p h o t o v o l t a i c  app l i ca t ions .  Past  a u d i t s  o f  e a r l y  c r y s t a l l i n e - S i  modules w i t h o u t  
modern con tac t  redundancyr ha i l - impact  resistance, o r  res is tance  t o  hot-spot heat ing ind ica ted  c e l l  f a i l u r e  
r a t e s  due t o  c rack ing  a t  between 0.1% and 0.02% per  year (5) .  The pr imary causes o f  c e l l  c rack ing  i n  t h e  e a r l y  
a p p l i c a t i o n s  appeared t o  be d i f f e r e n t i a l  expansion between t h e  c e l l  and i t s  suppor t  and impact load ing  by 
ha i l s tones .  The use o f  tempered g l a s s  supers t ra te  design methods and thorough q u a l i f i c a t i o n  t e s t i n g  (7) has 
v a s t l y  reduced t h e  inc idence o f  d i f f e r e n t i a l  expansion and hai l - impact  damage; t h e  i n t r o d u c t i o n  o f  m u l t i p l e  
c e l l  e l e c t r i c a l  con tac ts  has s i m i l a r l y  reduced t h e  chance o f  a crack causing measurable e l e c t r i c a l  loss. Based 
on these improvementsr it i s  est imated t h a t  c u r r e n t  c r y s t a l l i n e - S i  c e l l  f a i l u r e  r a t e s  a r e  on t h e  o rder  o f  
0.001% per  yearr  and t h e r e f o r e  e a s i l y  c o n s i s t e n t  w i t h  t h e  needs expressed i n  Table 1. 

Because o f  t h e  manner i n  which t h i n - f i l m  c e l l s  a r e  deposited on g l a s s  o r  s t a i n l e s s  s t e e l  sheets, c e l l  
c rack ing  has so f a r  n o t  been an issue w i t h  t h i s  technology. 

In te rconnec t  open-c i rcu i t i ng  due t o  mechanical f a t i g u e  i s  an h i s t o r i c a l  PV a r ray  f a i l u r e  mode t h a t  has been 
s u b s t a n t i a l l y  e l im ina ted  i n  modern c r y s t a l l i n e - S i  modules. L i k e  c e l l  breakager it i s  p r i m a r i l y  caused by 
thermal and humid i ty  expansion d i f f e r e n c e s  between t h e  c e l l  and i t s  suppor t ing subs t ra te  o r  superst rate.  Mon, 
Moorer and Ross (8,9) have e m p i r i c a l l y  charac te r i zed  t h e  f a t i g u e - f a i l u r e  s t a t i s t i c s  o f  a v a r i e t y  o f  
i n te rconnec t  m a t e r i a l s  and geometries and have publ ished d e t a i l e d  design methods f o r  achiev ing opt imal  l e v e l s  
o f  i n te rconnec t  r e l i a b i l i t y .  

As w i t h  c e l l  cracking, t h e  s o l u t i o n  i s  t o  design f o r  very low numbers o f  f a i l u r e s  (maybe 10% a f t e r  100 
years) and then  t o  incorpora te  in te rconnec t  redundancy t o  c o n t r o l  power losses associated w i t h  those t h a t  f a i l .  

From t h e  emp i r i ca l  datar in te rconnec ts  a r e  found t o  f a i l  w i t h  a log-normal d i s t r i b u t i o n ,  w i t h  t h e  weakest 
f a i l i n g  as much as 100 t imes sooner than  t h e  average. The low-probabi l  i t y  t a i l  o f  t h e  d i s t r i b u t i o n  i s  w e l l  
modeled as a l i n e a r l y  inc reas ing  f a i l u r e  rate.  The l e v e l s  ind ica ted  i n  Table 1 r e f l e c t  e a s i l y  achievable l i f e -  
c y c l e  optimums f o r  doubly redundant in terconnects ,  based on t h e  work o f  t h e  c i t e d  authors (9) .  

U n l i k e  t h e  w i r e  in te rconnec ts  used i n  c r y s t a l l i n e - S i  c e l l s r  t h i n - f i l m  s o l a r  c e l l s ,  a r e  o f t e n  in terconnected 
by c a r e f u l  over lapping and s c r i b i n g  o f  ad jacent  c e l l  l a y e r s  dur ing  module processing. Th is  leads t o  a 
cont inuous m o n o l i t h i c  in te rconnec t  from c e l l  t o  c e l l ,  running along t h e  long dimension o f  t h e  narrow c e l l s .  
Unfortunate1 y open-c i rcu i t i ng  o f  t h i s  mono1 i t h i c  in te rconnec t  has taken i t s  t o l l  i n  some e a r l y  amorphous-Si 
f i e l d  i n s t a l l a t i o n s .  The problem mani fests  i t s e l f  du r ing  humid i ty  t e s t i n g  and n o t  dur ing  thermal cyc l ing ,  and 
i s  associated w i t h  co r ros ion  o f  t h e  aluminum back metal i n  t h e  reg ion  o f  t h e  in terconnects .  Because o f  t h e  
h igh  s e n s i t i v i t y  t o  open-c i rcu i t  c e l l s  noted i n  Table 2, t h i s  f a i l u r e  mechanism i s  a c t i v e l y  being researched 
and s o l u t i o n s  seem promising. 

