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ABSTRACT 

Several  s t a t i s t i c a l  r e l i a b i l i t y  s t u d i e s  have 
been conducted i n  a r e a s  of  photovoltaic  component 
design covering c e l l  f a i l u r e ,  in te rconnec t  f a t i g u e ,  
g l a s s  breakage and e l e c t r i c a l  i n r u l a t  ion breakdown. 
This paper i n t e g r a t e s  t h e  r e s u l t s  from t h e s e  var ious  
s t u d i e s  a d  d r a w  genera l  cooclusions r e l a t i v e  t o  
opt imal  r e l k b i l i t y  f e a t u r e s  f o r  f u t u r e  modules. 
The described a n a l y s i s  is based on designing f o r  
s p e c i f i e d  lar l e v e l s  of component f a i l u r e s  and then 
c o n t r o l l i n g  t h e  degrading e f f e c t s  of  t h e  f a i l u r e s  
through t h e  use of  f a u l t  t o l e r a n t  c i r c u i t r y  and 
module replacement. Means of  s e l e c t i n g  t h e  cost-  
optimal l e v e l  of  component f a i l u r e s ,  c i r c u i t  redun- 
dancy, and module replacement a r e  described.  

The r e l i a b i l i t y  of  photovol ta ic  s o l a r  a r r a y s  
is probably second i n  importance only t o  c o s t  i n  
t h e  l i s t  of  f a c t o r s  in f luenc ing  t h e  market accep- 
tance of t h i s  new technology. Because of  t h e i r  
uniquely modular na ture  photovoltaic  a r r a y s  possess  
a higher  than normal s e n s i t i v i t y  t o  comaon-mode 
f a i l u r e s ,  but a t  t h e  same time o f f e r  a wealth o f  
redundancy opt ions t o  increase  r e l i a b i l i t y .  Achiev- 
ing  t h e  high r e l i a b i l i t y  demanded by large-scale  
a p p l i c a t i o n  w i l l  r equ i re  t h a t  these  unique r e l i a b i l -  
i t y  design a t t r i b u t e s  be vell understood and u t i -  
l i s e d  e f f e c t i v e l y .  

A s  pa r t  of t h e  J e t  Propulsion Laboratory's 
L o r C o s t  So la r  Array p r o j e c t  a comprehensive a r r a y  
engineering a c t i v i t y  has been d i r e c t e d  t o  under- 
s tand ing  t h e  r e l i a b i l i t y  a t t r i b u t e s  of t e r r e s t r i a l  
f l a t - p l a t e  photovoltaic  a r r a y s  and t o  der iv ing  
a n a l y s i s  and design t o o l s  u s e f u l  f o r  a r r a y  optimi- 

za t ion  and cos t  reduction. This paper provides an 
overview of t h e  a r r a y  r e l i a b i l i t y  problem, and 
Aefines a r a t i o n a l  approach t o  achieving high 
r e l i a b i l i t y  a t  u n h  cos t .  

At t h e  roo t  of t h e  r e l i a b i l i t y  problem is the 
need t o  e l e c t r i c a l l y  interconnect  l i t e r a l l y  thou- 
s d s  of  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 r  and 
i n  p a r a l l e l  t o  achieve t h e  vo l tage  a d  cur ren t  lev- 
el. o f  the  intended appl ica t ion .  For example, a 
t y p i c a l  25O-volt r e s i d e n t i a l  a r r a y  w i l l  r equ i re  500 
t o  600 s e r i e s  c e l l s ,  and a t y p i c a l  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  2000 t o  3000. This 
l a r g e  number of s e r i e s  e l a n t s  makes an a r r a y  ex- 
tremely s e n s i t i v e  t o  infrequent  c e l l  f a i l u r e s  unless  
a high l e v e l  of c i r c u i t  redundancy i s  u t i l i z e d .  

