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ABSTRACT 

S ince  t h e  s t a r t  o f  t h e  Low Cost S o l a r  A r ray  
(LsA) P r o j e c t  i n  1975, approx imate ly  400 kW 
o f  p h o t o v o l t a i c  s o l a r  c e l l  modules have been 
purchased i n  f o u r  separa te  b l o c k s .  These 
modules, r e p r e s e n t a t i v e  o f  des igns and manu- 
f a c t u r i n g  technology i n  t h e  p e r i o d  f rom 1976 
t o  t h e  p r e s e n t ,  have been s u b j e c t e d  t o  labora -  
t o r y  and f i e l d  t e s t s  and subsequent e v a l u a t i o n .  
A  rev iew o f  c e r t a i n  f i g u r e s - o f - m e r i t  f o r  t h e  
modules i s  u s e f u l  i n  assess ing  t h e  p rogress  
o f  t h e  p r o j e c t  i n  mee t ing  a  p r i c e  g o a l  o f  7 0 ~ /  
w a t t  i n  1980 d o l l a r s  and a t  s tandard  t e s t  con- 
d i t i o n s .  A n a l y s i s  o f  t h e  r e s u l t s  o f  t h e  t e s t -  
i ng  program p r o v i d e s  an assessment o f  t h e  
f u n c t i o n a l  performance and d u r a b i l i t y  o f  t h e  
modules and a l s o  an e v a l u a t i o n  o f  t h e  u t i l i t y  
o f  t h e  t e s t s  used i n  q u a l i f y i n g  and c h a r a c t e r i -  
z i n g  t h e  modules. The exper ience  o f  t h e  LSA 
P r o j e c t  i n  p r o c u r i n g ,  t e s t i n g  and e v a l u a t i n g  
these modules i s  g i v e n  h e r e i n .  

1. PROCUREMENT 

As a  p a r t  o f  t h e  Low Cost S o l a r  A r ray  P r o j e c t ,  
t h r e e  b l o c k s  o f  s o l a r  c e l l  modules have been 
p rocured  s i n c e  1976; c o n t r a c t s  f o r  a  f o u r t h  
b l o c k  a r e  c u r r e n t l y  underway. One o b j e c t i v e  
o f  such procurements i s  t o  o b t a i n  c o s t  and 
performance da ta  wh ich  p r o v i d e  a  measure o f  
p r o j e c t  success i n  reach ing  i t s  g o a l s .  Such 
procurements encourage t h e  i n t r o d u c t i o n  o f  
new techno logy  i n t o  module des ign  and manu- 
f a c t u r e .  They a l s o  make a v a i l a b l e  up - to -da te  
module des igns and hardware f o r  f e d e r a l l y  
funded exper iments  and o t h e r  a p p l i c a t i o n s ,  
the reby  p r o v i d i n g  a  d a t a  base f rom wh ich  con- 
c l u s i o n s  r e g a r d i n g  d u r a b i l i t y  and per formance 
can be drawn. The b l o c k  procurements a r e  
b r i e f l y  d e s c r i b e d  below. 

W i t h  c o n t r a c t s  s t a r t i n g  i n  January o f  1976, 
fou r  manu fac tu re rs  produced a  t o t a l  o f  58 kW 
o f  modules f o r  B l o c k  I. Module des igns  were 

"The work d e s c r i b e d  i n  t h i s  paper  was c a r r i e d  
o u t  a t  t h e  J e t  P r o p u l s i o n  Labora to ry ,  
C a l i f o r n i a  I n s t i t u t e  o f  Technology and was 
sponsored by t h e  Department o f  Energy th rough  
agreements w i t h  NASA. 

a l l  " o f f - t h e - s h e l f " ,  and source i n s p e c t i o n  o f  
modules was a d v i s o r y  o n l y .  

Commencing i n  J u l y  1976 t h e  same f o u r  con- 
t r a c t o r s  produced a  t o t a l  o f  110 kW o f  modules 
f o r  B l o c k  I I .  There were s i g n i f i c a n t  changes 
i n  t h e  c h a r a c t e r i s t i c s  o f  t h i s  purchase. 
Module des igns  were developed t o  meet a  
s p e c i f i c a t i o n  wh ich  e s t a b l i s h e d  a  nominal 
o p e r a t i n g v o l t a g e ,  an o p e r a t i n g  temperature o f  
60°C, a  packaging envelope,  and s e v e r a l  o t h e r  
des ign  f e a t u r e s  (such as redundancy) i n tended  
t o  enhance r e l i a b i l i t y .  Source i n s p e c t i o n  t o  
a  workmanship model was per formed on a l l  
modules. 