I n  a d d i t i o n  t o  t h e  component s t a t i s t i c a l  f a i l u r e  mechanisms discussed above, a v a r i e t y  o f  observed 
mechanisms t y p i c a l l y  lead t o  gradual degradation o r  l o s s  o f  power over t h e  l i f e  o f  a PV array.  These genera l l y  
f a l l  i n t o  two categor ies:  o p t i c a l  losses and c e l l  power degradation. Both o f  these degradat ion modes tend t o  
be generrc as opposed t o  being s t a t i s t i c a l ;  i.e.* t h e  m a j o r i t y  o f  modules and c e l l s  o f  t h e  same type  degrade a t  
t h e  same r a t e  w i t h  l i t t l e  s t a t i s t i c a l  s c a t t e r .  Most systems must be designed t o  accommodate t h i s  gradual power 
decrease, as t h e  o n l y  c o r r e c t i o n  techniques i n v o l v e  incremental a d d i t i o n  o f  a r r a y  area o r  t o t a l  module 
replacement. 

r l o s s  i n  c e l l s  

Th is  category covers a v a r i e t y  o f  s o l a r  c e l l  degradat ion mechanisms i n c l u d i n g  increased s e r i e s  resistance, 
j u n c t i o n  shunt ingr  and d e t e r i o r a t i o n  o f  t h e  c e l l  a n t i r e f l e c t i o n  (AR) coat ing.  A l l  o f  these mechanisms a r e  
found t o  some degree i n  both c r y s t a l l i n e  and t h i n - f i l m  modules. 

Increased s e r i e s  res is tance  i s  o f t e n  associated w i t h  a gradual d e t e r i o r a t i o n  o f  t h e  adherence between t h e  
c e l l  metal 1 i z a t i o n  and t h e  c e l l  bu lk  m a t e r i a l  due t o  corrosfon-re1 ated processes, o r  t h e  d e t e r i o r a t i o n  o f  t h e  
ohmic con tac t  through t h e  format ion o f  a Schottky b a r r i e r .  Junc t ion  shunt ing i s  caused by t h e  d i f f u s i o n  o r  
m i g r a t i o n  o f  m e t a l l i z a t i o n  elements i n t o  t h e  c e l l  j u n c t i o n  o r  over  t h e  ex te rna l  sur faces o f  t h e  c e l l .  The 



t h i r d  c e l l  degradat icn mechanism r e l a t e s  t o  t h e  d e t e r i o r a t i o n  o f  t h e  AR coa t ing  on t h e  s o l a r  c e l l ' s  i r r a d i a t e d  
sur face  due t o  leach ing  o r  contaminat ion from p l a t i n g  o r  c o r r o s i o n  products. A l l  o f  these mechanisms lead t o  a 
gradual reduc t ion  i n  t h e  c e l l s  e l e c t r i c a l  e f f i c i e n c y  and a r e  q u i t e  s e n s i t i v e  t o  t h e  choice o f  m e t a l l i z a t i o n  and 
AR-coating m a t e r i a l s  and processes. Work a t  Clemson U n i v e r s i t y  has shown t h a t  mois ture and thermal aging a r e  
key environmental stresses, and t h a t  t h e  module encapsulant system exacerbates t h e  problem as o f t e n  as it helps 
(10). 

I n  a l l  t h r e e  mechanisms, t h e  most e f f e c t i v e  techniques f o r  q u a n t i f y i n g  expected l e v e l s  o f  degradation 
i n v o l v e  accelerated temperature/humidity t e s t i n g  toge ther  w i t h  Arrhenius p l o t t i n g  and o t h e r  means o f  r e l a t i n g  
t h e  data t o  long-term use c o n d i t i o n s  (10,11,12). Experience gained through t h e  extens ive t e s t i n g  o f  
C r y s t a l l i n e - S i  c e l l s  and modules (10,12) suggests t h a t  t h e  bes t  present-day modules o f  t h i s  t ype  a r e  q u i t e  
c o n s i s t e n t  w i t h  t h e  0 .Z%/yr power-degradation goal proposed i n  Table 1. However, r e f l e c t i n g  t h e i r  e a r l y  s tage 
o f  development, f i r s t  generat ion t h i n - f i l m  modules have been found t o  be q u i t e  s e n s i t i v e  t o  these corros ion-  
r e l a t e d  mechanisms; c o r r o s i o n - r e s i s t a n t  designs a r e  a c t i v e l y  under development t o  meet t h e  goals  o f  Table 2. 