The r e l i a b i l i t y  engineering problem is thus t o  
achieve a high l e v e l  of  r e l i a b i l i t y  a t  low cos t  by 
opt imally t rad ing  o f f  the  a v a i l a b l e  s o l u t i o n  s t r a t -  
eg ies .  These include d e f i n i n g  and achieving the 
appropriate  piece p a r t  f a i l u r e  r a t e s  fo r  the  c e l l s  
and interconnect ing components, designing t h e  appro- 
p r i a t e  l e v e l s  of  f a u l t  to le rance  i n t o  the a r ray  
c i r c u i t ,  and s e l e c t i n g  the  optimal maintenance1 
replacement s t r a t e g y .  I n  t h e  remainder of t h i s  
paper each of  these  s o l u t i o n  s t r a t e g i e s  is explored 
and then combined t o  def ine  leas t -cos t  s o l u t i o n s  
based on miniarm l i fe -cyc le  energy c o s t  f o r  the  
t o t a l  system. 

CONTlbDLLIIOC PIECE PART FAILURES 

A f i r s t  s o l u t i o n  s t r a t e g y  cen te rs  on control-  
l i n g  component f a i l u r e  mechanisms and r a t e s .  These 
a r e  rost e a s i l y  considered i n  two ca tegor ies :  those 
genera l ly  assoc ia ted  with f a i l u r e  a t  the  s o l a r  c e l l  
l e v e l ,  and those assoc ia ted  with f a i l u r e  a t  the 
module l eve l .  So la r  c e l l  f a i l u r e s  a r e  pr imari ly  
c e l l  cracking,  in te rconnec t  open c i r c u i t s  and in- 
creased c e l l  l l e t a l l i z a t i o n  contac t  res i s tance .  

This  paper presents  t h e  r e s u l t s  of one phase of 
research  conducted a t  the  J e t  Propulsion Laboratory, 
C a l i f o r n i a  I n s t i t u t e  of Technology, f o r  t h e  U.S. 
Department of Energy through an agreement with the  
National Aeronautics and Space Administration. 

*Engineering Uanager, Low-Cost So la r  Array Pro jec t ;  
Supervisor ,  Photovoltaic  Engineering Group, Energy 
Technology Engineering Section. 

Cel l  Cracking 

Of the  c e l l  f a i l u r e s  c u r r e n t l y  seen i n  the 
f i e l d  c e l l  cracking is by f a r  the  most prevalent  
and is occur r ing  a t  a r a t e  of about 1% per year  
(Table 1) .  Although only 0.1 t o  0.01 of these  
cracked c e l l s  have r e s u l t e d  i n  open-circuit c e l l  
f a i l u r e s ,  even t h i s  m a l l  (0.0001) f a i l u r e  r a t e  can 
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Table 1. Cracked md  f a i l ed  cells due t o  f i e l d  
exposure. 
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lead t o  substmntial a r ray  power degradation. Re- 
ducing the  p w e r  degradation by fur ther  reducing 
the  c e l l  f a i l u re  r a t e  is a d i f f i c u l t  task  because 
of  the  unavai lab i l i ty  of predic t ive  design tech- 
niques t o  de temioc  rhea * design h r  achieved a 
&si red  f a i l u r e  level .  Present r a t e s  b v e  been 
quant i f ied  ahly a f t e r  expansive N d i t i a g  of ac tua l  
f i e l d  per forunce .  

MT. LACUNA 

CALIF. 

The three  primary causes of c e l l  cracking 
appear t o  be d i f f e r e n t i a l  expansion between the 
c e l l  and i ts  support, impact loading by ha i l s tones ,  
and reduced s t rength  due t o  c e l l  damage occurring 
during c e l l  processing and module assembly. Al -  
though qua l i t a t i ve  design techniques e x i s t  which 
address the f i r s t  two causes (1,2), c e l l  s t rength  
data a r e  only avai lab le  f o r  near average c e l l s  
(Figure 1 )  (3) .  This lack  of s t rength  and s t r e s s  
da ta  on the one worst case c e l l  out  of a thousand 
places a high re l iance  on t e s t  techniques such a s  
those defined i n  Reference 4 and on the use of f a u l t  
to lerant  c i r c u i t r y  such a s  mult iple c e l l  intercon- 
nects. 

