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Sola r -ce l l  module design and t e s t  have evolved 
during the  pas t  s i x  years  t o  t h e  point  where 
t h e r e  i s  confidence i n  the  a b i l i t y  t o  f i e l d  
modules t h a t  have reasonable l i f e  expectancy, 
with competitive c o s t s  f o r  some appl ica t ions .  
This paper shows progress  made i n  such charac- 
t e r i s t i c s  a s  module power, module e f f i c i e n c y  
and c o s t  and it descr ibes  t h e  t rends  i n  design 
d e t a i l s  t h a t  have contr ibuted t o  t h i s  prog- 
ress .  Also noted i s  the  evolut ion of module 
t e s t  c r i t e r i a ,  i t s  dependency on f i e l d  experi-  
ence, and the  r o l e  t h a t  these  f a c t o r s  have 
played i n  improvement of module design f o r  
r e l i a b i l i t y  and d u r a b i l i t y .  The continued 
i n t e r p l a y  of these program aspec ts  a r e  v i t a l  
t o  f u r t h e r  success i n  the  development of 
photovoltaic  technology a s  a major a l t e r n a t i v e  
energy source. 

1. INTRODUCTION 

A p r i n c i p a l  ob jec t ive  of the  F la t -P la te  So la r  
Array (FSA) Pro jec t  is  t o  advance photovoltaic  
technology so  t h a t  it w i l l  c o n s t i t u t e  a major 
v iab le  a l t e r n a t i v e  energy option. An impor- 
t a n t  p a r t  of the  program i s  the  advancement of 
module design technology, both a s  a means of 
eva lua t ing  advances i n  component m a t e r i a l s  and 
i n  f a b r i c a t i o n  and design techniques,  and t o  
provide a veh ic le  f o r  measuring progress  
toward the  long-t erm r e l i a b i l i t y  e s s e n t i a l  t o  
t h e  accomplishment of the  p ro jec t  ob jec t ive .  
Progress i n  r e l i a b i l i t y  i s  measured by per- 
forming q u a l i f i c a t i o n  t e s t s  (acce le ra ted  l i f e  
t e s t s )  and f i e l d  t e s t s .  The methods f o r  per- 
forming q u a l i f i c a t i o n  t e s t s  have required con- 
t inuous development t o  r e f l e c t  improvements i n  
c r i t e r i a  based on b e t t e r  understanding of 
f i e l d  condit ions.  The methods f o r  conducting 
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f i e l d  t e s t s  have bee~n improved t o  induce e a r l y  
d e t e c t i o n  of module problems. 

2. MODULE DESIGN @ENDS 

The FSA Pro jec t  p lad  f o r  advancing module 
design technology iqcludes making per iod ic  
procurement of modules aga ins t  successively 
more d e f i n i t i v e  and more appropriate  require-  
ments and sub jec t ioa  of these  modules t o  
q u a l i f i c a t i o n  l i f e  t les ts  and f i e l d  t e s t s .  The 
p r i n c i p a l  procureme t s  t o  d a t e  have consis ted 
of a succession des 'gnated a s  Block I through 
Block v, covering t 1 e period from 1976 t o  the  
present .  In  each cdse modules were purchased 
from severa l  manufadturers. A review of the  
c h a r a c t e r i s t i c s  of $11 these  modules (1 ,2 ,3 )  
has  shown a v a r i e t y o f  design f e a t u r e s  i n  each 
Block t h a t  r e f l e c t s , ,  inc lus ive ly ,  the  app l i -  
cab le  s t a t e  of t h e  q r t  a t  t h e  time of t h e  pro- 
curement. However, the  review has a l s o  d i s -  
c losed considerable  commonality among the  
modules wi th in  each  lock and a stepwise 
evolut ion from the  qommon f e a t u r e s  of one 
Block t o  those of tqe  succeeding Block. 
Therefore, a blockwqse comparison of these  
common f e a t u r e s  i s  a convenient way of de te r -  
mining module design t rends.  Table 1, a 
veh ic le  f o r  demonstpating these  t rends  l i s t s  
a s i n g l e ,  represen tq t ive  s e t  of charac te r i s -  
t i c s  f o r  each Block. The s e t  does not compose 
a descr ip t ion  of a dpec i f ic  module because 
each f e a t u r e  i s  indSvidually chosen f o r  being 
most represen ta t ive  of t h a t  Block and most 
revea l ing  of design t rends.  

Understanding t h i s  cable  requ i res  some know- 
ledge of the  Block drocurements (4 ) .  Block I 
was a procurement of e x i s t i n g  t e r r e s t r i a l  mod- 
u l e s  from four  manufiacturers i n  e a r l y  1976, a t  
t h e  infancy of the  Cechnology. The Block I1 
procurement, i n i t i a g e d  i n  l a t e  1976 and 
s e t t i n g  higher  perfdrmance and r e l i a b i l i t y  
s tandards,  a l s o  involved four  manufacturers. 
Block 111 procuremedt s t a r t e d  i n  e a r l y  1978. 
It cons i s ted  of l a r g e  orders  (30 t o  50 kW 
each) of modules, fnom f i v e  manufacturers, t o  
only s l i g h t l y  revised s p e c i f i c a t i o n s ;  there-  
f o r e ,  the  technolog9 was pr imar i ly  t h a t  of the  
Block I1 modules. #or t h i s  reason there  i s  no 



TABLE 1. REPRESENTATIVE CHARACTERISTICS OF BLOCK PROCUREMENT MODULES 

AREA 
WEIGHT %gI 
SUPERSTRATE OR TOP COVER 
SUBSTRATE OR BOTTOM COVER 
FRAME 
CONNECTIONS 
ENCAPSULATION SYSTEM 
ENCAPSULATION MATERIAL 
CELLS 

WANTITY 
SUE Imml 
CONFIGURATION 
MATERIAL 
JUNCTION 

FAULT TOLERANCE 
PARALLEL CELL STRINGS 
INTERCONNECT REOUNOANCY 
BY.PASS DIODES 

PACKING FACTOR 
N O C T ~  
PERFORMANCE AT 28'C CELL TEMP? 