t- induced e f f e c b  

Light- induced e f f e c t s  i s  t h e  name associated w i t h  a c l a s s  o f  degradat ion mechanisms p r i n c i p a l l y  associated 
w i t h  t h i n - f i l m  amorphous s i l i c o n  s o l a r  c e l l s .  The phenomena i s  caused by a l i gh t - induced  degradation of t h e  
semiconductor p r o p e r t i e s  o f  t h e  c e l l  and i s  manifested as a degradation i n  t h e  cu r ren t -vo l tage  performance o f  
t h e  c e l l .  As noted i n  F ig.  6, t h e  degradation proceeds r a p i d l y  upon f i r s t  exposure o f  t h e  c e l l  t o  l i g h t ,  and 
then g radua l l y  reaches a s t a b l e  e q u i l i b r i u m  w i t h  t ime. The r a t e  and degradat ion i s  q u i t e  s e n s i t i v e  t o  t h e  
i l l u m i n a t i o n  l e v e l  and t o  t h e  c e l l  e l e c t r i c a l  l oad ing  p o i n t  ( s h o r t  c i r c u i t  versus open c i r c u i t )  d u r i n g  t h e  
aging process (14,151. Because t h e  l i gh t - induced  degradation i s  o f t e n  on t h e  o rder  o f  30 t o  SO%, t h i s  
mechanism i s  t h e  s u b j e c t  o f  extens ive ongoing research. 

Module o p t i m l  d e g r m  

Aside from ex te rna l  su r face  s o i l i n g ,  discussed i n  t h e  next  subsection, module o p t i c a l  degradation i s  
genera l l y  caused by encapsulant t ransmiss ion l o s s  i n  t h e  form o f  un i fo rm ye l low ing  due t o  u l t r a v i o l e t  (UV) and 
temperature-induced s e l  f-degradation, o r  l o c a l  ye1 lowing due t o  f o r e i g n  mat te r  d i f f u s i n g  i n t o  t h e  encapsulant; 
e.g., from edge seal s t  mounting hardwaret and e l e c t r i c a l - t e r m i n a l  hardware. 

Subs tan t ia l  research has been done on these var ious  degradat ion mechanisms over  t h e  pas t  few years, and a 
v a r i e t y  o f  h i g h l y  s t a b l e  m a t e r i a l s  and a d d i t i v e s  have been i d e n t i f i e d  (16t 17). O f  key importance, i n  a d d i t i o n  
t o  s t a r t i n g  w i t h  UV-res is tant  m a t e r i a l  s, i s  t h e  proper i n c o r p o r a t i o n  o f  UV absorbers and ant iox idants,  and 
p reven t ing  t h e i r  l o s s  over t ime  due t o  leach ing  and d i f f u s i o n .  S i m i l a r l y ,  i n t e r f a c i n g  m a t e r i a l s  such as 
gaskets and e l e c t r i c a l  te rm ina l  hardware must be c a r e f u l l y  chosen f o r  chemical c o m p a t i b i l i t y  w i t h  t h e  pr imary 
c e l l  encapsulant (12). 

As w i t h  t h e  c e l l  degradat ion mechanisms, t h e  most e f f e c t i v e  techniques f o r  q u a n t i f y i n g  expected l e v e l s  o f  
degradation invo lve  c a r e f u l l y  accelerated temperature-humidity and UV t e s t i n g ,  toge ther  w i t h  va r ious  means of 
r e l a t i n g  t h e  data t o  long-term use c o n d i t i o n s  (11,12,18). A key f a c t o r  i n  such t e s t i n g  i s  p roper l y  
acce le ra t ing  t h e  mechanisms t h a t  cause l o s s  of t h e  s t a b i l i z i n g  add i t i ves .  Vented ovens and water sprays p l a y  
an impor tant  r o l e  i n  t h i s  respect.  

With modern encapsulants, such as h i g h l y  s t a b i l i z e d  ethy lene v i n y l  ace ta te  (EVA), proper  choice o f  
i n t e r f a c i n g  mater ia ls ,  and c a r e f u l  a t t e n t i o n  t o  prevent ing l o s s  o f  t h e  addi t ives,  it i s  expected t h a t  t h e  0.2% 
per year degradation r a t e  l i s t e d  i n  Table 1 i s  being achieved. 
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F i g u r e  6. I - V  performance degradation due t o  l i g h t  
induced e f f e c t s  versus outdoor aging 
per iod  (ambient opera t ing  temperature).  

JPL IURBANl 

FIELD EXPOSURE, years FIELD EXPOSURE, years 

F i g u r e  7. Loss i n  ar ray s h o r t - c i r c u i t  c u r r e n t  
( 1  ) due t o  s o i l i n g  versus days 
o f S F i e l  d exposure. 



Front-sur face s o i l  ing . . 