90.16~ 

C e l l  Interconnec t r  

W. 236 

C e l l  interconnects  a r e  both an  important t o o l  
f o r  r e l i a b i l i t y  improvement and a source of f a i l -  
ures. Given tha t  a c e l l  ha6 cracked o r  otherwise 
degraded i n  a l oca l  a rea ,  the  extent  of module o r  
a r r ay  degradation can be subs t an t i a l l y  lessened by 
e l e c t r i c a l l y  at taching t o  the c e l l  a t  more than one 
location.  One means of assessing the  degree of im- 
provement possible is  t o  consider ana ly t i ca l ly  a 
l a rge  number of randomly oriented po ten t i a l  cracks 
and then t o  determine the  f r ac t ion  which would lead 
t o  open-circuiting or  s ign i f i can t  (10%) c e l l  degra- 
da t ion  (area loss) .  Table 2 i l l u s t r a t e s  the r e s u l t s  
of applying t h i s  Monte Carlo technique t o  a va r i e ty  
of interconnect geometries and indica tes  t ha t  sub- 
s t a n t i a l  improvements can be achfeved. Many of the 
l a t e s t  module designs a r e  taking advantage of multi- 
ple interconnect attachment points  and a re  expected 
t o  have subs tant ia l ly  reduced f a i l u r e  ra tes .  With 
prerent  c e l l  f a i l u r e  r a t e s  a t  about 0.0001 per year 
(Table 1 )  i t  is expected tha t  the improved redundan- 
cy w i l l  lead t o  values approaching 0.00001 per year. 

a 010 

The above opt imir t ic  project ion of course 
assuaecl tha t  the interconnects  theluelves don't 
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Figure 1. Effect  of c e l l  processes on the twist  
s t rength  of s i l i c o n  wafers and c e l l s  

f a i l ,  and of courre they do. Interconnect open 
c i r cu i t i ng  due t o  mechanical fa t igue  is a h i s to r i ca l  
photovoltaic a r r ay  f a i l u r e  mode and has even recent- 
l y  taken i t s  t o l l  on some modern in s t a l l a t i ons .  
Like c e l l  breakage, it is  primarily caused by ther- 
mal and humidity expansion d i f ferencies  between the 
c e l l  and i ts supporting subs t ra te  o r  superstrate.  
Also l i k e  c e l l  breakage, interconnect fa t igue  is not 
e a s i l y  predicted by avai lab le  analy t ica l  models 
u n t i l  the l eve l  of f a i l u r e  reaches major propor- 
t ions.  Mon and Moore ( S ) ,  fo r  example, have shown 
tha t  the  work of Manson ( 6 )  together with f i n i t e  
element s t r e s s  ana lys is  of the c e l l  interconnect 
provides excel len t  predict ion of the  number of 
cycles required t o  r e s u l t  i n  the f a i l u r e  of 50% of 
the interconnects. I n  work with t h i s  author, they 
have empirical ly characterized the probabil i ty of 
f a i l u r e  of a var ie ty  of photovoltaic intercon- 
nects versus number-of-cycles (Figure 2) and 
developed a fa t igue  curve which t r e a t s  probability- 
of - fa i lure  a s  a parameter (Figure 3). A s  can be 
seen from Figure 2, even carefu l ly  shaped intercon- 
nects  can be expected t o  f a i l  over a broad range of 
cycles,  the weakest f a i l i n g  one hundred times sooner 
than the average. 

