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As part of the United States National Photovoltaics Program, the Jet 
Propulsion Laboratory's F l  at-Plate Solar Array (FSA) Project has 
maintained a comprehensive engineering sciences activity addressed to 
understanding the reliability attributes of terrestrial flat-plate 
photovoltaic arrays and to deriving analysis and design tools useful 
for achieving the high levels of reliability necessary for future 
large-scale application. This paper builds upon the field-performance 
experi ence gai ned from several years of photovol taic system-appl i ca- 
tion experiments and the research results stemning from the develop- 
ment of reliability design and analysis techniques. The result is an 
overview of the array reliability problem in total, and available 
means of achieving high reliability at minimum cost. 

1. INTRODUCTION 

The reliability of photovoltaic solar arrays is probably second in 
importance only to cost in the list of factors influencing the market 
acceptance of this new technology. Because of their modular nature, 
photovoltaic arrays possess a higher than normal sensitivity to comnon- 
mode failures, but at the same time offer a wealth of redundancy options 
to increase reliability. Achieving the high reliability demanded by 
future large-scale application requires that these reliability design 
attributes be understood well and used effectively. 

As a tool for managing module and array reliability development, the 
FSA Project has adopted a target for life-cycle-reliability costs equi- 
valent to 20 years with no significant array-power degradation. Because 
small levels of degradation or replacement are economically justified, a 
typical array meeting the target life will last somewhat longer than 20 
years to recapture the life-cycle costs associated with the gradual 
degradation expected (see Fig. 1 ). 

A convenient means for quantifying the life-cycle costs associated 
with reli abi 1 ity attributes is based on computing the break-even photo- 
voltaic energy cost over the expected life of the application (1,2): 
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Notice tha t  the above expression expl ic i t ly  includes the effects  of 
array degradation versus time ( E i ) ,  module i n i t i a l  cost (C, ) ,  and 
the cost of module replacement (Ci Mi ). 

In assessing the implications of the 20-year-equivalent-life target  
i t  i s  instructive to  examine the life-cycle-cost impact of typical 
fa i lure  modes which are l ikely t o  ex is t  in future low-cost modules and 
systems. Assuming a module cost of $0.70 per watt, Table I indicates 
the level of degradation, fo r  each of f ive  typical modes of array 
degradation, that  will resu l t  in a 10% life-cycle system cost increase. 
Because these f ive  f a i lu re  modes may occur concurrently, the total  cost 
impact must include the sum of 
these effects .  Table 11. Strawman Degradation 

Table I1 car r ies  the analysis 
a step fur ther  and suggests a 
possible "straman" allocation 
of the a1 lowable degradation 
among the f ive f a i  lure-mode cate- 
gories to  achieve a to ta l  perfor- 
mance consistent with the 20-year 
target.  The distribution among 
the categories re f lec ts  t h i s  
author's best judgment. The re- 
mainder of the paper addresses 
each category in l ight  of the 
his tor ical  experi ence to  date, 
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and summarizes projected means of achieving the allocations listed in Table 
11. 

2. CELL FAILURES 

At the root of the high sensitivity to cell failures indicated in 
Table I is the need to interconnect electrically thousands of nearly 
identical solar cells in series and parallel to achieve the voltage and 
current levels of the intended application. For example, a 150-volt 
residential array will require 300 to 400 series cells, and a 1500-volt 
central-station application will require 3000 to 4000. This large number 
of series elements makes an array extremely sensitive to infrequent cell 
failures even when a high level of circuit redundancy is used. 

Fig. 2 graphically illustrates this sensitivity by noting the effect of 
one cell failure per 10000 per year on various system configurations. 
To control this exaggerated sensitivity at high-voltage levels, extensive 
use of circuit redundancy techniques such as series/paralleling and bypass 
diodes is recommended ( 2 , 3 ) .  

Fault-Tolerant Circuit Desiqn 

Before the degradation allocation associated with solar-cell failures 
can be addressed further, the influencing effects of the available circuit 
redundancy solutions must be considered. The first step toward circuit 
redundancy is generally associated with dividing the large matrix of cells 
that makes up the array into a number of parallel solar-cell networks 
referred to as "branch circuits" or "source circuits". The circuits pro- 
vide convenient points for monitoring array performance and provide an 
ability to isolate small areas of the total array for maintenance and 
repair. 

As shown in Fig. 3, each source circuit may contain a single string of 
series solar cells or a number of parallel strings interconnected perio- 
dically by cross ties. The cross ties divide each source circuit into a 
number of series blocks. One or more series blocks may also be bridged by 
a bypass diode which is designed to carry the source-circuit current in the 
event that local failures constrict the current flow to the point of 
voltage reversal and power dissipation. 