Although s i m i l a r  i n  e f f e c t  t o  o t h e r  o p t i c a l - l o s s  mechanisms, experimental data i n d i c a t e  t h a t  o p t i c a l  
su r face  s o i l i n g  due t o  dus t  and atmospheric contaminants reaches e q u i l i b r i u m  l e v e l s  i n  a  few weeks and then  
f l u c t u a t e s  somewhat w i t h  n a t u r a l  c lean ing  mechanisms such as r a i n .  The n e t  r e s u l t  i s  most. e a s i l y  modeled as a  
f i x e d  l o s s  i n  a r ray  c u r r e n t  and power over t h e  l i f e  o f  t h e  array.  

F i g u r e  7 i l l u s t r a t e s  t h i s  s o i l i n g  behavior  f o r  a  v a r i e t y  o f  module su r face  m a t e r i a l s  i n  two s i t e  
environments--one urban, t h e  o t h e r  remote. These and o t h e r  data gathered by JPL dur ing  t h e  pas t  6 years a t  a  
v a r i e t y  of s i t e s  i n  t h e  Uni ted States i n d i c a t e  t h a t  average s o i l i n g  l e v e l s  below 5% should be e a s i l y  achievable 
w i t h  g lass  o r  T e d l a r - l i k e  op t i ca l -su r face  mater ia ls ,  w i t h o u t  washing (19). Very dusty  remote s i t e s  and h e a v i l y  
p o l l u t e d  urban s i t e s  w i l l ,  o f  course, exceed these l e v e l s  and may r e q u i r e  p e r i o d i c  washing. 

1  u re  mechanisms 

I n  a d d i t i o n  t o  component f a i l u r e s  t h a t  a r e  b c . l  t r e a t e d  a t  t h e  c e l l  l eve l .  a  number o f  f a i l u r e s  a re  more 
a p p r o p r i a t e l y  considered a t  t h e  module l e v e l .  These inc lude  g l a s s  breakage, e l e c t r f c a l  i n s u l a t i o n  breakdown, 
and var ious  types o f  major encapsulant f a i l u r e  such as delaminat ion. L i k e  c e l l  f a i l u r e s ,  these f a i l u r e s  a r e  
a1 so f law- re la ted  and must be t r e a t e d  s t a t i s t i c a l  1  y  when cons ider ing  q u a n t i t i e s  o f  modules i n  a  l a r g e  array. 

When designing f o r  appropr ia te  l e v e l s  o f  module f a i l u r e s ,  it i s  impor tant  t o  n o t e  t h a t  a  module f a i l u r e  i s  
l i k e l y  t o  cause an e l e c t r i c a l  hazard o r  major power l o s s  and w i l l  t h e r e f o r e  r e q u i r e  immediate r e p a i r  o r  
replacement. As a  r e s u l t ,  module f a i l u r e  r a t e s  a r e  t raded  o f f  aga ins t  l i f e - c y c l e  maintenance cos ts  as opposed 
t o  redundancy and l i f e - c y c l e  energy loss, which a re  associated w i t h  c e l l  f a i l u r e s .  

With t h e  extens ive development o f  g lass  s u p e r s t r a t e  modules i n  recen t  years, many o f  t h e  r e l i a b i l i t y  
problems o f  pas t  module designs have been s u b s t a n t i a l l y  solved. A t  t h e  same time, however, g lass  breakage was 
in t roduced as a  poss ib le  f a i l u r e  mechanism. Although vandalism i s  probably  responsib le  f o r  some g lass  
breakage, o t h e r  key causes inc lude  frame-induced thermal stresses, hand l ing  damage, wind loads, and h a i l  
impact . 

Thermal-stress f a i l u r e s  a re  g e n e r a l l y  caused by mounting untempered g lass  i n  a  frame, which leads t o  t h e  
per iphery o f  t h e  g lass  hea t ing  more s low ly  than  t h e  cen te r  area when s u n l i g h t  s t r i k e s  t h e  dark, absorbent s o l a r  
c e l l s .  The expanding cen te r  p laces t h e  f lawed g lass  edges i n  tension, lead ing  t o  mechanical s t resses g r e a t e r  
than t h a t  a l lowab le  f o r  untempered glass. Wi th i t s  fncreased s t r e n g t h ?  tempered g lass  i s  e a s i l y  ab le  t o  
wi thstand t h e  thermal stresses, and prov ides an e f f e c t i v e  s o l u t i o n  t o  t h e  problem. 

Subs tan t ia l  research has been conducted d u r i n g  t h e  pas t  few years t o  develop means o f  accura te ly  p r e d i c t i n g  
t h e  breaking s t r e n g t h  o f  g l a s s  sub jec t  t o  un i fo rm pressure loads. Because g l a s s  f r a c t u r e  i s  dependent on t h e  
co inc idence o f  a  f l a w  and a  h igh  s t ress,  g l a s s  s t r e n g t h  v a r i e s  w ide ly  from sheet t o  sheet and from l o c a t i o n  t o  
l o c a t i o n  w i t h i n  a  sheet. Based on a  combinat ion o f  non l inear  s t r e s s  ana lys is  and emp i r i ca l  f r a c t u r e  data, 
Moore prov ides a  convenient  t o o l  f o r  s i z i n g  g lass  f o r  a  g iven  p r o b a b i l i t y  o f  f a i l u r e  ue t o  un i fo rm pressure 9 loads such as wind and snow (20). For  design purposes, a  un i fo rm load ing  o f  50 l b / f t  i s  commonly used because 
it prov ides a  low p r o b a b i l i t y  o f  being exceeded and has a  minimal e f f e c t  on module p r i c e  ( 7 ) .  