Table 2. Fraction of cracked c e l l s  leading to  
f a i l e d  c e l l s  f o r  various multiple c e l l  
contacts  

PERCENTLOSS OF CELL AREA 1 @I@ @ 1 @lo 0 1 

1W 1 .45 1 .24 1 .I4 1 0 1 .23 1 0 

SUM OF E 10 . % I  .42 .32 .18 .W 0 



Figure 2. Cyclic mechanical fatigue tent  data for 
t w  copper interconnect rhaper (T,S) 
and peak-to-peak strain. (A€) 

& v i t b  c e l l  cracking, the w l u t i a t  is t o  
&sign for a 'nrugeable  anbcr of f a i lu res  (maybe 
10% during the array's  den- l i f e )  and them t o  
incorporate interconnect redundancy t o  control  
parer lorser araociated with those tha t  f a i l .  For 
e x a p l e ,  i f  3 interconnectr e r e  used to  connect 
each c e l l ,  fa i lure  of 10% of the interconnectr 
w u l d  lead to  a c e l l  fa i lure  denrity of one per 
thourmd a t  the u r a y  design l i f e .  

ilodule-Level Is i lures  

In  addition to  fa i lure  mder  which are best 
treated a t  the c e l l  level there are a number of 
f a i lu re r  vhich are more appropriately conridered a t  
the module level. There include glars  breakage, 
e l e c t r i c a l  insulation breakdown and various types 
of major encapsulant f a i lu re  ruch am delamination. 
L i k e  c e l l  fa i lures ,  there failurea are a lso  proba- 
b i l i s t i c  i n  nature and u r t  be treated a r  ruch when 
conridering quant i t ier  of roduler i n  a large array. 
Woore (7) a d  lion (8) i n  uork with the mthor  have 
developed e l p i r  ica l /analyt ica l  tools for  designing 
for  given s t a t i r t i c a l  levels of g lass  breakage and 
e l e c t r i c a l  breakdorm, rerpectirely.  Both of there 
f a i lu re  mechaninm are  flau-related a d  therefore 
s t a t i r t i c a l  i n  nature. When derigning for appro- 
p r i a t e  levels of module fa i lurer  it i r  important t o  
note that  a module f a i lu re  is l ikely  to  cause m 
e l e c t r i c a l  hazard or major parer loss a d  w i l l  
therefore require inaediate maintenance or replace- 
oent. b a resu l t ,  module fa i lure  r a t e r  are traded 
off againrt life-cycle maintenance cost r  a r  opposed 
t o  redundancy and life-cycle energy lorn, which are 
associated with c e l l  fai lures.  

FAULT TOLBBART CIRCUIT DESIGN 

Civm that  the component f a i lu re  ra tes  have 
been reduced to manageable levelr ,  it i r  aecesrary . 
t o  introduce v u i o u r  c i r cu i t  redundancy featurer t o  
control the e f fec t  of the remaining feu fa i lures  on 
d u l e  yield and array parer degradation. 

Figure 3. Interconnect r train-cycle fatigue curves 
with fa i lure  probability a r  a par-ter 

Array Degradation 

The f i r r t  r tep  toward c i rcu i t  redundancy is 
generally asrociated with dividing the large matrix 
of ce l l8  dhich maker up the array in to  a number of 
para l le l  solar c e l l  nctuorkr referred to  as  "branch 
circuits." The branch c i r c u i t r  provide convenient 
point. for monitoring u r a y  performance and provide 
m a b i l i t y  to  i ro la te  -11 arear of the to ta l  array 
for maintenance md repair. Aa rhown i n  Figure 4, 
each branch c i rcu i t  may contain a single s t r ing  of 
r e r i e r  molar c e l l s  or a number of para l le l  r t r ings  
interconnected periodically by cross t ies .  The 
crorr t i e r  divide each branch c i rcu i t  in to  a number 
of "rerieo blockr." One or w r e  se r i e s  blockr may 
a h 0  be bridged by a "bypars diode" which is de- 
rigned t o  carry the b r a n c h r i r w i t  current i n  the 
w e n t  that  local  f a i lu res  conr t r ic t  the current f l w  
t o  the point of voltage reversal  and power disripa- 
tion. 

