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Abstract  

The use of photovoltaic s o l a r  ar rays  f o r  ter res-  
t r i a l  appl ica t ions  poses a number of unique requirements 
which must be addressed by t h e  a r ray  designer and user .  
The requirements r e s u l t  from t h e  physical  c h a r a c t e r i s t i c s  
of photovoltaic devices, t h e  nature  of typ ica l  terres- 
t r i a l  photovoltaic appl ica t ions ,  t h e  demands of t h e  
t e r r e s t r i a l  environment, and t h e  competitive forces  
associa ted  with t h e  t e r r e s t r i a l  power supply market. 
Various t e r r e s t r i a l  a r ray  requirements and design con- 
s ide ra t ions  a r e  discussed both i n  terms of t h e  current  
state-of-the-art and i n  terms of the  goals of t h e  U.S. 
National Photovoltaics Program. Included a r e  discussions 
of the  r e l a t i v e  performance of various a r ray  module 
designs current ly  on t h e  market together with thoughts 
f o r  f u r t h e r  design improvements. 
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Introduction 

Though s o l a r  photovoltaic ar rays  have been used f o r  many years 
a s  a primary source of power f a r  space vehic les ,  t h e  t e r r e s t r i a l  use 
of photovoltaics has come i n t o  prominence only wi th in  t h e  l a s t  
couple of years.  I n  support of decreased dependence on our l imi ted  
f o s s i l  and nuclear f u e l  suppl ies ,  t h e  U.S. Energy Research and 
Development Administration (ERDA) has an  a c t i v e  program which addres- 
ses t h e  g rea t ly  expanded development and u t i l i z a t i o n  of t e r r e s t r i a l  
photovoltaic systems ( l ) .  A major p a r t  of the  National Photovoltaic 
Program i s  centered a t  t h e  Jet Propulsion Laboratory and is re fe r red  
t o  a s  t h e  Low-cost S i l i con  Solar  Array (LSSA) Pro jec t .  The pr i -  
mary ob jec t ive  of t h e  LSSA pro jec t  i s  t h e  timely development of low- 
cos t  commercial-quality photovoltaic a r rays  through an a c t i v e  program 
of i n d u s t r i a l  and academic involvement. Analysis of the  current  
s t a t e  of t e r r e s t r i a l  photovoltaics technology and t h e  d e f i n i t i o n  of 
fu tu re  a r r a y  requirements i s  an important and necessary s t e p  toward 
meeting t h i s  object ive .  

11. Array Requirement Def in i t ion  

The examination and development of a r ray  requirements is  a 
cooperative e f f o r t  involving a l l  elements of the  National Photo- 
v o l t a i c s  Program together wi th  the  a r ray  manufacturers, power system 
designers,  and p o t e n t i a l  users .  

Understanding the  user  and power system needs is c r i t i c a l  t o  the  
success of t h e  ar ray  development e f f o r t .  To t h i s  end, t h e  ERDA pro- 
gram contains th ree  major system-oriented a c t i v i t i e s ,  a mission 
ana lys i s  a c t i v i t y  t o  i d e n t i f y  and evaluate  p o t e n t i a l  user groups and 
t h e i r  system needs, a system analys is  a c t i v i t y  t o  examine t h e  develop- 
ment of system designs t o  meet the  user needs, and a demonstration 
program a c t i v i t y  t o  evaluate  and demonstrate f i n a l  system performance. 
An a c t i v e  attempt i s  a l s o  being made t o  work with present  and 
p o t e n t i a l  users  i n  the  development of requirements t o  meet t h e i r  
s p e c i f i c  needs. 