Design and t e s t  techniques f o r  ha i l - impact  load ing  have a l s o  been developed i n  response t o  h igh  l e v e l s  o f  
f i e l d  f a i l u r e s  w i t h  nonglass modules due t o  h a i l  impact (7?21,22). F i e l d  experience i n d i c a t e s  t h a t  res is tance  
t o  1-in.-diameter h a i l  i s  required, even i n  low-hai l - inc idence regions o f  t h e  country. T h i s  l a r g e  s i z e  
r e f l e c t s  t h e  design margin requ i red  t o  achieve t h e  low p r o b a b i l i t i e s  o f  f a i l u r e  o u t l i n e d  i n  Tables 1 and 2. 

When amorphous-Si c e l l s  a re  deposited on t h e  r e a r  o f  t h e  module superstrate, t h e  high-temperature t i n -  
ox ide coa t ing  process anneals t h e  g lass  and genera l l y  r e q u i r e s  t h a t  t h e  g lass  be e i t h e r  s t r u c t u r a l l y  backed up 
o r  r e t a i n  some temper f o l l o w i n g  t h e  c o a t i n g  process. Large a-Si (30 x 30 cm) modules making use o f  3  mm (0.125 
inch)  annealed g lass  have d i f f i c u l t y  passing t h e  JPL Block V h a i l  t e s t ;  however, both s t r u c t u r a l l y  supported 
and par t ia l l y - tempered  a-Si g lass  modules meet t h e  requirement. The data i n d i c a t e  t h a t  g l a s s  s t r e n g t h  i s  an 
impor tant  cons idera t ion  w i t h  present-day t h i n - f i l m  modules and w i l l  become even more impor tant  as module s i zes  
increase i n  t h e  fu tu re .  

Module open-c i rcu i t i ng  i s  t h e  r e s u l t  o f  a  major break i n  t h e  module e l e c t r i c a l  c i r c u i t ,  g e n e r a l l y  i n v o l v i n g  
t h e  bus w i r i n g  o r  ou tpu t  connection. Although no q u a n t i t a t i v e  s t a t i s t i c a l  data have been gathered t o  t h i s  
a u t h o r l s  knowledge? such f a i l u r e s  have been encountered a t  JPL w i t h  modest frequency dur ing  t h e  f a i l u r e  
ana lys is  o f  f i e l d  problems. Thermal d i f f e r e n t i a l  expansion s t resses  and poor s o l d e r  j o i n t s  a r e  t h e  cause of 
many o f  t h e  observed f a i l u r e s .  It i s  expected t h a t  a t t e n t i o n  t o  these issues, toge ther  w i t h  c a r e f u l  
q u a l i f i c a t i o n  t e s t i n g ,  w i l l  a l l ow t h e  l e v e l s  i n  Tables 1 and 2  t o  be achieved. 

A  t h i r d  cause o f  f a i l u r e s  i n  both c r y s t a l l i n e - S i  and t h i n - f i l m  modules i s  excessive l o c a l  c e l l  hot -spot  



heat ing  t h a t  can occur when a c e l l  o r  group o f  c e l l s  
i s  subjected t o  a c u r r e n t  l e v e l  g r e a t e r  than  t h e  
c e l l ' s  s h o r t - c i r c u i t  cu r ren t .  As shown i n  F i g u r e  89 
t h i s  c o n d i t i o n  can be caused by a v a r i e t y  o f  c i r c u i t  
f a u l t s  such as c e l l  cracking, l o c a l  shadowing. and 
open-c i rcu i t i ng  o f  s e r i e s - p a r a l l e l  connections. When 
t h e  degree o f  hea t ing  exceeds sa fe  l e v e l s  ( loo0  t o  
120% i n  most modules), t h e  module's encapsulant 
system can s u f f e r  severe permanent damage (23,241. 
Prevent ing such damage requ i res  t h e  use o f  bypass 
diodes o r  o t h e r  c o r r e c t i v e  measures t o  l i m i t  t h e  
maximum hea t ing  l e v e l .  References 5, 23, 24 and 25 
descr ibe means o f  determin ing t h e  number o f  bypass 
diodes requ i red  and t e s t  methods t o  v e r i f y  t h a t  hot- 
spot  hea t ing  i s  l i m i t e d  t o  sa fe  l e v e l s .  For  most 
c e l l  and module const ruct ions,  a bypass d iode i s  
requ i red  around every 10 t o  15 s e r i e s  c e l l s .  