It is the use of ser ier /para l le l ing md bypsrr 
dioder i n  the individual branch c i rcu i t s  which is 
key to  controll ing array degradation. Four param- 
e t e r s  are of particular ilportance-the number of 
para l le l  s t r ings ,  the number of se r i e s  blockr per 
branch c i rcu i t ,  the number of r e r i e s  blockr per by- 
pass diode, and the number of c e l l r  per subrtring 
within each se r i e r  block. 

A key problem i n  making use of there c i r cu i t  
redundancy features has been i n  quantifying the in- 
fluence of rpecific rer ier /para l le l  and bypars diode 
armgewnts  on array degradation. This problem has 
been solved recently by the development of an elab- 
orate parametric ma ly r i s  based on the r t a t i r t i c a l  
d is t r ibut ion of fa i led  subrtringr due to  random c e l l  
o p e n r i r c u i t  f a i lu re r  ( 9 ,  LO). Given a specific 
branch c i rcu i t  configuration, the substring fa i lure  
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Figure 4. S e r i e s - p a r a l l e l  nomenclature 

d e n s i t y  (Pss) can be computed e a s i l y  from the  c e l l  
f a i l u r e  dens i ty  (PC) and t h e  number of c e l l s  per 
aubstrirrg (u) ru ing  t h e  f o l l o v f ~  s t a t i s t i c a l  
equat ion:  

Reference 1 0  conta ins  a  l a r g e  number of para- 
m e t r i c  p lo t s ,  a n  example of which is  shown i n  Figure 
5, which al low rap id  computation of t h e  e f f e c t s  of 
c i r c u i t  redundancy on a r r a y  power l o s s .  

To ob ta in  a n  assessment of t h e  l e v e l  of r e l i a -  
b i l i t y  improvement which can be achieved, it is in- 
s t r u c t i v e  t o  consider  the  problem of c a l c u l a t i n g  the  
expected power degradat ion a f t e r  f i v e  years  f o r  a  
1000-volt l a r g e  ground-mounted a r r a y  wi th  one c e l l  
f a i l u r e  per  10,000 per  year .  To achieve t h e  1000- 
v o l t  nominal opera t ing  vo l tage  requ i res  approximate- 
l y  2400 s e r i e s  s o l a r  c e l l s  per  branch c i r c u i t .  Let 
us  assume f u r t h e r  that t h e  a r r a y  i s  composed of  1.2 
m x  1.2 m ( 4  f t  x 4 f t )  modules each containing 144 
s o l a r  c e l l s .  I f  t h e  modules con ta in  a  s i n g l e  s e r i e s  
s t r i n g  of 144 c e l l s  and no bypass diodes, each 
branch c i r c u i t  could be made up of  17 s e r i e s  modules 
g iv ing  a  t o t a l  of 2448 s e r i e s  c e l l s .  

Ca lcu la t ion  o f  t h e  expected a r r a y  degradat ion 
a f t e r  5 years  can be a c c o q l i s h e d  us ing  Figure 5 by 
no t ing  t h a t  t h e  assumed conf igura t ion  is i d e n t i c a l  
t o  e i g h t  p a r a l l e l  cellm by one s e r i e s  block. Ew- 
e v e r ,  Equation 1 u r t  f i r s t  be u t i l i s e d  to  compute 
the  expected aubmtring f a i l u r e  d e n s i t y  a t  t h e  end 
of  f i v e  years .  Thun: 

Uming Figure 5, or by simply no t ing  t h a t  t h e  
branch c i r c u i t  and s u b s t r i n g  a r e  one and the  same, 
it is apparent t h a t  with only one c e l l  f a i l u r e  per  
10,000 per  year ,  t h e  a r r a y  is more than 70% degrad- 
ed a f t e r  f i v e  years .  

By way of  contramt consider  ixutead that t h e  
144-cell module i m  reconfigured t o  c o n s i s t  o f  e i g h t  
p a r a l l e l  cells by tw, r e r i e a  blocks with n i n e  c e l l s  
p e r  nubstr ing,  and om! bypass diode per  s e r i e s  block. 