A second important ingredient  i n  t h e  d e f i n i t i o n  of t e r r e s t r i a l  
a r ray  requirements involves understanding the  s o l a r  a r ray  design 
f a c t o r s  and s e n s i t i v i t i e s  which r e s u l t  from the  physical  charac- 
t e r i s t i c s  of the  photovoltaic devices themselves and the  manufactur- 
ing  f a c t o r s  a f f e c t i n g  t h e i r  production. To achieve t h i s  understanding 
the  LSSA pro jec t  has a broad program d i rec ted  toward the  design, 
manufacturing, and marketing f a c t o r s  a f f e c t i n g  a r ray  p r i c e  and 
performance. These a c t i v i t i e s  include cos t  s tud ies  of various 
manufacturing approaches, experimental programs aimed a t  both device 



and manufacturing process improvement, and the  procurement and 
t e s t i n g  of present  state-of-the-art s o l a r  ar rays .  

A t h i r d  major ingredient  of t h e  requirement d e f i n i t i o n  process 
involves character iz ing the  na tu ra l  t e r r e s t r i a l  environment and 
developing appropriate environmental test requirements. These 
requirements must be consis tent  wi th  both the  opera t ional  l i f e t i m e  
needs of t h e  p o t e n t i a l  user  groups and the  economical and technical  
cons t ra in t s  associa ted  wi th  ava i l ab le  manufacturing methods. 

The remainder of t h i s  paper presents  an overview of a r ray  
requirement t rends  beginning t o  evolve from the  various ERDA 
a c t i v i t i e s  and con t ras t s  these trends with t h e  current  s t a t e  of 
the  t e r r e s t r i a l  photovoltaics technology. 

111. Array Design Considerations 

For present  t e r r e s t r i a l  a r rays  t h e  primary requirement is  t o  
generate power f o r  small, o f t en  remote electric-power appl ica t ions .  
Typical examples include rad io  re lays ,  navigational  l i g h t s  and horns, 
and remote cl imatological  and environmental instrumentation. A s  
shown i n  Table I, the  nature  of these  appl ica t ions ,  t h e i r  s i z e ,  
t h e i r  d i v e r s i t y  and t h e i r  technical  needs s t rongly  influences t h e  
c h a r a c t e r i s t i c s  of current  arrays.  Likewise, the  appl ica t ions  a r e  
l imi ted  t o  those which can p rof i t ab ly  u t i l i z e  current  a r ray  
c h a r a c t e r i s t i c s  a t  t h e i r  present  high pr ice .  

To meet an ob jec t ive  of increased energy independence requires  
t ha t  photovoltaics become economically v iab le  f o r  l a r g e  energy con- 
sumption of the  fu tu re .  The obvious appl ica t ions  with s i g n i f i c a n t  
energy usage include c e n t r a l  e l e c t r i c  u t i l i t i e s ,  i n d u s t r i a l  and 
commercial appl ica t ions ,  and r e s i d e n t i a l  appl ica t ions .  As  indica ted  
i n  Table 11, these appl ica t ions  place s i g n i f i c a n t l y  d i f f e r e n t  
requirements on f u t u r e  s o l a r  arrays.  

The l a r g e s t  requirement change is  i n  the  a rea  of cos t .  Whereas 
small remote appl ica t ions  can achieve cos t  ef fec t iveness  with ar ray  
p r i c e s  of $30/watt and higher,  l a r g e  s c a l e  appl ica t ions  requ i re  a r ray  
p r ices  of 5 0 ~ / w a t t  and less t o  compete with conventional means of 
e l e c t r i c a l  energy production. A major t h r u s t  of t h e  ERDA program i s  
d i rec ted  a t  achieving t h i s  cos t  reduction through a combination of 
technological  advances and mass production methods. Approximately 
th ree  four ths  of the  current  cos t  of s o l a r  ar rays  is  involved i n  the  
s o l a r  cells themselves. This is spread more o r  less equally between 
the cos t  of the  s i l i c o n ,  t h e  cos t  of making a s i n g l e  c r y s t a l  wafer, 
and the  cos t  of implanting the  diode junction and metal izat ion.  
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With the  achievement of Sodwat t  ar rays  the  primary cos t  
d r ive r s  w i l l  begin t o  s h i f t  toward t h e  o ther  elements of the photo- 
v o l t a i c  power system. The cost  of the  a r ray  support s t r u c t u r e  and 
i n s t a l l a t i o n  and maintenance (IW) cos t s  become very s i g n i f i c a n t  
and suggest increased emphasis toward maximum power output per  u n i t  
a rea ,  and the  incorporat ion of f ea tu res  which reduce I&M cos t s .  The 
use of l a r g e r  a r ray  modules could, f o r  example, serve  t o  both mini- 
mize l o s t  border area  and minimize e l e c t r i c a l  and mechanical 
i n s  t a l l a t i o n  cos t .  