A key problem in assessing the impact of cell failures has been in 
quantifying the inf 1 uence of specific series/paral lel and bypass diode 



arrangements on array de radation. 9 This problem has been so ved in recent 
years by the development of an exten- 
sive parametric analysis based on the 
statistical distribution of failed sub- 
strings due to random cell open-circuit 
failures (4,5). Reference 5 contains a 
large number of parametric plots, an 
example of which is shown in Fig. 4, 
which allows rapid computation of the 
effects of cell failures and circuit 
redundancy on array power 1 oss. 

Using these techniques, together 
with typical array and balance-of- 
system costs and efficiencies per (2), 
and a cell failure rate of 0.0001 per 
year, we can calculate the break-even 
life-cycle energy costs for various 
redundancy and rep1 acement opti ons us- 
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Figure 4. Example Plot for Power 
Loss Determi nati on. 

ing  quat ti on 1. jig. 5 displays the 
calculated life-cycle energy costs for two replacement strategies as a 
function of the number of series blocks in branch circuits composed of 
8-parallel x 2448 series cells. In the first strategy no module replace- 
ment is allowed and it can be seen that the life-cycle costs increase 
sharply with low numbers of series blocks. This reflects the rapid array 
degradation exhibited in Fig. 2 for series-string circuits without bypass 
diodes. For the second strategy (dashed curve) in Fig. 5, modules are 
replaced each time a solar cell fails during the 20-year life of the 
plant. This results in no power degradation, but does cause a substantial 
module replacement-cost contribution. This cost also varies with the 
number of series blocks due to improvements in module yield that occur when 
module series/paralleling achieves 8 parallel x 2 or more series blocks. 
This degree of module series/paralleling is only reached in this example 
when 272 or more series blocks are used per branch circuit. 

At this point it is important to note that the economic impact of cell 
failures presented in Table I assumes the high level of redundancy asso- 
ciated with the minimum life-cycle costs in Fig. 5. The critical question 
is therefore shifted to the feasibility of achieving the low cell-failure 
rates indicated as being necessary. 

For purposes of assessing this feasibility a cell failure is 

Figure 5. Life-cycle Energy Cost versus Series/Paralleling 
and Maintenance Strategy. 
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considered as more than 25% degradation in short-circuit-current compared 
with the average cell. This is generally sufficient to cause reverse 
biasing of the local bypass diode and therefore loss of power from the 
series block containing the failed cell. 

Typical causes of cell failure include cell cracking, local shadowing 
and open-circui t cell i nterconnects. 

Cell Cracking 

Of the cell failures seen in the field, cell cracking is by far the 
most prevalent and is occurring at a rate of about 1% per year. The saving 
finding is that only 0.1 to 0.01 of these cracked cells have resulted in 
electrically-failed cells. The remainder remain electrically operative, 
quite often because the cell metallization bridges the break and holds the 
cell together. 

Quantification of the cell failure rates has required extensive and 
expensive auditing of the actual field performance of several large 
multikilowatt photovoltaic application experiments. The three primary 
causes of cell cracking appear to be differential expansion between the 
cell and its support, impact loading by hailstones, and reduced strength 
due to cell damage occurring during cell processing and module assembly. 
Qualitative design techniques exist that address the first two causes 
(6,7), and cell proof-testing techniques can be utilized to screen out the 
one-out-of-a-thousand weak or damaged cell (8). Another cost-effective 
cell-failure solution is the use of multiple electrical attachment to each 
solar cell. 

Cell Interconnects 

Cell interconnects are both an important tool for reliability improve- 
ment and a source of failures. Given that a cell has cracked or otherwise 
degraded in a local area, the extent of module or array degradation can be 
substantially lessened by electrically attaching to the cell at more than 
one location. One means of assessing the degree of improvement possible is 
to consider analytically a large number of randomly oriented potential 
cracks and then to determine the fraction that would lead to open-circuit- 
ing or significant cell degradation ( 210% area loss). Many of the latest 
module designs are taking advantage of multiple interconnect attachment 
points and are expected to have substantially lowered fai lure rates. With 
present cell failure rates at about 0.0001 per year, it is expected that 
the improved redundancy will lead to values approaching 0.00001 per year. 

The above optimistic projection of course assumes that the inter- 
connects themselves don't fail, and of course they do. Interconnect open 
circuiting due to mechanical fatigue is a historical photovoltaic array 
failure mode and has even recently taken its toll on some modern installa- 
tions. Like cell breakage, it is primarily caused by thermal and humidity 
expansion differences between the cell and its supporting substrate or 
superstrate. Also like cell breakage, interconnect fatigue is not easily 
predicted by available analytical models unti 1 the level of failure reaches 
major proportions. Mon, Moore and Ross (9), for example, have empirically 
characterized the probabi 1 ity of failure of a variety of photovol taic 
interconnects versus number-of-cycles and developed a fatigue curve that 
treats probability-of-failure as a parameter (Fig. 6). As can be seen from 
Fig. 6, even identically loaded interconnects can be expected to fail over 
a broad range of cycles, the weakest failing one hundred times sooner than 
the average. 