A branch c i r c u i t  i s  now composed of 2448/18 = 136 
s e r i e s  modules and conta ins  272 s e r i e s  blocks. 
Using Equation 1 t o  compute the subs t r ing  f a i l u r e  
d e n s i t y  gives:  

Enter ing Figure 5 with t h i s  subs t r ing  f a i l u r e  
dens i ty  and i n t e r p o l a t i n g  f o r  272 s e r i e s  blocks in- 
d i c a t e s  t h a t  the  a r r a y  degradat ion i s  now only about 
2% a f t e r  5 years ,  a  s u b s t a n t i a l  improvement. Figure 
6 expands on t h i s  r e s u l t  t o  i l l u s t r a t e  t h e  expected 
degradat ion i n  subsequent years  and the  r e s u l t  of 
d i f f e r e n t  numbers of s e r i e s  blocks per branch c i r -  
c u i  t . 
Module Yield Considerations 

I n  a d d i t i o n  t o  c o n t r o l l i n g  a r r a y  degradation, 
c i r c u i t  redundancy f e a t u r e s  a r e  a l s o  e f f e c t i v e  i n  
improving module y i e l d  l o s s e s  due t o  broken c e l l s  
and o ther  c i r c u i t  f a i l u r e s  which cause a  module t o  
be r e j e c t e d  during f i n a l  assembly, shipping and in- 
s t a l l a t i o n .  A comaon module f a i l u r e  c r i t e r i o n  i s  
based on c o n t r o l l i n g  e l e c t r i c a l  mismatch i n  the 
a r r a y  and s t i p u l a t e s  that a  module is  r e j e c t e d  i f  
i ts  power l o s s  is  g r e a t e r  than 10% of the  average 
peak power output  f o r  a l l  modules. Figure 7 d i s -  
plays the  dependence of module y i e l d  computed f o r  
t h i s  f a i l u r e  c r i t e r i o n  a s  a  func t ion  of module 
s e r i e s / p a r a l l e l i n g ,  f o r  t h r e e  s i z e s  of nodules, and 
f o r  a  c e l l  f a i l u r e  d e n s i t y  of one per  thousand (10) .  

Considering the  two 144-cell modules used i n  
t h e  previous example, Figure 7 g i v e s  a  y i e l d  of 87% 
f o r  t h e  s ing le -s t r ing  module, and 99% f o r  t h e  module 
incorporat ing e i g h t  p a r a l l e l  c e l l s  by two s e r i e s  
blocks 
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Figure 5. &ray power l o s s  an a  funct ion of  
s u b s t r i n g  f a i l u r e  dens i ty ,  f o r  e i g h t  
p ~ r a l l e l  s t r i n g s ,  with one diode per 
a e r i e r  block 



Figure 6. Array p w e r  degradation vs  t h e  fo r  
a constant yearly c e l l  f a i l u r e  r a t e  
of 1/10,000, fo r  e igh t  p a r a l l e l  s t r i n g s  
with bypass diodes 
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Figure 7. nodule y ie ld  verur s e r i e s  pa ra l l e l i ng  
assuming one f a i l u r e  per  1000 c e l l s  and 
module r e j ec t ion  fo r  p w e r  loss  grea ter  
than 10 percent 