POWER. MAX. IWI 
MODULE EFFICIENCY (%I 
ENCAPSULATED CELL EFFICIENCY I%l 

0.1 
2 

SILICONE RUBBER 
RIGID PAN 

NO 
TERMINALS 

CAST 
SILICONE RUBBER 

21 
DNA: 76 
ROUNO 

CZ 
NIP 

NONE 
NONE 
NONE 
0.54 
43 

II 

0.4 
5 

SILICONE RUBBER 
RIGID PAN 

YES 
J.BOX 
CAST 

SILICONE RUBBER 

42  
OIA: 76 
ROUNO 

CZ 
NIP 

NONE 
MINOR 
NONE 
0.60 
44 

111 

0.3 
5 

SILICONE RUBBER 
RlGlO PAN 

YES 
TERMINALS 

CAST 
SILICONE RUBBER 

43  
DIA: 76 
ROUNO 

cz 
NIP 

NONE 
MINOR 
NONE 
0.65 
48  

IV 

0.6 
9 

GLASS 
FLEXIBLE SHEET 

YES 
PIGTAILS 

LAMINATED 
PVB 

75 
95 r 95 
SHAPE0 
cz 

NIP P' 

3 
MUCH 

1 
0.78 
48  

I .2 
17 

GLASS 
FLEXIBLE LAMINATE 

NO 
PLUG4N 

LAMINATED 
EVA 

86 
1 0 0 1  I 0 0  
SHAPED 
u 

NIP P*  

5 
MUCH 

3 
0.83 
48  

b~~ 100 m ~ l c m ~ .  AM 1.5 INSOLATION. 

s i g n i f i c a n t  d i f f e r e n c e  between those  two 
columns i n  Table  1. The Block I V  program, 
i n i t i a t e d  i n  1980, included a  pre-product ion 
phase fol lowed,  a f t e r  s a t i s f a c t o r y  completion 
of q u a l i f i c a t i o n  t e s t s ,  by smal l  p roduc t ion  
c o n t r a c t s .  Th i s  program has  now produced 
e i g h t  q u a l i f i e d  des igns  from seven manufac- 
t u r e r s .  The Block I V  q u a l i f i c a t i o n  t e s t s  a r e  
more r igorous  than  those  f o r  Blocks I1 and 
111, r e f l e c t i n g  inc reased  exper ience wi th  
module f a i l u r e  modes. Add i t iona l  t e s t  and 
f i e l d  exper i ence  l ed  t o  t h e  s t i l l  more r i g o r -  
ous Block V s p e c i f i c a t i o n .  S i x  Block V con- 
t r a c t o r s  have produced p re l imina ry  des igns ,  
which a r e  t h e  b a s i s  of a l l  Block V d a t a  i n  
t h i s  paper.  A t  t h i s  t ime ,  because of funding 
l i m i t a t i o n s ,  it cannot b e  p red ic ted  how many, 
i f  any, of t h e  Block V des igns  w i l l  be  pursued 
t o  t h e  l e v e l  of des ign  q u a l i f i c a t i o n .  

Table 1 shows t h a t  f o r  a l l  f i v e  Blocks t h e  
module a r e a  has  inc reased  more than t e n f o l d ,  
t h e  q u a n t i t y  of c e l l s  has  about quadrupled,  
t h e  c e l l  s i z e  has  inc reased ,  t h e  c e l l  conf igu-  
r a t i o n  has  changed from round t o  shaped, and 
t h e  packing f a c t o r  h a s  inc reased  about 50%. 
These phys ica l  changes a r e  t h e  p r i n c i p a l  
reason t h a t  module power h a s  inc reased  from 
about 8 W t o  about 92 W and module e f f i c i e n c y  
has  inc reased  from about 5.8% t o  about  9.6%. 
A sense  of t h e  changes can be  gained from 
Fig. 1, which shows f i v e  modules, one from 
each Block. 

The Block I f e a t u r e s  ( s e e  Table 1 )  t h a t  pre- 
dominantly l i m i t  power a r e  0.1 m2 a r e a ,  21 
c e l l s ,  a  0.54 packing f a c t o r  and 5.8% module 
e f f i c i e n c y .  The on ly  o t h e r  d i r e c t l y  c o n t r i b -  
u t i n g  f a c t o r  i s  encapsu la ted  c e l l  e f f i c i e n c y ,  

10.6%. However, p e r u s a l  a c r o s s  t h e  t a b l e  
shows about an 11.8% c e l l  e f f i c i e n c y  i n  
Block V ,  only an 11% improvement from Block I. 
C e l l  e f f i c i e n c y  i s  very important because c e l l  
c o s t  i s  t h e  major d r i v e r  of module c o s t .  
However, c e l l  e f f i c i e n c y  has  c l e a r l y  been a  
minor f a c t o r  i n  inc reas ing  module power. A 
g r e a t e r  e f f e c t  was achieved by improving t h e  
module packing f a c t o r .  Th i s  was achieved 
d i r e c t l y  by manufacturing c e l l s  t h a t  a r e  semi- 
round o r  r e c t a n g u l a r  r a t h e r  than  round, 
thereby pe rmi t t ing  c l o s e  spacing.  An addi-  
t i o n a l  i n c r e a s e  i n  t h e  packing f a c t o r  has  
r e s u l t e d  from reducing t h e  frame a r e a  d i r e c t l y  
o r  from reducing t h e  r a t i o  of frame a r e a  t o  
a c t i v e  module a r e a ,  a  normal outcome of the  
inc reased  module a rea .  

Obviously, t h e  major techniques  f o r  r a i s i n g  
module power have involved ( 1 )  i n c r e a s i n g  t h e  
c e l l  a r e a ,  ( 2 )  us ing l a r g e r  c e l l s  ( enab l ing  
b e t t e r  packing f a c t o r ) ,  and ( 3 )  using more 
c e l l s  ( r e q u i r i n g  l a r g e r  module a r e a ) .  The 
advantages of h igher  power modules a r e  reduc- 
t i o n  i n  $/w c o s t  of manufacture and reduc t ion  
i n  f i e l d - s i t e  l abor .  The l a t t e r  fol lows 
because a  given a p p l i c a t i o n  w i l l  involve fewer 
modules t o  i n s t a l l  and t o  in t e rconnec t .  How- 
e v e r ,  t h e r e  a r e  a p p l i c a t i o n - r e l a t e d  l i m i t s  on 
module s i z e .  For example, i n  a  r e s i d e n t i a l  
roof-top a r r a y ,  module replacement c o s t  o r  t h e  
d e s i r e  f o r  simple i n s t a l l a t i o n  and replacement 
may s e t  an upper l i m i t .  And even i n  a  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 ,  where t h e  foregoing con- 
s i d e r a t i o n s  would probably not  apply,  t h e  
advantages of a  l a r g e r  module may be over- 
weighed by i n h e r e n t l y  reduced r e l i a b i l i t y .  
For t h e s e  r easons  t h e  need f o r  modules l a r g e r  
t h a n  t h e  Block V s i z e s  i s  not now p r e d i c t a b l e .  