CRACKED OR SHADOWED CELL 
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F i g u r e  8. V isual  i z a t i o n  o f  hot-spot c e l l  heat ing. 

Although bypass diodes represent  an impor tant  means of improving a r ray  r e l i a b i l i t y ,  a t  t h e  same t ime they 
in t roduce  a d d i t i o n a l  f a i l u r e  mechanisms. 

L i k e  module open c i r c u i t s ,  instances o f  i n t e r n a l l y  shor ted bypass diodes and d iode shor ts  t o  ground have 
been observed, b u t  n o t  q u a n t i f i e d .  Recent work on d iode r e l i a b i l i t y  i n d i c a t e s  t h a t  very l i t t l e  h i s t o r i c a l  data 
a re  a p p l i c a b l e  t o  t h e  PV module bypass app l i ca t ion ,  which invo lves  long  per iods  o f  low ( 5 - v o l t )  reverse vo l tage  
toge ther  w i t h  p e r i o d i c  h igh  forward cu r ren ts .  Because d iode j u n c t i o n  temperature i s  t h e  c r i t i c a l  f a c t o r  
r e l a t e d  t o  long-term re1 i a b i l  i t y ,  it i s  recommended t h a t  t h e  j u n c t i o n  temperature o f  s i l i c o n  diodes be 
maintained below 1 2 5 ' ~  under c o n d i t i o n s  o f  maximum bypass c u r r e n t  and ambient temperature. D e t a i l e d  design 
requirements and t e s t  procedures a re  now a v a i l a b l e  f o r  bypass diodes (26) .  

When modules a re  intended f o r  use i n  h igh-vo l tage (>50 v o l t )  app l i ca t ions ,  t h e  c e l l  c i r c u i t  must be 
r e l i a b l y  i s o l a t e d  from t h e  module frame and ex te rna l  surfaces. The general requirement i s  t h a t  t h e  module 
leakage c u r r e n t  from c e l l  s t r i n g  t o  ex te rna l  sur faces must be l e s s  than 50 a when t h e  app l ied  vo l tage  ( c e l l  t o  
module e x t e r i o r )  i s  s e t  t o  t w i c e  t h e  worst-case system vo l tage  p l u s  1000 v o l t s .  The maximum vo l tage  s t r e s s  
inc ludes cons idera t ion  o f  maximum open-ci r c u i t  a r ray  vo l tage  achieved under low temperature (0 '~)  and h igh  
i r r a d i a n c e  (100 m ~ / c d ) ,  as w e l l  as t r a n s i e n t  overvol tages due to, f o r  example, system feedback o f  l i g h t n i n g  
t r a n s i e n t s .  The l a t t e r  i s  bounded by t h e  c h a r a c t e r i s t i c s  o f  incorporated v o l t a g e - l i m i t i n g  devices such as 
MOVs. For most m u l t i - k i l l o w a t t - s i z e  app l i ca t ions ,  t h i s  (h i -po t )  t e s t  vo l tage  i s  i n  t h e  range o f  1500 t o  3000 
v o l t s .  

Meeting module vo l tage  wi thstand requirements demands g r e a t  c a r e  i n  t h e  design o f  t h e  module e l e c t r i c a l  
i n s u l a t i o n  system f o r  any module whether us ing  c r y s t a l l i n e - S i  o r  amorphous-Si c e l l s .  Because vo l tage  breakdown 
tends t o  occur a t  i n s u l a t i o n  f l aws  and s i t e s  o f  s t r e s s  concentrat ion,  vo l tage  wi thstand l e v e l  i s  found t o  vary 
widely  from module t o  module (27). Amorphous-Si modules us ing  m o n o l i t h i c a l l y  deposited c e l l s  on g lass  must 
a d d i t i o n a l l y  contend w i t h  t h e  f a c t  t h a t  t h e  t i n - o x i d e  t ransparen t  conductor o f t e n  causes t h e  f r o n t  su r face  and 
edges o f  t h e  g lass  t o  be e l e c t r i c a l l y  connected t o  t h e  c e l l  s t r i n g .  T h i s  t i n - o x i d e  conduct ive path t o  t h e  
module e x t e r i o r  must be r e l i a b l y  i n t e r r u p t e d  and augmented w i t h  a h igh  q u a l i t y  weather- res is tant  i n s u l a t i o n  
system. 

A second impor tant  requirement i s  t h e  l i m i t i n g  of a r ray  leakage c u r r e n t s  under normal opera t ing  cond i t i ons .  
Th is  requirement i s  d r i v e n  by t h e  demands o f  a r r a y  g round- fau l t  de tec t ion  systems, which r e q u i r e  t h a t  normal 
leakage-current l e v e l s  be below t h e  th resho ld  t r i p  l e v e l  s e t  t o  no te  a vo l tage  breakdown. The requ i red  leakage 
l e v e l  i s  a f u n c t i o n  o f  t h e  number o f  modules per de tec t ion  system and t h e  system opera t ing  voltage. 