Bot-Spot Heating Considerations 

A t h i r d  subject  r e l a t ed  t o  a r r ay  f a u l t  tolerance is 
considerat ion of the  l eve l s  and e f f e c t s  of l oca l  
c e l l  hot-spot heating tha t  can occur when a c e l l  o r  
group of c e l l s  is  subjected t o  a cur rent  l eve l  
grea ter  than the c e l l ' s  shor t -c i rcui t  cur rent .  A s  
shovn i n  Figure 8, t h i s  condit ion can be caused by 
a var ie ty  of c i r c u i t  f a u l t s  such a s  c e l l  cracking, 
loca l  shadowing, and open c i r cu i t i ng  of s e r i e s /  
p a r a l l e l  connections. Wen the  degree of heating 
exceeds s a fe  l eve l s  (1000 t o  120°C i n  most modules) 
the module's encapsulant system can su f f e r  severe 
permanent damage (11). Such damage has occurred 
i n  a var ie ty  of present-day la rge  appl ica t ion  
experiments and strongly suggests the use of bypass 
diodes o r  other cor rec t ive  measures t o  l i m i t  the 
maximum heating leve l .  References 10 and 11 
describe means of determining the nuaber of bypass 
diodes required and t e s t  methods t o  ver i fy  t h a t  
hot-spot heating is  l imited t o  s a fe  leve ls .  For 
most c e l l  and module conrtructions,  r bypass diode 
is required around every 10 t o  15  s e r i e s  c e l l s .  

+ 
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Figure 8. Visualizat ion of hot-spot c e l l  heating 

COST-OPTIIIIRI REPLACIMENT STRATEGIES 

Although it was shovn i n  the previous sec t ion  
t h a t  c i r c u i t  redundancy can subs t an t i a l l y  reduce 
a r r ay  degradation associated with sporadic c e l l  
f a i l u re s ,  rodule replacement is  an addi t ional  s t r a t -  
egy tha t  can rccompliah the  same goal. One means 
of se lec t ing  the optimal maintenance/replacement 
s t ra tegy and l eve l  of c i r c u i t  redundancy is  based 
on minimizing the t o t a l  l i fe-cycle energy cost  of a 
photovoltaic system over i t s  design l i f e .  Following 
t h i s  author 's  previous work the optimization can be 
formulated by s e t t i n g  the l i fe-cycle benef i t s  equal 
t o  the l i fe-cycle cos t s  including module replacement 
(12, 13). The optimum system design i s  then found 
by minimizing the break-even cos t  of the photovol- 
t a i c  energy which i s  given by: 

R - Cost (worth) of energy (startup-year 
$/kwh) 

Ei - Energy generated i n  year i (kUh) 
Co - I n i t i a l  plant  cos t  (startup-year $) 
Ci = Cost per module replacement ac t ion  

(startup-year $/module) 
U i  = Number of modules replaced i n  year i 

k - Present value discount r a t e  
20 Plant  l i fe t ime (years)  

Notice t ha t  the above expression allows a 
d i r e c t  trade-off between the e f f e c t s  of array degra- 
dat ion veraus time (Ei), the module i n i t i a l  cost 
(C,), and the  cos t  of module replacement (Ci Hi). 

To explore the general  cost-effectiveness of 
module replacement it is in s t ruc t ive  t o  apply the 
above methodology t o  the 100*volt l a rge  ground- 
mounted array considered i n  the previous examples. 
I f  ve assume typica l  a r ray  and balance-of-system 
cos t s  and e f f i c i enc i e s  per Bef. 13, and assume a 
c e l l  f a i l u r e  r a t e  of 0.0001 per year, we can calcu- 



l a t e  the break-evcn life-cycle enerw cor t r  for 
variour redundancy a d  replacement option* uring 
Equation 2. Figure 9 dirplayr the u lcu l&ted  l i f e -  
cycle energy cor t r  for tuo replacement r t ra tegier  
a8 a function of the amber of r e r i e r  blocks i n  
branch c i rcu i t s  cmpored of eight pa ra l l e l  x 2448 
r e r i e r  ce l ls .  In the f i r s t  r trategy rw, rgdule re- 
p lacaen t  i r  allowed, and it can be reen that  the 
life-cycle cor ts  imrea re  sharply with lw mmberr 
of r e r i e r  blocks. Thir r e f l cc t r  the rapid array 
degradation exhibited i n  Figure 6 for there c i r cu i t  
configurationr. l o r  the aecod  curve i n  Figure 9 
roduler u e  replaced e ~ c h  time a rolar  c e l l  f a i l 8  
during the 20-year l i f e  of the plant. Thir r e r u l t r  
i n  no parer degradation, but does muse a rubrtan- 
t i a l  module replacement-cost contribution. This 
cost a lso  varies with the n d e r  of r e r i e r  blocks 
due to  reductions i n  d u l e  yield cor t r  which occur 
when module rer ier /para l le l ing achiever eight paral- 
l e l  by two or more re r i e r  blocks. Thir degree of 
module rer ies /para l le l ing is only porrible i n  t h i s  
a u p l e  d e n  272 or rore r e r i e r  block8 arc  ured per 
brmch c i rcui t .  