111 IV V (PROPOSED) 
35 Watts* 57 Watts* 90 Watts* 
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Fig. 1. Examples of Block Procurement Modules 

Addressing trends in design for electrical 
reliability, the early modules were subject to 
catastrophic failure caused by even one crack 
in a single cell. Cracks can result from many 
causes (51, including defective cells, module 
handling, hail impact, and thermal stress from 
environment or from overheating caused by 
shadowing on a cell. Manufacturers have 
improved cell reliability by redesigning col- 
lector and grid patterns, by attention to 
crystal plane orientation and by providing 
additional care in processing and inspection 
to prevent or reject crack-prone cells. At 
the module level, manufacturers were encour- 
aged, via the Block procurements to introduce 
design protection against this failure mode. 
The recommended fault-tolerance measures, 
listed in Table 1, are parallel cell strings, 
interconnect redundancy and by-pass diodes. 

Of these measures only interconnect redundancy 
appeared in Blocks I1 and 111. Furthermore, 
it was in a very limited form involving a 
parallel pair of interconnect ions close to- 
gether on the cell circumference. In Blocks 
IV and V a major advancement was made wherein 
two or three interconnects were soldered at 
many points broadly distributed over the cell. 
Parallel cell strings were common techniques 
in Blocks IV and V. This circuitry and the 
interconnect redundancy provide modules in 
which cell cracks should not usually cause 
module failure. The by-pass diodes, which 
appeared in Block IV and V designs, mitigate 
against module failure and/or array failure, 
depending on circuit location. 

Regarding trends in module structure, Table 1 
shows that modules in the first three Blocks 
were typically encapsulated by casting sili- 
cone rubber onto a rigid, pan-type substrate 
that supported the cell circuitry. The sili- 
cone rubber served also as the top cover. 
In Blocks IV and V the favored construction 
consists of lamination of the circuitry in 
thermoplastic or thermosetting material 
between glass as a superstrate and a flexible 
sheet (0.1 to 0.2 mm thick) as a bottom cover. 

The cast silicone rubber encapsulant, as a top 
surface, offered inadequate protection against 
humidity and against cell fracture caused by 
hail impact; and it accumulated dirt that did 
not wash off well under rain or even with 
cleaning maintenance. For these reasons and 
because of lower-cost projections, manufac- 
turers changed to encapsulation by means of 
lamination of the cells onto a tempered-glass 
superstrate, using polyvinyl butyral (PVB) 
encapsulant in Block IV and ethylene vinyl 
acetate (EVA) in Block V. EVA appears to pro- 
vide superior protection to the circuitry and 
is expected to be less expensive than PVB. 
The tempered glass is highly resistant to hail 
and to soiling, and becomes the circuit car- 
rier during lamination; therefore, the only 
additional component needed is a thin bottom 
sheet for protection against moisture. The 
bottom sheet was typically a Tedlar sheet in 
Block IV. In Block V the bottom sheet was 
more commonly a lamination of sheets of Tedlar 
and/or polyethylene, sandwiching a sheet of 
aluminum foil. 



3. MODULE STATE OF THE 

The f  oregoinn d e s c r i p t i o n  
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- - of module t r e n d s  was 
presented i n  terms of t r e n d s  f o r  each charac- 
t e r i s t i c ,  w i t h  t h e  d e s c r i p t i o n  f o r  t h a t  char- 
a c t e r i s t i c  being chosen by the  degree t o  which 
i t  r e p r e s e n t s  t h e  s p e c i f i c  Block and r e v e a l s  
t h e  dominant t r ends .  The s t a t e  of t h e  a r t  a t  
any one po in t  i n  module des ign  i s  more com- 
p l e t e l y  por t rayed by examining o v e r a l l  module 
des igns  and t h e  range of key c h a r a c t e r i s t i c s .  
For Blocks I through I V  t h i s  p o r t r a y a l  w i l l  
t a k e  t h e  form, i n  each case ,  of a  d e s c r i p t i o n  
of one s p e c i f i c  module followed by i d e n t i f  i ca -  
t i o n  of t h e  most advanced f e a t u r e s  wi th in  t h e  
Block, i f  they d i f f e r  from t h e  example module. 
For Block V more ex tens ive  d a t a  w i l l  be  
covered. This  w i l l  be followed by a  g r a p h i c a l  
t reatment  of the  key c h a r a c t e r i s t i c s  of 
modules i n  a l l  f i v e  Blocks. 

The Block I Sensor Technology module (Fig.  1 )  
i s  made of c a s t  s i l i c o n e  rubber on a  r i g i d  
s u b s t r a t e ,  wi th  25 round 50-mm c e l l s  and a  
0.51 packing f a c t o r ,  producing 5 W a t  4.8% 
e f f i c i e n c y .  The Block I c e l l  s i z e  ranged t o  
87  m, packing f a c t o r  t o  0.61, power t o  13  W 
and e f f i c i e n c y  t o  6.5%. One module had a  
g l a s s  t o p  cover.  

The Block I1 Solarex module i s  made of c a s t  
s i l i c o n e  rubber on a  r i g i d  s u b s t r a t e ,  wi th  42  
round 76-mm c e l l s  ( s l i g h t l y  cropped on one 
s i d e )  having redundant i n t e r c o n n e c t s  a t  t h e  
c e l l  edge and a 0.56 packing f a c t o r .  This  
des ign  produces 21 W a t  6.0% e f f i c i e n c y .  The 
Block I1 c e l l  s i z e  ranged t o  102 mm, c e l l  
q u a n t i t y  t o  120, packing f a c t o r  t o  0.69, power 
t o  34 W and e f f i c i e n c y  t o  7.4%. One module 
had a  hard conformal t o p  coa t  of s i l i c o n e  
rubber t o  reduce s o i l i n g .  Another module was 
laminated with  PVB encapsulant  on a  g l a s s  
s u p e r s t r a t e  wi th  a  t r a n s p a r e n t  Mylar bottom 
cover ,  and i t  had t h r e e  p a r a l l e l  c e l l  s t r i n g s .  