The e f f e c t i v e  cos t  of s o l a r  a r rays  can a l s o  be reduced i n d i r e c t l y  
hy designing a r rays  t o  serve  o ther  functions i n  addi t ion  t o  power 
generation. By using a r rays  a s  shingles  on a dwelling roof,  not 
only is  the  support s t r u c t u r e  provided e s s e n t i a l l y  f ree ,  but  a major 
port ion of the  cos t  of conventional shingles  could be w r i t t e n  off  
agains t  the  ar rays .  

Another important f a c t o r  influencing fu tu re  a r ray  designs is  the  
probable use of high vol tage  l e v e l s  (250 v o l t s  and higher) and the 
a t tendant  e l e c t r i c a l  s a f e t y  needs associated wi th  such voltages.  
Insu la t ion  i n t e g r i t y ,  module grounding, and e l e c t r i c a l  terminal 
protec t ion w i l l  require  s u b s t a n t i a l  changes from current  p rac t i ces  
developed f o r  low voltage appl ica t ions .  Specia l  emphasis w i l l  have 
t o  be placed on personnel s a f e t y  i n  recognit ion of the  f a c t  t h a t  
photovoltaic ar rays  a r e  d i f f i c u l t  t o  t u r n  o f f .  The use of standard- 
ized shielded e l e c t r i c a l  connectors may serve  t o  both improve 
e l e c t r i c a l  s a f e t y  and minimize a r ray  i n s t a l l a t i o n  t i m e ,  

Another important f a c t o r  behind the  changing a r ray  requirements 
is  t h e  general  i n a b i l i t y  of p r i v a t e  industry t o  accept l a r g e  finan- 
c i a l  r i s k s  o r  t o  fund demonstration e f f o r t s  t o  l e s sen  the  r i s k s  
unless t h e  p o t e n t i a l  payoff is large .  With the  present  small-remote 
appl ica t ions  the t o t a l  f i n a n c i a l  r i s k  i s  small r e l a t i v e  t o  the  
p o t e n t i a l  payoff. This i s  p a r t i a l l y  due t o  the  lower system cos t ,  
but  l a r g e l y  due t o  the  f a c t  t h a t  the  primary r i s k ,  per  user ,  is 
with a few demonstration u n i t s ,  whereas the payoff is general ly 
associa ted  with a l a r g e  number of deployed systems. With l a r g e  
systems, the number of systems per user  is  small and the  r e l a t i v e  
cos t  of demonstration is  the re fo re  higher. I n  addi t ion ,  the cos t  
per  demonstration is  higher, and t h e  p o t e n t i a l  payoff ( m i l l s  per  
kW-hr) is  less. 

I n  t h e  f u t u r e  these  f a c t o r s  w i l l  place increased emphasis 
on proven performance h i s to ry  and manufacturer reputa t ion and 
s t a b i l i t y .  Whereas users  with small appl ica t ions  w i l l  continue 
t o  demonstrate (qualify) custom a r ray  designs, fu tu re  l a r g e  a r ray  
users  w i l l  require  previously qua l i f i ed  a r ray  designs with known 
performance. One means of achieving t h i s  is  through increased 



standardization which will allow a limited number of possibly 
government assisted demonstrations to qualify designs for use in a 
variety of applications. 