Aa seen i n  Figure 9 the opthum u ia tenance  
rtrategy dependr on the degree of ser ier /para l le l -  
ing. When low degrees of rer ier /para l le l ing are  
ured, the least-cost maintenance rtrategy i r  t o  re- 
place the affected module each tire a rolar c e l l  
f a i l s .  On the other hand, when a high degree of 
rer ies /para l le l ing is used, the least-cost r trategy 
involver no module replacement. Only i n  a very 
small region h e r e  the two curvee cross is a 
partial-replacement r trategg optimum. Whcn consid- 
ering Figure 9, i t  i s  apparent that  the optimm 
configuration for m array of 4 f t  by 4 f t  modules 
i n  8 parallel-rtr ing branch c i rcu i t s  i r  272 or more 
r e r i e r  blocks, with no module replaccrcnt. 

ONE MODULE REPLACEMENT 
PER CELL FAILURE 
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Figure 9. Life-cycle energy costs for 8 parallel-  
s t r ing  branch c i rcu i t s  

Figure 10. M i n k  life-cycle energy cost v i th  
bypars diodes 

Figure 10 erpandr the parametric rtudy to  in- 
clude the effect8 of other choicer for the number 
of para l le l  rtrings-in t h i r  care 1 and 4 s t r ings  
i n  parallel .  In  t h i r  graph, only the optimm-main- 
t e n ~ c e  ( l ea r t  l ife-cycle) cor t  i r  plotted for  e ~ c h  
mmber of r e r i e r  blocka per brmch c i rcui t .  %e 
nwber of para l le l  r t r ingr  is found to  have l i t t l e  
influence on the w e r a l l  conclurionr re la t ive  t o  the 
opt* number of ser ies  blocks, or the o p t h  
maintenance rtrategy. 

It has been shown that  c e l l  fa i lure  rates as  
low as  0.0001 per year can significantly degrade 
array performance i f  appropriate c i r cu i t  redundancy 
options are  not applied. This high sensi t iv i ty  to  
s t a t i s t i c a l l y  extreme occurrances requires engineer- 
ing design approaches based on s t a t i s t i c a l  treatment 
of component endurance and operational s t resses  a s  
opposed to  more c la s s i ca l  deterministic approachcs 
based on mean values. Several s t a t i s t i c a l  design 
approaches have been noted which address the areas 
of c e l l  breakage, interconnect fatigue,  glass break- 
age, and e lec t r i ca l  insulation breakdovn. The the- 
s i e  of these methods i s  t o  quanti tat ively design for  
a specified low level  of component fa i lures ,  and 
then t o  control  the degrading e f fec t s  of the remain- 
ing fa i lures  through the use of fault- tolerant c i r -  
cu i t ry  and module replacement. Means of selecting 
the cost-optimal level of component f a i lu res ,  c i r -  
c u i t  redundancy, and module replacement have also 
been described. 

With today's colponent fa i lure  r a t e r  md with 
the ure of u l t i p l e  c e l l  interconnectr, r e r i e s l  
para l le l ing md bypasr diodes, it appears porrible 
t o  achieve high levels of array r e l i a b i l i t y  with no 
module replacement for routine component failures.  
The challenge of the future w i l l  be to  maintain the 
present lw component fa i lure  ra tes  through dil igent 
design, qualif ication tes t ing,  and f ie ld  performance 
feedback. 
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