At  t h e  s t a r t  o f  1978 f i v e  c o n t r a c t o r s  began 
work o n  216 k i l o w a t t s  o f  B l o c k  I l l  modules, 
wh ich  f o r  t h e  most p a r t  were d e l i v e r e d  i n  
l a t e  1978 and e a r l y  1979. Module des igns con- 
t a i n e d  few changes f rom B l o c k  1 1 .  100% source 
i n s p e c t i o n  was a g a i n  imposed. 

The des ign  phase work f o r  B l o c k  I V  was begun 
i n  t h e  A p r i l - J u l y  p e r i o d  o f  1979 and i n v o l v e d  
e i g h t  c o n t r a c t o r s  d e s i g n i n g  seven i n t e r m e d i a t e  
load  modules and t h r e e  r e s i d e n t i a l  t ype  mod- 
u l e s .  Module des ign  s p e c i f i c a t i o n s  i n c l u d e d  
m e t r i c  d imensions and s e v e r a l  o t h e r  changes. 

2. DESlGN AND PERFORMANCE FEATURES 

Module d e s i g n  has evo lved  i n  response t o  p ro -  
d u c t i o n ,  t e s t  and f i e l d  exper ience  as w e l l  as 
t o  changing a p p l i c a t i o n  requi rements.  The 
e a r l y  modules were g e n e r a l l y  i n tended  f o r  
sma l l  b a t t e r y  c h a r g i n g  a p p l i c a t i o n s .  B lock  I 
modules came i n  a  w ide  v a r i e t y  o f  s i z e s  and 
used 12 t o  2 5  s o l a r  c e l l s .  The c e l l s  were 
two o r  t h r e e  i n c h  d iamete r  w i t h  c o l l e c t o r  
p a t t e r n s  f o r  non-redundant i n t e r c o n n e c t s .  
S u b s t r a t e s  were aluminum o r  epoxy f i b e r g l a s s .  
S i l i c o n e ' r u b b e r  was t h e  u n i v e r s a l  encapsulant  
and one module had a  g l a s s  face .  B lock  I1 
modules were e i t h e r  two o r  f o u r  f e e t  l o n g  b u t  
o f  v a r i a b l e  w i d t h  and opera ted  a t  a  s p e c i f i e d  
v o l t a g e .  S u b s t r a t e s  were aluminum, framed 
p o l y e s t e r  shee t  and a  molded p o l y e s t e r  g l a s s  
s t r u c t u r e .  One module used a  g l a s s  super- 
s t r a t e  t o  w h i c h  t h e  c e l l  s t r i n g s  were lamin-  
a t e d  w i t h  p o l y v i n y l  b u t y r a l  (PVB).  C e l l  
des igns  used c o l l e c t o r  p a t t e r n s  p e r m i t t i n g  
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redundant i n t e r c o n n e c t s  and one manufac tu re r  
pu t  a conformal  hard  c o a t i n g  on t h e  exposed 
encapsulant  su r face .  B lock  I l l  modules had 
t h e  same genera l  fea tu res  w i t h  t h e  a d d i t i o n  
o f  a module w i t h  a s t a i n l e s s  s t e e l  s u b s t r a t e  
and frame, a s i l i c o n e  g e l  encapsulant ,  a 
m u l t i p l y  redundant s o l a r  c e l l  c o n t a c t  p a t t e r n  
w i t h  a p r i n t e d  c i r c u i t  and a g l a s s  face .  

B lock  I V  modules a r e  designed w i t h  lamina ted  
e n c a p s u l a t i o n  systems. S i l i c o n e  i s  used i n  
o n l y  one design.  The t o p  s u r f a c e  i s  u s u a l l y  
a low i r o n  g l a s s  which serves as a super- 
s t r a t e .  The c e l l s  a r e  g e n e r a l l y  formed w i t h  
back s u r f a c e  f i e l d s ;  they  a r e  o f t e n  nested 
polygons r a t h e r  than  c i r c u l a r  i n  form. The 
modules a r e  l a r g e r ,  more e f f i c i e n t  and lower  
p r i c e d .  These t rends  i n  t h e  des ign  a r e  il- 
l u s t r a t e d  by t h e  module pack ing f a c t o r ,  
encapsulated c e l l  e f f i c i e n c y ,  module e f f i c -  
iency and module p r i c e .  F igures  1-4 show 
t h e  range o f  each o f  these f i g u r e s - o f - m e r i t  
f o r  t h e  orocurements descr ibed  above. There 
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F i g .  1. Module pack ing  f a c t o r  For B lock  
buys. Shows t h e  f r a c t i o n  o f  t o t a l  module 
r r e a  covered by c e l l s .  
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F i g .  2. Enca s u l a t e d  c e l l  e f f i c i e n c y  f o r  
B lock  buys. [ l o c k  I V  i nc ludes  modules w i t h  
s e m i - c r y s t a l l i n e  s i l i c o n  c e l l s .  