The Block 111 S o l a r  Power module i s  made of 
c a s t  s i l i c o n e  rubber  (wi th  a  hard t o p  c o a t )  on 
a  r i g i d  s u b s t r a t e .  It has  40 round 102mm 
c e l l s ,  wi th  redundant in te rconnec t s  a t  t h e  
c e l l  edge, and a 0.69 packing f a c t o r ,  pro- 
ducing 35 W a t  7.7% e f f i c i e n c y .  The Block 111 
c e l l  q u a n t i t y  ranged t o  48, and e f f i c i e n c y  t o  
8.4%. Two modules had g l a s s  top  s u r f a c e s :  
one was a  laminated module wi th  PVB encapsu- 
l a n t  and a  Ted la r  back cover ,  and the  o t h e r  
used a s i l i c o n e  g e l  encapsulant  and incorpo- 
r a t e d  s i x  in te rconnec t ions  d i s t r i b u t e d  around 
t h e  c e l l  pe r iphery  and f o u r  p a r a l l e l  c e l l  
s t r i n g s .  

The Block I V  S p i r e  module i s  laminated wi th  
EVA encapsulant  on a  g l a s s  s u p e r s t r a t e  and 
has  a  bottom cover  made of a  t h i n  shee t  of a  
Mylar/aluminum laminat ion.  It has  108 quasi-  
square ,  64 x  64 mm c e l l s  having t h r e e  i n t e r -  
connect ions  a long one s i d e  and a 0.85 packing 
f a c t o r ,  producing 57 W a t  11.4% e f f i c i e n c y .  
The Block I V  c e l l  s i z e  ranged t o  100 x 100 mm, 

c e l l  q u a n t i t y  t o  136, packing f a c t o r  t o  0.87, 
and power t o  85 W. Design advancements i n  
some o t h e r  Block I V  modules inc lude  t h e  use 
of a  th ree - l ayer  back laminate  (Ted la r /  
aluminum/Tedlar), t h r e e  redundant in te rcon-  
n e c t s  (each so lde red  cont inuously ac ross  t h e  
e n t i r e  c e l l ) ,  t h e  use of s i x  p a r a l l e l  c e l l  
s t r i n g s ,  and i n t e g r a l  encapsu la t ion  of 36 by- 
pass  diodes .  One manufacturer provided semi- 
c r y s t a l l i n e  c e l l s  wi th  wrap-around c e l l  con- 
t a c t s .  Block I V  a l s o  int roduced t h e  s h i n g l e  
module concept ,  f o r  d i r e c t  roof-top mounting 
i n  r e s i d e n t i a l  se rv ice .  

The General E l e c t r i c  module i n  Fig. 1 i s  of 
t h e i r  proposed Block V design.  It happens t o  
be a  r e s i d e n t i a l  module ( s h i n g l e  t y p e ) ,  not  a  
p r e - r e q u i s i t e  f o r  Block V. It i s  laminated 
with  EVA encapsu lan t ,  on a  g l a s s  s u p e r s t r a t e  
and has  a  laminated Tedlar /polyethylene/  
aluminum/Tedlar bottom cover  (backed up by t h e  
s h i n g l e  s t r u c t u r e ) .  It has 72 quasi-square 
100 x 100 mm c e l l s ,  having two cont inuous 
in te rconnec t s  a c r o s s  the  e n t i r e  c e l l  su r face ,  
and a  0.90 packing f a c t o r ,  producing 90 W a t  
11.5% e f f i c i e n c y .  To put t h i s  design i n t o  the  
Block V pe r spec t ive ,  r e f e r  t o  the  Block V d a t a  
i n  Tables  2 ,  3,  and 4, which l i s t  c h a r a c t e r i s -  
t i c s  of a l l  Block module designs .  The l a r g e s t  
c e l l  measures 100 x 150 nun (So la rex  semi- 
c r y s t a l l i n e ) .  The smal les t  c e l l s  a r e  51 x  
102-mm Mobil Tyco edge-defined film-fed growth 
(EFG) c e l l s  ( t h e  f i r s t  appearance of non-sawed 
shee t  m a t e r i a l  i n  t h e  program). Of t h e s e  EFG 
c e l l s ,  352 a r e  used t o  implement t h e  l a r g e s t  
module with  g r e a t e s t  power ou tpu t ,  176 W. 
Maximum c e l l  e f f i c i e n c y ,  i n  t h e  Sp i re  design,  
i s  es t ima ted  a t  14.1%, with  maximum module 
e f f i c i e n c y  of 11.6%. Module c o n s t r u c t i o n  
d e t a i l s  show a l l  modules being laminated with  
EVA and having a  s u p e r s t r a t e  of g l a s s  and 
bottom covers  u s u a l l y  of m u l t i l a y e r  laminates .  
One except ion i s  t h e  RCA des ign ,  which has  a  
g l a s s  s u b s t r a t e .  Fau l t - to le rance  measures i n  
t h e  form of h igh ly  redundant in te rconnec t s  
(no t  shown i n  the  t a b l e s ) ,  p a r a l l e l  c e l l  
s t r i n g s  (up t o  12) and by-pass diodes  a r e  
almost s tandard i n  t h e s e  designs .  

The range of expected key c h a r a c t e r i s t i c s  i n  
Block V a s  compared t o  p r i o r  Blocks i s  shown 
g r a p h i c a l l y  i n  Figs .  2  through 5. Fig. 2  
shows t h a t  power has  been inc reas ing  o v e r a l l  
even though Fig. 3 shows the  extreme va lues  
of c e l l  e f f i c i e n c y  decreasing a s  we l l  a s  
inc reas ing .  A s i g n i f i c a n t  f a c t o r  i n  t h e  down 
t rend  i s  t h e  i n t r o d u c t i o n  of s e m i c r y s t a l l i n e  
and EFG c e l l s  i n  t h e  a t tempt  t o  reduce t h e  
c e l l  cos t .  Fig .  4  shows t h a t  t h e  packing 
f a c t o r  has  con t r ibu ted  t o  t h e  continuous r i s e  
of power. However, t h e r e  s t i l l  i s  a  wide 
range of module e f f i c i e n c i e s  (Fig.  5 ) ,  and we 
seem t o  have reached an upper l i m i t  f o r  t h e  
immediate f u t u r e .  