AS witn ce I I cracking, the 
solution is to design for a 
manageable number of failures 
(maybe 10% during the array 
design life) and then to incor- 
porate interconnect redundancy 
to control power losses asso- 
ciated with those that fail. 
For example, if three inter- 
connects were used to connect 
each cell, 10% failed intercon- 
nects would lead to a cell 
failure density of one per 
thousand at the array design 
life. 

Future Cell-Failure Levels 

With the conscientious 
application of available design 
and qualification techniques, 
this author predicts that cell 
failure levels well below 0.0001 
per year will be achieved. The 
available techniques include: 
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Figure 6. Fatigue curve for Copper 
Cell Interconnects with 
Probability of Failure 
as a Parameter 

(1) Cell proof-testing to cull out weak or damaged cells before 
i ncorporati on into modules. 

(2) Redundant cell interconnects with multiple cell attachment to 
provide fault tolerance to cracked cells and broken interconnects. 

(3) Proper materials and process selection and testing to limit 
differential expansion and process-related stressing of the cells. 

(4) Adequate hail-impact protection. 
(5) Bypass diodes and cell paralleling to limit array losses due to 

cell failures. 

3. MODULE FAILURES 

In addition to failure modes that are best treated at the cell level, a 
number of failures are more appropriately considered at the module level. 
These include glass breakage, electrical insulation breakdown and various 
'types of major encapsulant failure such as delamination. Like cell 
failures, these failures are also flaw-related and must be treated 
statistically when considering quantities of modules in a large array. 
Moore (10) and Mon (11) in work with the author have developed 
empiricallanalytical tools to design for given statistical levels of glass 
breakage and electrical breakdown, respectively. 

When designing for appropriate levels of module failures, it is 
important to note that a module failure is likely to cause an electrical 
hazard or major power loss and will therefore require imnediate maintenance 
or replacement. As a result, module failure rates are traded off against 
life-cycle maintenance costs as opposed to redundancy and life-cycle energy 
loss, which are associated with cell failures. 

Although the data base on module-level failures is very poorly defined 
at this time, this author judges that it might total 2% per year from the 
following contributing mechanisms: 



. . 

1 oads . 
(2)  E l e c t r i c a l  shor ts  f rom c e l l  c i r c u i t r y  
(3 )  Major encapsul ant  delami na t i on  due t o  

heat i ng . 
( 4 )  F a i l e d  (shor ted o r  reversed)  bypass d 
I t  i s  p ro jec ted  t h a t  f u t u r e  modules should 

. . 
( 1  ) G l  ass supers t ra tes  broken by  p r o j e c t i  1  

i 

es o r  thermal-expansion 

t o  frame ground. 
weathering o r  hot-spot c e l l  

odes. 
be ab le  t o  achieve 

modu le- fa i lu re  l e v e l s  cons is ten t  w i t h  the  0.005 per year i nd i ca ted  i n  
Table 11. 

4. GRADUAL DROP I N  POWER 

I n  a d d i t i o n  t o  t h e  s t a t i s t i c a l  f a i l u r e  mechanisms discussed prev iously ,  
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 degradat ion or  
l oss  of power over t he  l i f e  o f  a pho tovo l ta i c  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 generic 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  sca t te r .  Most systems must be designed 
t o  accomnodate t h i s  gradual power decrease, s ince the  on l y  c o r r e c t i o n  
techniques i nvo l ve  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. Aside f rom ex te rna l  s u r f  ace s o i l i n g ,  discussed i n  t h e  next 
sect ion, "Fixed Drop i n  Power," t he  observed o p t i c a l  degradat ion mechanisms 
inc lude:  

(1 )  Encapsulant t ransmiss ion l oss  (un i fo rm ye l lowing)  due t o  UV and 
temperature- i  nduced s e l f  -degradat i  on. 

(2 )  Encapsul ant  t ransmiss ion l oss  ( l o c a l  ye1 lowing) due t o  f o r e i g n  
ma t te r  d i f f u s i n g  i n t o  t h e  encapsulant f rom such th ings  as edge 
seals, mounting hardware, and e l e c t r i c a l - t e r m i n a l  hardware. 

(3 )  D e t e r i o r a t i o n  o f  t h e  a n t i - r e f l e c t i v e  coa t i ng  on the  s o l a r - c e l l  
i r r a d i a t e d  surface due t o  leaching o r  contaminat ion from p l a t i n g  
o r  co r ros i  on products . 

Substant ia l  research has been done on these var ious degradat ion 
mechanisms over t h e  pas t  two 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 coat ings have been i d e n t i f i e d  (7, 12). 