I n  a d d i t i o n  t o  posing a safety  hazard, module leakage c u r r e n t s  a l s o  r e s u l t  i n  e lect rochemical  c o r r o s i o n  o f  
t h e  s o l a r  c e l l s .  E lect rochemical  co r ros ion  i s  caused by a r r a y  leakage c u r r e n t s  t h a t  lead t o  t h e  m i g r a t i o n  o f  
co r ros ion  products  between t h e  s o l a r  c e l l s  and t h e  module frame. With time, t h e  products  may b r i d g e  t h e  
i n s u l a t i o n  w i t h  a conduct ive pa th  t h a t  r e s u l t s  i n  a s h o r t  t o  t h e  grounded module frame. Mon, e t  a l .  (28,29) 
p o i n t s  ou t  t h a t  t h e  l e v e l  o f  c o r r o s i o n  i s  p ropor t iona l  t o  t h e  t o t a l  i n tegra ted  i o n i c  leakage c u r r e n t  (amp- 
hours) as in f luenced  by module temperature and humid i t y  cond i t i ons .  Extens ive research a t  JPL d u r i n g  t h e  pas t  
2 years has c l a r i f i e d  t h e  importance o f  t h i s  degradat ion mechanism and l e d  t o  a much improved understanding o f  
t h e  governing design parameters (28,29). 

Because ground-fault  f a i l u r e s  g e n e r a l l y  r e q u i r e  immediate r e p a i r  and o f t e n  lead t o  p l a n t  shutdown, very low 
f a i l u r e  l e v e l s  a r e  requi red.  For modules where breakdown i s  l a r g e l y  const ra ined t o  occur between t h e  c e l l  
c i r c u i t  and t h e  module's per iphera l  frame, it i s  use fu l  t o  address t h e  a l lowab le  number o f  breakdowns per  year 
per  m i l e  o f  module per iphery.  Tables 1 and 2 assume a l i n e a r l y  inc reas ing  r a t e  o f  f a i l u r e s  over t h e  p l a n t ' s  
l i f e  based on h i s t o r i c a l  experience w i t h  vo l tage  breakdown and t h e  accrued damage c h a r a c t e r i s t i c s  o f  
e lect rochemical  corros ion.  The ind ica ted  va lue o f  0 .01%/~r~ corresponds t o  a f a i l u r e  r a t e  o f  O.l%/yr ( o r  one 



breakdown p e r  3 m i l e s  o f  module per iphery  per  year) a f t e r  10 years. 

Delaminat ion o f  t h e  module encapsulant system i s  another h i s t o r i c a l  f a i l u r e  mode f o r  t e r r e s t r i a l  modules. 
It i s  h e a v i l y  in f luenced  by t h e  choice o f  m a t e r i a l s  and processes. Although module designs o f  t h e  mid-1970s 
o f ten  experienced h igh  f a i l u r e  r a t e s  due t o  t h i s  mechanism, recen t  development o f  improved i n t e r f a c e  primers 
and lamina t ing  procedures has d r a s t i c a l l y  reduced instances o f  e a r l y  de laminat ion i n  t h e  f i e l d .  C o u l t e r y  e t  
a l .  (30) summarize t h e  s t a t e  of t h e  a r t  o f  module bonding technology and l i s t  e f f e c t i v e  i n t e r f a c e  pr imers f o r  
use i n  va r ious  module encapsulat ion systems. The a r t  o f  l i f e  p r e d i c t i o n  o r  f a i l u r e - r a t e  p red ic t ion ,  however, 
i s  n o t  w e l l  developed f o r  t h e  mechanisms associated w i t h  debonding. A s i g n i f i c a n t  c o n t r i b u t i n g  f a c t o r  i s  t h e  
number and complex i ty  o f  mechanisms involved.  These i n v o l v e  processing s e n s i t i v i t i e s  such as clean1 iness and 
pr imer  th i cknessr  environmental reduc t ions  i n  bond s t r e n g t h  due t o  mois ture and photothermal aging e f f e c t s *  and 
increased module s t resses due t o  m a t e r i a l  shrinkages and d i f f e r e n t i a l  thermal and humid i ty  expansion. 

Tables 1 and 2 assume t h a t  we can e l i m i n a t e  t h e  gener i c  de laminat ion encountered i n  t h e  past, and reduce 
t h e  problem t o  one o f  processing-induced random f a i l u r e s  t h a t  incroase over  t ime  due t o  environmental aging 
e f f e c t s .  S i g n i f i c a n t  research i s  s t i l l  requ i red  t o  r e l a t e  where we a r e y  q u a n t i t a t i v e l y ,  t o  t h e  economic 
requirements o f  Tables 1 and 2. 

The l a s t  degradat ion category i s  t h e  most d i f f i c u l t  t o  q u a n t i f y  through known f a i l u r e  mechanisms. Most o f  
t h e  known mechanisms have been s tud ied  and found t o  be gradual o r  s t a t i s t i c a l  i n  na tu re  and n o t  associated w i t h  
a wear-out end o f  l i f e  such as might  be associated w i t h  automobi le t i r e s  o r  l i g h t  bulbs. 