The above advancements i n  the  s t a t e  of the  a r t  
have accompanied a reduc t ion  i n  module c o s t  a s  
i n d i c a t e d  i n  Fig. 6 ,  which i l l u s t r a t e s  the  JPL 



TABLE 2. MODULE PHYSICAL CHARACTERISTICS 

- 
LENGT 
& 
0.57 
0.51 
0.61 
D.66 
0.582 
0.579 
1.168 
1.168 - 
1.168 
0.583 
0.582 
0.579 
1.168 - 
1.219 
1.198 
0.8 18 
1.198 
1.199 
1.200 
1.193 
1.200 - 
1.22 
1.85 
1.68 
1.22 
1.38 
1.13 - 

HASS I SUPERSTRATE I SUBSTRATE ENCAPSULANT 
METHOD FRAME 

CASTING 

ALUM. 

ELECTRICAL 
CONNECTION! 

TERMINALS 
AGTAILS 
J.BOXICABLE 
TERMINALS 
TERMINALS 
J.BOX 
J-BOX 
RUG-IN 
TERMINALS 

4 
& AGTAILS 

FLATXABLE 
J .BOX 
RUG-IN 
FIGTAILS 
PIGTAILS 
RUG4N 
RUG4N 
FLAT CABLE 
J-BOX 

5" 

I 

N 

ip 

PACKING 
FACTOR - 
0.5 1 
0.61 
0.57 
0.49 
0.64 
0.56 
0.69 
0.52 
0.69 
0.65 
0.65 
0.56 
0.69 
0.76 
0.74 
0.76 
0.76 
0.62 
0.85 
0.87 
0.85 
0.72 
0.90 
0.9 1 
0.75 
0.89 
0.82 

MANUFACTURER 

SENSOR TECH. 
SOLAREX 
SOLAR POWER 
SPECTROUB 
SENSOR TECH. 
SOLAREX 
SOLAR POWER 
SPECTROLAB 
ARCO SOLAR 
MOTOROU 
SENSOR TECH. 
SOLAREX 
SOLAR POWER 
ARCO SOUR 
ASEC 
G.E.' 
MOTOROLA 
PHOTOWATT 
SOLAREX 
SOLAREX' 
SPIRE 
ARCO SOLAR 
G.E? 
moelL TYCO' 
RC A 
SOLAREX 
SPIRE" 

MOOEL NO. 

V.13IT 
785 
E.10-229.1.5 
0605134 
20.10.1452.J 
A.02214l 
E.10008.C 
022962-G 
10699-C 
P-0170-77O.J 
20.10.1646 
A.02214 
E-100084 
012110.E 
60.3062.F 
47J25497761-C 
MSP43040.G 
ML.19614 
580.8T-1-C 
5804T-R-C 
058.0007-A 
013185.1 
47E2584496 
17A 
8681501 
SX-I 560 
0584008 

kg1 I OR TOP COVER ( OR BOTTOM COVER 1 ENCAPSULANT 

1.3 RTV-615 ALUMINUM RTV.615 
1.1 SYLGARO 184 NEMA-GI0 BOAR0 SYLGARO 184 

SYLGARO 184 

RTV-615 
SYLGARO 184 

6.1 GLASS MYLAR PVB 
3.7 TEOLAR PVB 
6.6 STAINLESS STEEL O.C. 03.6527A 
3.7 RTV-615 ALUMINUM RTV-815 

LAMINATION 1 y: 
LAMINATION 
CASTING ST. STEEL 

1 I NONE 

TEOlSTlTEO 
TEDLAR 
MEAD PAN.L.BOAR0 
TEOlALlTEO 

7.4 TEDlALlTED 
13.9 TEDLAR 
11.2 TEOLAR 

SYLGARO 184 
SYLGARO 184 
PVB 
PVB 
G.E. SCS2402 
PVE 
PVB 
EVA 

I 

ALUM. 

ALUM. 

ST. STEEL 
ALUM. 
ALUM. 

26 PETlALlTEO 
23 GLASS 
24 1 WLYETHYLENEITEO 

7 TEOLAR 

VIESIOENTIAL MODULE d~~~~ SHINGLE MATERIAL 
b~~~~~~ AREA @PROPOSED 

TABLE 3. MODULE CELL AND CIRCUIT CHARACTERISTICS 

CELL 

SIZE BASE 
MANUFACTURER MOOEL NO. ONTY Imml WAPE MATL JUNCTlOh 
SENSOR TECH. V.13.AT 25 1 50 DIA 1 ROUND I CZ 1 NIP 

- 
ERIES 
:ELLS - 
25 
18 
22 
20 - 
44 
42 
40 
40 - 
41 
12 
44 
42 
40 - 
35 
34 
19 
33 
12 
36 
12 
36 - 
11 
36 
44 
12 
39 
36 - 

I SOLAREX 785 18 76 DIA NIP 
SOLAR WWER E-10-228.1.5 22 87 OIA PIN 
SPECTROLAB 060513.8 20 50 OIA NIP 
SENSOR TECH. 20.10-1452-J 44 56 OIA 1 - 

- 
- 
- - 
- 
- 
- 
- 
- - 
1 
1 
- 
- 
- 
36 
12 
2 - 

NONE 
3 
4 
1 
3 
3 

, I  SOLAREX I  A-0221-0 1 42 1 76 OIA I  I  I  I  I t  
I 1 SOLAR POWER I  E.10008-C 1 40 1 102 OIA I  I  I  I  1 

SPECTROLAB 0229624 120 50 OIA I NIP 
ARC0 SOLAR 106994 41. 76 01A 
MOTOROLA P4170.770.J 48 76 OIA 

11 SENSOR TECH. 20-10-1646 44 56 011 
1 SOLAREX I  A-02214 1 42 1 76 OIA I ROUND WII FLAT I  I  I  t 
1 SOLAR WWER I  E-10008-F 
I ARCO SOLAR I 0121 10-E 