The second important category o f  gradual-degradat i  on modes i n c l  udes 
mechanisms r e l a t e d  t o  s o l a r - c e l l  power degradat ion due t o  increased ser ies  
res is tance o r  j u n c t i o n  shunt ing. Increased se r ies  res is tance i s  of ten 
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 the  c e l l  
m e t a l l 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  cor ros ion- re la ted  pro-  
cesses. Junc t ion  shunt ing may be caused by the  d i f f u s i o n  o r  m ig ra t i on  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  surfaces 
o f  t he  c e l l .  

As w i t h  t h e  o p t i c a l  degradat ion mechanisms, research has i d e n t i f i e d  a 
v a r i e t y  o f  h i g h l y  s tab le  c e l l  m e t a l l i z a t i o n  systems t h a t  promise degrada- 
t i o n  r a t e s  we l l  below 1% per year (12).  

For  both degradat ion ca tegor ies  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  degradat ion i nvo l ve  accelerated 
temperature/humidi t y  t e s t i n g  ( p o s s i b l y  w i t h  u l t r a v i o l e t  exposure) together  
w i t h  Arrhenius and o ther  means o f  r e l a t i n g  t h e  da ta  t o  long-term use 
cond i t i ons  (12, 13). A p p l i c a t i o n  o f  these techniques t o  present  comnercial 
modules suggests t h a t  t he  1% per year drop o f  power assumed i n  Table I 1  
should be r e a d i l y  achievable w i t h  fu tu re  low-cost concepts. 
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5. FIXED DROP IN POWER 

Although s i m i l a r  i n  e f f e c t  t o  o ther  o p t i c a l - l o s s  mechanisms, exper i -  
mental data i n d i c a t e  t h a t  o p t i c a l  sur face s o i l i n g  due t o  dust 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  na tu ra l  c lean ing  mechanisms such as ra in .  
The ne 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 oss  i n  a r ray  cu r ren t  and 
power over t h e  l i f e  o f  t h e  array.  

F ig.  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 
s u r f  ace mater i  a1 s  i n  two s i t e  envi ronments--one urban, t h e  o ther  remote. 
These and o ther  data gathered by JPL over t h e  past  f o u r  years a t  a  v a r i e t y  
o f  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  glass o r  T e d l a r - l i k e  op t i ca l - su r face  
m a t e r i a l s  w i thou t  washing (14).  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 leve ls ,  and may requ i re  
p e r i o d i c  washing. 

I n  response t o  these data  Table 11 suggests a  5% a l l o c a t i o n  f o r  f i x e d  
s o i l i n g - r e l a t e d  losses. 

6. MODULE WEAROUT LIFE 

The l a s t  degradat ion category i s  the  most d i f f i c u l t  t o  q u a n t i f y  
t e c h n i c a l l y  o r  t o  even de f i ne  through known f a i l u r e  mechanisms. Near ly  
a l l  o f  t h e  known f a i l u r e  mechanisms have been s tud ied  and found t o  be 
gradual or  s t a t i s t i c a l  i n  nature and no t  associated w i t h  a  wear-out 
e n d - o f - l i f e  such as might  be associated w i t h  automobile 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  
wearout mechanism (F ig .  6). However, t o  achieve t h e  desi red low r a t e  o f  
random in terconnect  f a i l u r e s  du r ing  t h e  e a r l y  l i f e  o f  t he  array, t he  
wearou t - l i f e  associated w i t h  50% 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. 

Gradual dep le t i on  o f  UV absorbers, o r  gradual embr i t t lement  o f  t he  
module encapsulant system are add i t i ona l  mechanisms t h a t  cou ld  lead t o  
accelerated degradat ion i n  l a t e r  years due t o  o p t i c a l  or  mechanical- 
s t ress  mechanisms. 
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nical obsolescences, decreased reliability, or the useful life of the 
application itself. 

In consideration of the lack of known wearout mechanisms, an 
end-of-life in excess of 25 years seems quite likely for mature module 
designs of the future. 

7. SUMMARY AND CONCLUSIONS 

As part of the United States National Photovoltaics Program, the Jet 
Propulsion Laboratory Flat-Plate Solar Array Project has carried out a 
comprehensive array engineering activity addressed to understanding the 
reliabi 1 ity attributes of terrestrial f 1 at-plate photovol taic arrays and 
to deriving analysis and design tools useful for array optimization and 
cost reduction. Known array failure and degradation mechanisms have been 
carefully studied and grouped, for the purpose of discussion, into five 
categories. A target reliability allocation has been developed for each 
degradation category based on the life-cycle-cost requirements of future 
large-scale applications and the technical realities of available photo- 
voltaic materials and processes. Comparison of these future requirements 
with present performance and design a1 ternatives suggests that lives in 
excess of 20 years are very possible for module designs of the near future. 
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