There are a number of elements of standardization which will 
require treatment in future array designs to guarantee performance 
and long term availability and interchangeability. Standardization 
of exterior dimensions including mounting hardware and tolerances 
is an obvious first step. Common electrical termination techniques 
such as shielded connectors would allow safe and efficient electri- 
cal connection and minimize installation and maintenance time. 

Standardized performance is a more difficult problem that 
must be faced. Present solar cell and array characteristics vary 
considerably from manufacturer to manufacturer and make electrical 
interchangeability next to impossible. Power and voltage nomen- 
clature also vary significantly. Although most electrical perform- 
ance is rated at an air-mass-one solar insolation level of 
100 mw/cm2, the name plate rating may be maximum power at a standard 
test temperature of 2a°C, short circuit or maximum power current, or 
some nominal power. Voltage ratin is equally varied and may include 
maximum power voltage at 100 rnW&1/cm5, AMl and 28OC, or some nominal 
working voltage such as 12 volts, if the array is designed to 
charge a 12 volt battery. 

Because array electrical performance is strongly coupled to 
array operating temperatures, any attempt at standardization must 
also account for operating temperature variations between designs. 
Fig. 1 indicates the large difference in operating temperatures 
measured from a cross-section of presently available solar array 
modules. If each module design had the same power output at 280C 
the hottest modules in Fig. lwould have nearly 20% less power than 
the coolest under typical operating conditions. This amount of 
variation reflects not only as more or less power per "nameplate" 
watt, but seriously limits module interchangeability because of 
series/parallel mismatch losses. 

Another factor which is important to future large-scale array 
acceptance is guaranteed or demonstrated operational lifetime. The 
operational lifetime of present arrays is based on limited historical 
field performance data together with real time field txials or 
demonstrations. Many of these data are compromised by the rapid 
obsolescence associated with the steady adoption of improved techno- 
logy and manufacturing methods. The needs of future large-scale 
users will require increased emphasis on accelerated testing and 
analytical lifetime prediction techniques. The development of such 
techniques together with the more general problem of interface and 
performance standardization is an active and imporqant part of the 
ERDA program. 



Conclusions 

The app l i ca t ion  of photovoltaic s o l a r  ar rays  t o  f u t u r e  large- 
s c a l e  t e r r e s t r i a l  appl ica t ions  has been shown t o  requ i re  a number 
of changes from present  t e r r e s t r i a l  a r ray  technology. The changes 
r e s u l t  from t h e  high cos t  of present  photovoltaic devices, t h e  
nature  of f u t u r e  power appl ica t ions ,  and the  f i n a n c i a l  fo rces  
associa ted  w i t h  the f u t u r e  terrestrial a r ray  market. It i s  the  
purpose of t h e  U.S. National Photovoltaics Program and i n  p a r t i c u l a r  
the JPL Low-cost S i l i con  Solar  Array Projec t  t o  achieve these  changes 
i n  an order ly  and timely manner with the  a c t i v e  p a r t i c i p a t i o n  of 
p r i v a t e  indust ry  and academic i n s t i t u t i o n s .  Subs tan t i a l  progress 
has been made t o  da te  i n  a l l  a reas  of a r ray  design improvement, 
and t h e  prospect of f u t u r e  large-scale photovoltaic appl ica t ion 
appears very promising. 

References 

1 )  Magid, L. M., "The U.S. Photovoltaic Conversion Program," 
Presented a t  t h e  In te rna t iona l  Colloquium on Solar  Energy, 
Toulouse, France, March 1 - 5, 1976. 

2) " F i r s t  Annual Report of t h e  Low-cost S i l i con  Solar  Array 
Pro jec t ,  " JPL Report 5101-4, Jet Propulsion Laboratory, 
Pasadena, Cal i fornia ,  Aug. 1, 1976 (an i n t e r n a l  document). 