i s  c l e a r l y  progress i n  a l l  areas. The p r i c e s  
should o n l y  be viewed as i n d i c a t o r s  o f  a 
t r e n d .  They a r e  d e r i v e d  f rom procurements 
rang ing  f rom 8 t o  50 k i l o w a t t s  and o n l y  re-  
f l e c t  t h e  p r i c e s  a t  which t h e  manufacturers 
were w i l l i n g  t o  s e l l .  The p r o f i t  o r  l o s s  
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F i g .  3. Module e f f i c i e n c y  f o r  B lock  buys. 

I 
1975 1977 1979 1%: 

YEAR 

F ig .  4.  P r i c e  exper ience i n  B lock  buys. 
P r i c e s  reduced t o  same c o n d i t i o n s  except  
q u a n t i t y .  

f rom these p r o d u c t i o n  runs i s  unknown. Note 
t h a t  B lock  I V  da ta  a r e  based on p r e l i m i n a r y  
requi rements o r  manufacturers es t imates ;  
changes i n  these da ta  a r e  l i k e l y .  

3. MODULE TEST AND APPLICATION EXPERIENCE 

3.1 Scope 

I n  t h e  v a r i o u s  phases o f  DOE'S nodu le  and 
system t e s t  and a p p l i c a t i o n  program, B lock  
procurement modules have been sub jec ted  t o  a 
spectrum o f  t e s t s  and assoc ' ia ted observa t ions  
in tended t o  determine t h e i r  performance and 
d u r a b i l i t y .  F i g u r e  5 i s  a s i m p l i f i e d  f l o w  
c h a r t  f o r  t h e  deployment o f  B lock  Procurement 
modules f rom t h e  manufacturers t o  t h e  DOE 
technology development and t e s t  and a p p l i c a -  
t i o n  p r o j e c t s .  Most modules, o f  course, go 
d i r e c t l y  f rom t h e  manufac tu re r ' s  f a c i l i t y  t o  
system l e v e l  f i e l d  a p p l i c a t i o n s .  Dur ing 
B lock  1 - 1 1 1  p r o d u c t i o n ,  a smal l  number o f  
modules have been d i v e r t e d  f rom t h e  p r o d u c t i o n  
s t ream t o  JPL f o r  more i n t e n s i v e  examinat ion 
and subsequent env i ronmenta l  o r  f i e l d  t e s t i n g .  
The p r imary  c o n t r i b u t i o n s  o f  each o f  t h e  s e t s  
o f  t e s t s  t o  module e v a l u a t i o n  i s  no ted  on t h e  
diagram. I d e a l l y ,  t h e  r e s u l t s  f rom these 



Fig. 5. Module Deployment 

test activities should provide guidance for 
PV technology development, design, manufac- 
ture, and utilization. 

The characterization and environmental test- 
ing of Block procurement modules has been 
described in Reference 1. Module-level field 
tests are described in References 2 and 3. 
Test and Application Project array results 
have been given in References 4 and 5. The 
deployment of Block modules to these projects 
is shown in Table 1. It should be noted that 

Table 1 

kW PER BLOCK I 1 1  1 1  1 
APPLICATIONS t EXPERIMENTS 
' NASA/ LeRC 

Indian Village 0 . 3  
Remote Weather, Radio, 2 
etc. 

" MlT/LL 
Res idence(s) 
Radio Station 
Mead, Neb. 
Natural Bridges 
Misc. 2 

" DOD 
Mt. Laguna 
Battery Chargers 6 
Radar 8 
Telephone t Radio 3 

FIELD TEST SITES 
" NASA/LeRC 
O NASA/JPL 
" MIT/LL 

Sandia 

the time required for fielding of the larger 
systems has resulted in a significant lag 
between the time of module manufacture and 
the time when system-level field results are 
available. Laboratory testing and small- 
scale field testing at the module level 
therefore are critical for early detection 
of potential problems. 

3.2 Observational and Diagnostic Techniques 

The measurement of module power output, im- 
portant both in establishing initial perfor- 
mance and in detectlng changes caused by the 
service environment, depends on adequate in- 
strumentation, appropriate measurement stand- 
ards, and care in their application. Instru- 
mentation for in-situ (outdoor) module per- 
formance measurements has suffered from both 
a lack of accuracy and a lack of portability. 
Correction of data to standard test conditions 
requires compensation for cell temperature, 
insolation level, and input spectral content. 
LSA has adopted the interim measurement stand- 
ards contained in Reference 6, which specify 
the use a Large-Area Pulsed Solar Simulator 
(LAPsS) i 1 luminat ion source. Field measure- 
ments are corrected to standard conditions 
using modified Sandstrom equations. 