40 1 102 OIA I ROUND I  1 P;N 
35 1 103 016 I ROUND W12 FLATS I I 1 NIP 

60.3082-F 
47J254977Gl.C 

MOTOROLA MSP43040.G 

72 951 95 SOUARE 
108 64 x 64 OUASI-SOUARE CZ i 
86 1 103 DlA 1 ROUND W12 FLATS 1 I 1 NIP 

NIP Pi 
EFG NIP P *  
CZ NIP 

SEMbXTL NIP P *  
cz N+IPP+ 



TABLE 4. MODULE PERFORMANCE CHARACTERISTICS 

SAMPLE PERFORMANCE 

SENSOR TECH. V-13-AT 

SOUR POWER E-10-229-1.5 
SPECTROLAB 060513.8 
SENSOR TECH. 20.1 0.1452.J , 
SOLAREX A-0221-0 
SOUR WWER E-10008-C 

~SPECTROLAB 022982-6 
IARCO SOLAR 10699.C 
MOTOROLA P-0170.770.J 

Ill SENSOR TECH. 20-10-1646 
SOLAREX A4221.G 

ARC0 SOUR 012110-E 
60.3062.F 

PHOTOWATT ML.19614 
SOLAREX 580-BT-L C 
SOLAREX' 580.8f.R.C 

058.0007.A 

ARCO SOLAR 013185.A 
G.E? 47E258449G 

8681501 
SOLAREX SX.1560 
 SPIRE^ 058.0008 

AT 100 mwkrn', AM 1.5, 28°C CELL TEMP. AT 100 m ~ l c m ~ .  AM 1.5, NOCT' 

57.0 16.2 3.52 20.3 3.64 0.77 11.4 13.6 1 50.8 14.2 3.58 18.6 3.67 0.74 10.1 11.9 
ESTIMATED PERFORMANCE 

AT 100 m ~ l c r n ~ ,  AM 1.5. 28°C CELL TEMP. AT 80 rnWlcrnZ AM 1.5. NOCT' 

72 5.2 13.8 6.5 15.0 0.74 9.7 13.5 50 4.8 10.3 6.0 11.8 0.71 8.4 11.7 
90 17.3 5.2 21.8 5.76 0.72 11.5 12.8 58 14.3 4.0 17.9 4.64 0.69 9.2 10.2 

176 19.2 10.7 24.6 10.7 0.67 8.7 9.6 126 17.5 7.2 22.3 8.8 0.64 7.8 8.6 
114 5.5 20.6 6.8 22.5 0.74 8.0 10.7 86 5.3 16.3 6.5 18.0 0.74 7.5 10.0 
108 17.6 6.14 21.8 6.60 0.75 8.2 9.2 77 15.4 5.0 20.0 5.13 0.75 7.3 8.2 
78 17.5 4.46 21.0 4.64 0.80 11.6 14.1 54 15.0 3.6 18.9 3.76 0.78 10.1 12.3 

NOTES: %RESIDENTIAL MODULE 
b ~ O ~ i N ~ ~  OPERATING CELL TEMPERATURE: CELL TEMPERATURE IN OPEN-CIRCUITEO MODULE EXPOSED TO 80 rnwlcrn2 INSOLATION IN AMBIENT OF 20°C. 1 rnls WINO VELOCITY 
C~~~~~~~~~~~~ CELL 
d ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~  
B~~~~~~~~ 

'CELL TEMP 28°C 
INSOLATION: 100 rnwlcrn2. AM 1.5 

l' I I I I I 1 
75 76 77 78 79 80 81 82 

YEAR 

Fig.  2. Module Power Trend 

exper i ence  i n  c o n s t a n t  1980 d o l l a r s .  Th i s  
c o s t  r educ t ion  was no t  f o r t u i t o u s  because t h e  
o r i g i n a l  p r o j e c t  g o a l ,  now modified by 
n a t i o n a l  p o l i c y ,  was s p e c i f i c a l l y  t h e  reduc- 
t i o n  of module c o s t .  For each Block t h e  ver- 
t i c a l  b a r  shows t h e  range of c o s t  d a t a ,  and 
t h e  d o t  l o c a t e s  t h e  average value.  The 
Block I, 11, and 111 d a t a  a r e  de r ived  from 
purchases  of 40, 127, and 259 kW of module 
power ( r e fe renced  t o  28OC c e l l  t empera tu re ) .  
The Block I V  d a t a  a r e  drawn from a JPL-designed 

CELL TEMP: 28°C 
INSOLATION: 100 rnwlcrn2. AM 1.5 

Fig.  3. Ce l l -Ef f i c i ency  Trend 

5.0 

computer s imula t ion ,  provided by t h e  con t rac -  
t o r s  and i s  based on 1-MW purchases .  A t  
p r e s e n t  t h e r e  i s  no p r o v i s i o n  f o r  p r o j e c t i n g  
Block V module c o s t s .  

I I I I I L 1 

4. QUALIFICATION TEST EVOLUTION -- . - -. - . . . - - . - - - - - - 

75 76 77 78 79 80 81 82 
YEAR 

An economically v i a b l e  l i f e  f o r  a pho tovo l t a i c  
module seems t o  be about 20 y r .  To ensure  
p e r t i n e n t ,  t ime ly  e v a l u a t i o n  of new des igns ,  a 
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Fig. 4. Packing F a c t o r  Trend 
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Fig. 5. Module E f f i c i e n c y  Trend 

' CELL TEMP 28'C 
INSOLATION: 100 m~lcrn2.  AM 1.5 t o AVERAGE VALUE 
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Fig.  6. Module Cost Trend 

shor t - term s imula t ion  of t h e  long-term f i e l d  
exposure i s  e s s e n t i a l .  For t h i s  s imula t ion  a  
s e t  of a c c e l e r a t e d  l i f e  t e s t s ,  des igna ted  
" Q u a l i f i c a t i o n  Tests" ,  has  been developed and 
r e f i n e d  throughout t h e  Block procurement pro- 
gram ( 6 ) .  Q u a l i f i c a t i o n  of a  module, i n  t h e  
p r o j e c t  l ex icon ,  means t h a t  a  smal l  number of 
modules ( l e s s  than 10) of a  s p e c i f i c  des ign  
have been shown capab le  of wi ths tand ing  t h e  
s t r e s s e s  of t h e  t e s t  program without  more than  
5% power degrada t ion ,  wi thout  f a i l u r e  of a  
high-voltage-breakdown t e s t ,  and without  
v i s i b l e  degrada t ion  exceeding p re - se lec ted  
c r i t e r i a .  Q u a l i f i c a t i o n ,  t h e r e f o r e ,  i s  a  

reasonably good i n d i c a t i o n  of t h e  des ign  
p o t e n t i a l ;  it i s  not  a  good i n d i c a t i o n  of t h e  
p r o b a b i l i t y  of adequate  subsequent process  
c o n t r o l .  