Mechanical f a t i g u e  o f  c e l l  in terconnects  i s  a c l a s s i c  example o f  a wear-out mechanism. However, t o  achieve 
t h e  des i red  low r a t e  o f  random in te rconnec t  f a i l u r e s  dur ing  t h e  e a r l y  l i f e  o f  t h e  a r r a y *  t h e  wear-out l i f e  
associated w i t h  10% f a i l u r e s  w i l l  t y p i c a l l y  be more than  100 years. 

Encapsulant f a i l u r e  due t o  d e p l e t i o n  o f  UV absorbers and vo l tage  breakdown due t o  e lect rochemical  t r e e i n g  
a re  two mechanisms r e c e n t l y  found t o  d i s p l a y  l i f e - l i m i t i n g  f a i l u r e  t rends.  Wi th UV absorbers and o t h e r  
encapsulant s t a b i l i z e r s *  t h e r e  may be l i t t l e  degradat ion w h i l e  t h e  a d d i t i v e s  a r e  s low ly  d e p l e t i n g  over  t ime. 
However, once t h e  concentrat ions drop below c r i t i c a l  l eve ls ,  t h e  encapsulant r a p i d l y  dqrades .  

Electrochemical-corrosion-induced vo l tage  breakdown i s  s i m i l a r  t o  mechanical f a t i g u e  i n  t h a t  it i s  a 
mechanism associated w i t h  accrued damage. I n  t h i s  case* t h e  r e l e v a n t  measure i s  t o t a l  amp-hours o f  e l e c t r i c a l  
charge t r a n s f e r r e d  i n  t h e  c o r r o s i o n  path. 

With bo th  mechanismsr it i s  n o t  c l e a r  whether random f a i l u r e s  due t o  processing v a r i a t i o n s  o r  gener ic  wear- 
o u t  w i l l  govern. As a r e s u l t *  both mechanisms were a l s o  discussed above* under t h e  category o f  module 
f a i l u r e s .  From an e n d - o f - l i f e  p o i n t  o f  view, it i s  impor tant  t h a t  t h e  annual c o s t  o f  maintenance and 
replacement s t a y  w e l l  below t h e  annual worth o f  e l e c t r i c i t y  produced u n t i l  a f t e r  30 years. 

As p a r t  o f  t h e  U.S. Na t iona l  Pho tovo l ta i c  Program, t h e  J e t  P ropu ls ion  Laboratory  F l a t - P l a t e  So la r  Array 
P r o j e c t  has c a r r i e d  ou t  a comprehensive a r r a y  engineer ing a c t i v i t y  addressed t o  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  ana lys is  and design t o o l s  use fu l  f o r  
a r r a y  o p t i m i z a t i o n  and c o s t  reduct ion.  Known a r ray  f a i l u r e  and degradation mechanisms have been c a r e f u l l y  
s tud ied  and grouped* f o r  t h e  purpose of d iscuss ionr  i n t o  f o u r  categor ies.  Targe t  r e l i a b i l i t y  a l l o c a t i o n s  have 
been developed w i t h i n  each degradation category based on t h e  l i f e - c y c l e - c o s t  requirements o f  f u t u r e  large-scale 
a p p l i c a t i o n s  and t h e  t e c h n i c a l  r e a l i t i e s  of a v a i l a b l e  pho tovo l ta i c  m a t e r i a l s  and processes. Comparison o f  
these f u t u r e  requirements w i t h  present  performance and design a l t e r n a t i v e s  suggests t h a t  l i v e s  i n  excess o f  30 
years a re  very poss ib le  f o r  t h e  bes t  a v a i l a b l e  c r y s t a l l i n e - S i  module designs. 

As an i n d i c a t i o n  o f  t h e  evo lv ing  na tu re  and con t inu ing  growth o f  p h o t o v o l t a i c  technologyy t h i n - f i l m  
amorphous-Si power modules have a l s o  made t h e i r  commercial debut dur ing  t h e  pas t  2 years. Although t h e  
r e l i a b i l i t y  o f  these f i r s t - g e n e r a t i o n  modules i s  n o t  y e t  c o n s i s t e n t  w i t h  t h e  needs o f  large-scale power 
a p p l i c a t i o n s y  t h e  technology i s  under v igorous development worldwide. Key research p r i o r i t i e s  inc lude  l i g h t -  
induced e f f e c t s *  c e l l  co r ros ion  lead ing  t o  increased s e r i e s  res is tance*  g lass  breaking s t r e n g t h  f o r  l a r g e  
modules, and t h e  development o f  p r o t e c t i v e  encapsulants t h a t  meet t h e  outdoor weathering and vo l tage  i s o l a t i o n  
requ i red  f o r  l o n g - l i f e  modules. 
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