Visual inspections have been the primary means 
of determining the physical condition of test- 
ed modules. Efforts have been made to reduce 
the subjectivity of inspections by categori- 
zing visual defects and standardizing nomen- 
clature. Field inspections, in particular, 
are carried out under difficult conditions of 
lighting, environment, and physical access. 
A continuing need exists for correlation of 
visual appearance with life-limiting degrada- 
tion modes, and for the development of more 
sophisticated non-visual observational tools. 

The preceding techniques are useful first 
order checks on the functional and physical 
condition of modules. Investigations into 
the cause of module degradation induced by 
environmental test or field service require 
the use of sophisticated diagnostic tools, 
including both non-destructive and destructive 
tests. The methodology and equipment for such 
problem/failure analysis is described in 
Reference 7. Laser scanning, optical micros- 
copy, scanning electron microscopy, materials 
analysis, illuminate? and non-illuminated 
performance analysis, and corona discharge 
equipment are the most commonly used tech- 
niques for problem/failure analysis. 

3.3 Results 

A unifying mechanism for the evaluation and 
comparison of results from Block procurement 
module tests and applications is the Problem/ 
Failure Report (P/FR) and Analysis system 
described in Reference 1. This system pro- 
vides a procedure far reporting and a,>alyzing 
module problems occurring in test or in ap- 
plications, and for making the findings of 
such investigations known to the module manu- 
facturers to enable them to improve the per- 
formance and reliability of their product. 
In general, a P/FR is initiated for any ob- 
served condition which either potentially or 
ac'tual ly causes the fai lure of a module to 
perform satisfactorily. 



Since the implementation of this system in 
1976, nearly 1000 P/FR1s have been filed, 
about 2/3 of which have now been analyzed 
and closed with recommendations for correct- 
ive action. Figure 6 summarizes the results 
of these analyses for the more common prob- 
lems experienced by Block modules in environ- 
mental and field tests. 
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Fig. 6. Frequency of occurrence of failures 

Silicone rubber encapsulants have frequently 
experienced a loss of adhesion and subsequent 
delamination and moisture ingress. This 
problem has been controlled but never really 
eliminated on later module designs. 

Cracked cells are the most common cause of 
random module degradation and electrical fail- 
ure. This problem has been experienced to 
some extent by all manufacturers, and is of 
concern in production, handling and shipping, 
and field use. Diurnal thermo-mechanical 
stresses (temperature cycl ing) are the exter- 
nal factor of most importance, but module 
packaging design and cell flaws induced in 
manufacture have also been shown to be criti- 
cal. Most cell cracks do not lead immediately 
to module power reduction. If the contacts 
remain intact, the individual pieces of the 
broken cell continue to deliver power. 

Interconnect failures were a common problem 
on early module designs. Temperature cycling 
led to fatigue fractures on cell-to-cell 
metal interconnects with resultant open cir- 
cuitinp. This failure mode has been virtually 
eliminated on later modules through the use 
of stress relief loops and similar design 
techniques. 

Corrosion of electrical termination hardware, 
lead wires, buss bars, interconnects, and 
cell contacts has been observed as a more-or- 
less random occurrence, especially in field 
service. With the notable exception of hard- 
ware corrosion In marine environments, such 
attack of circuit elements has usually been 
the result of interactions with contaminants 
within the encapsulant remaining from manu- 
facture (e.g., solder flux). Conductor 
corrosion has not usually led to significant 
power loss. 

The primary cause of array power loss in 

the field seen to date is the reduction in 
cell illumination caused by airborne dirt 
deposited on the module surface. Reference 
8 surveys the effect of this phenomenon. 
noting that power reductions of 10-30% are 
common. Glass is much less affected than 
softer encapsulants, such as silicone rubber. 
No satisfactory way of reproducing field 
soiling conditions in the laboratory has yet 
been devised. 

A minor problem to date, but one which must 
be resolved in future applications, is that 
of exposed live circuit elements. Inter- 
connect penetration of encapsulant is 
occasionally seen in the field, with obvious 
potential for personnel shock hazard. Im- 
proved encapsulation is ameliorating this 
problem, but safety standards are needed. 