Development of a  s e t  of q u a l i f i c a t i o n  t e s t s  
t h a t  t r u l y  s imula tes  f i e l d  exposure i s  a  t a s k  
t h a t  evolves  con t inuous ly  a s  new f a i l u r e  modes 
a r e  discovered and a s  b e t t e r  c o r r e l a t i o n  i s  
developed between f i e l d  degrada t ion  r a t e s  and 
q u a l i f i c a t i o n - t e s t  degrada t ion  r a t e s .  Discov- 
e r y  of f a i l u r e  modes has  come from q u a l i f i c a -  
t i o n  t e s t s ,  from t h e  FSA P r o j e c t  f i e l d - t e s t  
program and from t h e  deployment of Block 
modules i n  t h e  U.S. Department of Energy (DOE) 
t e s t  and a p p l i c a t i o n s  program. C o r r e l a t i o n  
of degrada t ion  r a t e s  i s  t h e  s u b j e c t  of c u r r e n t  
FSA P r o j e c t  exper imental  i n v e s t i g a t i o n s .  

The e v o l u t i o n  of q u a l i f i c a t i o n  t e s t i n g  t o  d a t e  
i s  ev iden t  from Table 5. The Block I t e s t s ,  
a  "best  guess",  c o n s i s t e d  only of 100 tempera- 
t u r e  c y c l e s  and a  humidity soak. I n  Block I1 
t h e  number of thermal  c y c l e s  was dropped t o  
50 because i t  was observed t h a t  thermal  s t r e s s  
f a i l u r e s  dur ing  t h e  100-cycle t e s t  always 
occurred be fo re  50 cyc les .  The humidity soak 
was changed t o  a  s t andard  humidity t e s t  ( i . e . ,  
wi th  temperature  c y c l i n g ) .  A mechanical 
c y c l i c  load ing  t e s t  was added t o  a l low f o r  
wind and o t h e r  mechanical loads .  A t w i s t  t e s t  
was added t o  s imula te  d i s t o r t i o n  i n  mounting 
s t r u c t u r e s .  Also, a  1500-V v o l t a g e  i s o l a t i o n  
t e s t  was added with  t h e  o p t i m i s t i c  assumption 
t h a t  it would a s s u r e  a g a i n s t  breakdown i n  
ser ies-connected modules providing a  nominal 
system v o l t a g e  of 250 V ,  

I n  Block I V  t h e  mechanical loading c y c l e s  were 
inc reased  from 100 t o  10,000 t o  permit detec-  
t i o n  of f a t i g u e  f a i l u r e s .  An a l t e r n a t e  t o  
t h i s  t e s t  was in t roduced ,  f o r  r e s i d e n t i a l  
s h i n g l e  modules, c o n s i s t i n g  of a  2-h app l i ca -  
t i o n  of a i r  flow t o  provide u p l i f t  p ressu re .  
Another new t e s t ,  h a i l  impact was in t roduced 
because of f i e l d  exper i ence  wi th  t h i s  f a i l u r e  
mode. The vo l t age  i s o l a t i o n  t e s t  va lue  was 
r a i s e d  t o  2000 V (except  f o r  r e s i d e n t i a l  
modules).  This  i n c r e a s e  followed more r i g o r -  
ous g u i d e l i n e s  from Underwri ters  Laboratory,  
which r e q u i r e  a  2000-V t e s t  va lue  f o r  a  nomi- 
n a l  system v o l t a g e  of 250 V. The 1500-V 
va lue ,  f o r  r e s i d e n t i a l  modules, i s  adequate  
f o r  approximately  125 V system nominal. 

For Block V t h e  thermal  c y c l e s  have been 
inc reased  t o  200 ( f o r  p a r t  of t h e  sample) t o  
d e t e c t  c e l l  i n t e rconnec t  f a t i g u e ,  fol lowing 
appearance of in t e rconnec t  f a i l u r e s  i n  t h e  
f i e l d .  The humidity t e s t  i s  expanded t o  10 
c y c l e s  wi th  temperature  cyc l ing  between -40°C 
and +85OC. (Within  each c y c l e  a t  l e a s t  20 h  
i s  spent  a t  850C, 85% r e l a t i v e  humidity.)  
Th i s  i n c r e a s e  i n  t e s t  r i g o r  was inf luenced by 
s t andard  semiconductor usage and by g radua l  
accumulation of evidence t h a t  module degrada- 
t i o n  i n  t h e  f i e l d  was not being p red ic ted  by 
t h e  r e s u l t s  of t h e  p r i o r  humidity t e s t .  



TABLE 5. EVOLUTION OF QUALIFICATION TESTS 

THERMAL CYCLING 

RANGE f°CI 
CYCLES 

HUMDITY CYCLING 

RELATIVE HUMIDITY (%I 

TEMP. RANGE 1°C) 

1 WYYD RESISTANCE 1kPd' I - 1 - 1 - 1 1.7 1 - 1 'SHINGLE MODULES DNLY I 

CYCLES 

MECHANICAL CYCLIC LOADING' 

PRESSURE fkPd 

I TmSTED MOUNTING lnwnlml I - 1 20 1 1 I 

I 

-40  to t 9 0  

100 

90 
+70' 

HAK MPACT 

- 

- 

I IMPACTS ( I  I - I 9 1 1 0 1  I 

I1 

-40 m f90 

50 

- 2 3 t o + 4 0  

5 

i 2.4 

I MODULES 

Ill 

. . 

The Block V h a i l  impact t e s t  i s  more r igorous  
i n  bo th  h a i l s t o n e  s i z e  and t e r m i n a l  v e l o c i t y ,  
i n  accord wi th  newer d a t a  on f i e l d  environ-  
ment. A  ho t  spot  endurance t e s t  i s  i n t r o -  
duced, aga in  responding t o  f i e l d  f a i l u r e s ,  t o  
t e s t  f o r  module d e t e r i o r a t i o n  due t o  c e l l  
h e a t i n g  caused by c e l l  f a i l u r e  o r  p a r t i a l  
module shadowing; and t h e  v o l t a g e  i s o l a t i o n  
va lue  was inc reased  t o  3000 V,  t o  a l low f o r  
system o p e r a t i o n  a t  500 V ,  nominal,  i n  non- 
r e s i d e n t i a l  a p p l i c a t i o n s .  

+ 10 

HOT4POT ENOURANCE Ihl 

This  cont inuous e v o l u t i o n  of q u a l i f i c a t i o n  
t e s t s  has  d i r e c t l y  in f luenced  module develop- 
ment, a s  can  be  seen by t h e  module des ign  
t r e n d s  shown i n  Sec t ions  2  and 3 above. 
Add i t iona l  module improvements may be expected 
a s  t h e  q u a l i f i c a t i o n  t e s t s  con t inue  t o  be  
r e f i n e d ,  based on a d d i t i o n a l  f i e l d  exper i ence  
and on t h e  r e s u l t s  of exper imental  t e s t s  t o  
improve c o r r e l a t i o n  between t h e  q u a l i f i c a t i o n -  
t e s t  environment and f i e l d  exposure.  

IV 

W 

c 

CONSTANT FOR 168 h 

'EXCLUDING SHINGLE 

MODULES 

5. FIELD TEST EVOLUTION 

ELECTRICAL ISOLATION N I  I - I 1500 1-4 I 2000. 3000. -1500 FOR RESIDENTIAL 

- 

E a r l y  i n  t h e  course  of t h e  Block procurements,  
t h e  FSA P r o j e c t  i n i t i a t e d  a  f i e l d - t e s t  pro- 
gram. As modules from t h e  Block procurements 
became a v a i l a b l e  they were i n s t a l l e d  a t  t h e  
f i e l d  s i t e s .  The i r  e l e c t r i c a l  performance and 
p h y s i c a l  c o n d i t i o n  were checked p e r i o d i c a l l y  
over  4-112 y r .  The modules were loaded i n d i -  
v i d u a l l y ;  they were no t  connected i n t o  a r r a y s .  
The program provided a n  endurance t e s t  of t h e  
modules t h a t  produced d a t a  on r e l a t i v e  f a i l u r e  
r a t e s .  Analysis  of d a t a  on 389 modules a t  
t h r e e  s i t e s  ( 7 )  showed t h a t  Block I f a i l u r e s  
occurred almost immediately and rose  a t  a lmost  
a  c o n s t a n t  r a t e  t o  about 13% (ou t  of 225 
modules) i n  56 mo. Block I1 modules d i d  not  
s t a r t  f a i l i n g  f o r  about 6  mo., bu t  t h e  number 
of f a i l u r e s  then  climbed r a t h e r  r a p i d l y  t o  
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about 12% (ou t  of 116 modules) i n  54 mo. I n  
c o n t r a s t ,  48 Block I11 modules have been i n  
t h e  f i e l d  f o r  pe r iods  up t o  36 mo without  any 
f a i l u r e s .  An a l t e r n a t e  i n d i c a t i o n  of 
Block 111 r e l i a b i l i t y  appears  i n  d a t a  from t h e  
DOE t e s t  and a p p l i c a t i o n s  program (8 ) .  Of 
5,724 Block I11 modules t h a t  were i n  t h e  f i e l d  
f o r  pe r iods  of 1 t o  4  112 y r ,  3.6% had f a i l e d  
a s  of October 1981. 

-- 
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The endurance t e s t s  have been u s e f u l ,  b u t ,  
because of t h e  pace of module development t h e  
t e s t  r e s u l t s  were r epor ted  i n  many c a s e s  a f t e r  
t h e  des igns  were obso le te .  Furthermore, 
because t h e  modules were not  connected i n t o  
opera t ing  systems, some f a i l u r e  modes were not 
d e t e c t e d  u n t i l  t hey  appeared i n  t h e  DOE t e s t  
and a p p l i c a t i o n s  program, long a f t e r  modules 
were a v a i l a b l e  f o r  t h e  FSA f i e l d  t e s t s .  Thus, 
t h e  program could not  provide t h e  r ap id  
response needed t o  i n f l u e n c e  d e s i g n s  a s  they  
were developing.  There fo re ,  a  new p lan  
evolved t o  s h i f t  from t h e  c o l l e c t i o n  of endur- 
ance d a t a  t o  e a r l y  d e t e c t i o n  and a n a l y s i s  of 
fundamental problems. Toward t h i s  o b j e c t i v e  
(and because of reduced funding) most of t h e  
endurance s i t e s  have been closed-down and t h e  
Block I V  modules a r e  being conf igured i n t o  
loaded a r r a y s ,  r e p r e s e n t a t i v e  of t r u e  opera- 
t i o n a l  systems. A d a t a  c o l l e c t i o n  system has  
been added t h a t  can measure loaded a r r a y  per- 
formance and loaded i n d i v i d u a l  module perform- 
ance almost s imul taneously .  Data measurement 
t echn iques  a r e  being r e f i n e d  t o  improve accu- 
r acy  a s  a  means of reducing t h e  t ime be fo re  
module degrada t ion  i s  de tec ted .  By t h e s e  
means, combined wi th  t h e  use  of new techn iques  
of documenting b a s e l i n e  module c o n d i t i o n  and 
wi th  a p l a n  f o r  immediate d e t a i l e d  i n v e s t i g a -  
t i o n  of ques t ionab le  module performance o r  
p h y s i c a l  c o n d i t i o n ,  it i s  expected t h a t  t h e  
f i e l d - t e s t  program w i l l  provide more t ime ly  
support  t o  module development. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

During t h e  pas t  s i x  y e a r s ,  modules have devel-  
oped from rudimentary b a t t e r y  chargers  t o  
cand ida te  components of megawatt power gener- 
a t i n g  s t a t i o n s .  This  change has  been due t o  
a concer ted program of development of mate- 
r i a l s ,  of des ign  techniques  and of t e s t  
methods. Addi t ional  improvements a r e  being 
pursued i n  c e l l s ,  encapsu lan t s ,  module pack- 
aging and i n  components s u i t a b l e  f o r  automated 
module product ion.  Design techniques  and t e s t  
methods a r e  now mature enough t o  provide 
s o p h i s t i c a t e d  support  t o  t h e  i n t r o d u c t i o n  of 
t h e s e  improvements f o r  t h e  purpose of 
ob ta in ing  t h e  low i n i t i a l  c o s t  and t h e  long 
l i f e  needed f o r  pho tovo l ta ic  power t o  assume 
a major r o l e  i n  energy genera t ion .  
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