Cell string shorting, for safety purposes or 
by action of bypass diodes, leads to a situ- 
ation in which one or more cells function as 
the load for the remainder of the cells in 
the string. For badly mismatched cells, this 
circumstance can even occur at normal opera- 
ting currents. The cell or cells in a string 
will operate in reverse voltage bias, and 
severe overheating can occur. In addition to 
the power loss caused by this condition, sub- 
sequent encapsulant and cell damage can lead 
to catastrophic module failures. The sever- 
ity of this problem is highly dependent on 
cell and module design and manufacture, being 
worst for those modules with cells of high 
shunt resistance, packaging with poor thermal 
conductance, and poorly matched cell outputs. 
This problem, while not common, can lead to 
chronic module failures and premature array 
degradation for some module types. 

Despite the impression which the foregoing 
recitation of failure modes may convey, the 
overall field experience with Block modules 
has been very good. Failure rates have not 
exceeded 2% per year for Block 1 1 - 1 1 1  under 
JPL individual module field testing. Per- 
formance of modules in the applications 
experiments has been even better - failure 
rates have typically been less than 1 %  per 
year. Reverse bias heating effects have 
caused serious problems on one applications 
experiment, however, where 259 of the modules 
show power output below 75% of original 
levels (4). 

4. !:ONCLUSIONS AND RECOMMENDATIONS 

The design and production experience for 
Blocks I-IV clearly indicates continuous im- 
provement in electrical performance, consis- 
tency and quality of product, and suitability 
for larger scale, higher voltage systems. 
Design,, test, and quality specifications 
have been expanded to accommodate more rigor- 
our applications requirements, while setting 



price goals which call for continuous reduc- 
tions in manufacturing costs. The Block 
manufacturers have shown remarkable success 
in simultaneously achieving price, perfor- 
mance, and durability goals, The improvements 
shown during Block 1 - 1 1 1  came mainly as a 
result of mastering and gradually improving 
the design and production techniques initially 
in use. The Block IV designs contain some 
significant departures from past practices in 
an effort to exploit lower-cost technologies; 
the success of these innovations will be 
tested over the coming months, but the 
industry has demonstrated a willingness to 
take developmental risks to achieve a more 
competitive product. 

The Block procurements have not realized the 
potentials of automated mass production. 
Rather, these procurements have been more 
on the order of pilot production runs, with 
some attendant "learning curve" problems a n d  
lack of process controls. Module rejection 
rates have therefore been high - on the order 
of 20% - and there is a clear need for atten- 
tion to further improvements in product 
uniformity and production yields. 

Reference cells, calibrated by Lewis Research 
Center and later by JPL, have been w e d  to 
establish uniform electrical measurement 
standards between manufacturers and module 
users. The time required for fabrication 
and calibration, and continuing concerns 
about calibration accuracy, spectral match 
of reference cells to manufactured products, 
applicability o f  normal incidence calibrations 
to field conditions, and various other prob- 
lems have caused difficulties throughout 
these procurements. Basic developmental work 
is needed which will lead to the establish- 
ment and maintenance of measurement standards 
which are accepted and employed throughout 
the industry. 

Correlation of environmental test results with 
field experience indicates that the series o f  
qualification tests used to date are valuable 
in screening for potential problems. Modules 
which do well in environmental test also gen- 
erally do we1 1 in service. Several parameters 
affecting lifetime or performance in the field 
have not been successfully duplicated in the 
laboratory, however. Soiling, UV, and cell 
back-bias are known stresses of importance 
which should be incorporated in future quali- 
fication testing. Long term weathering, with 
attendant erosion and corrosion, may never be 
successfully simulated in accelerated testing. 
Certain application-specific effects such as 
those associated with installation and mainten- 
ance can only be evaluated in actual use. 
Field tests at both module and system level 
will therefore continue to be important in the 
final assessment o f  serviceability. 

The systematic evaluation and correlation of 
test and field problem/failure data is essen- 

tial in the feedback to manufacturers and 
technologists which results in continuous up- 
grading of commercial products. Establish- 
ing and maintaining a system for providing 
such feedback does not come naturally in a 
rapidly expanding technology with as many 
participants as the DOE'S photovoltaics 
program. W e  learn as much from our failures 
as our successes, however, and emplacing 
problem/failure reporting and analysis pro- 
visions as an integral part of the applica- 
tions experiments and demonstrations program 
will provide this needed data. 

Experience to date has revealed no fundamental 
technical barriers to achieving DOE'S goals 
for terrestrial photovoltaics. The program 
is now entering a phase of intensive field 
experimentation. Proper application of this 
learning experience should establish photo- 
voltaics as a reliable energy source for the 
markets which emerge as the price comes down. 
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