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PHOTOVOLTAIC POWER SYSTEM CONSIDERATIONS FOR FUTURE LUNAR BASES 

Denn is  J .  F lood  and Joseph Appelbaum* 
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis  Research Cen te r  
C l e v e l a n d ,  O h i o  44135 

I .  
SUMMARY 

Recent  advanced p l a n n i n g  a c t i v i t i e s  w i t h i n  t h e  N a t i o n a l  A e r o n a u t i c s  and 
Space A d m i n i s t r a t i o n  have been focused  on t h e  p o s s i b i l i t y  o f  e s t a b l i s h i n g  a 
permanent manned presence on  t h e  moon. I t  i s  r e c o g n i z e d  t h a t  such a goa l  
r e p r e s e n t s  a severe  c h a l l e n g e ,  n o t  t h e  l e a s t  p a r t  o f  wh ich  w i l l  be t o  p r o v i d e  
an adequate source  o f  power.  I t  i s  expec ted  t h a t  a l u n a r  base w i l l  undergo an 
e v o l u t i o n a r y  g r o w t h  i n  s i z e ,  c a p a b i l i t y ,  and c o m p l e x i t y ,  w i t h  a c o n c o m i t a n t  
g r o w t h  i n  power r e q u i r e m e n t s  from an i n i t i a l  t e n s  o f  k i l o w a t t s  t o  an u l t i m a t e  
l e v e l  i n  t h e  megawatt range .  A l t h o u g h  i t  i s  commonly h e l d  t h a t  t h e  l a t t e r  
w i l l  r e q u i r e  a n u c l e a r  r e a c t o r  power source  t o  m i n i m i z e  t h e  w e i g h t  t h a t  must 
be launched t o  t h e  l u n a r  su f a c e ,  i t  i s  a l s o  g e n e r a l l y  h e l d  t h a t  t h e  i n i t i a l  
base w i l l  r e q u i r e  a pho tov  6 l t a i c  power system t h a t  i s  modu la r ,  l i g h t w e i g h t ,  
and e a s i l y  dep loyed .  An i m p o r t a n t  i s s u e  f a c i n g  f u t u r e  l u n a r  base m i s s i o n  p l a n -  
n e r s  i s  t h a t  o f  ene rgy  management, p a r t i c u l a r l y  when c o n f r o n t e d  by  t h e  need t o  

e r;f p r o v i d e  power d u r i n g  t h e  336 h r  l u n a r  n i g h t .  There w i l l  a l s o  be i s s u e s  a s s o c i -  
h e- a t e d  w i t h  t h e  l o a d s  themse lves ;  e . g . ,  whether  t h e r e  w i l l  be m u l t i p l e  l o a d s  i n  

d e d i c a t e d  power source  ( e . g . ,  "housekeep ing"  power)  w h i l e  t h e  s o - c a l l e d  f u n c -  
t i o n a l  l o a d s  a r e  powered from a common source .  A t h i r d  p o s s i b i l i t y  i n c l u d e s  a 
c o m b i n a t i o n  o f  a number o f  d e d i c a t e d  sources  and one common source  w i t h  m u l t i -  
p l e  l oads ,  and i n  a f o u r t h  s c e n a r i o  a l l  l o a d s  wou ld  have a d e d i c a t e d  sou rce .  
The paper  w i l l  d i s c u s s  r e s u l t s  o f  an i n v e s t i g a t i o n  t o  d e t e r m i n e  an opt imum l o a d  
management s t r a t e g y  f o r  a l u n a r  s u r f a c e  a r r a y ,  and w i l l  d i s c u s s  t h e  impac t  such 
o p t i m i z a t i o n  has on t o t a l  system mass. The paper  w i l l  a l s o  d e s c r i b e  t h e  a t t r i -  
b u t e s  a p h o t o v o l t a i c  power system must  possess t o  be c o n s i d e r e d  f o r  t h i s  un ique  
a p p l i c a t i o n ,  wh ich  w i l l  use space p h o t o v o l t a i c  t e c h n o l o g y  i n  a t e r r e s t r i a l - l i k e  
system, b u t  i n  a n o n t e r r e s t r i a l  env i ronmen t .  

l p a r a l l e l  f e d  from a common power sou rce ,  or whether  c e r t a i n  l o a d s  w i l l  have a 
w 

INTRODUCTION 

The e s t a b l i s h m e n t  o f  a pe rmanen t l y  manned presence on  t h e  l u n a r  s u r f a c e  
r e p r e s e n t s  a f o r m i d a b l e  c h a l l e n g e  t o  a b road  spec t rum o f  space t e c h n o l o g i e s .  
W h i l e  a l l  t h e  t e c h n o l o g i e s  t h a t  w i l l  be r e q u i r e d  t o  s u s t a i n  t h e  e v o l u t i o n  of a 
l u n a r  base, from i t s  i n i t i a l  e s t a b l i s h m e n t  as an o u t p o s t  t o  i t s  f i n a l  mani fes-  
t a t i o n  as a permanent ,  l i f e - s u s t a i n i n g ,  and p r o d u c t i v e  h a b i t a t  a r e  e s s e n t i a l ,  
t h e  p a c i n g  t e c h n o l o g y  f o r  i t  a l l  i s  t h e  p r o d u c t i o n  o f  power.  A new a s p e c t  o f  
such an endeavor  i s  t h a t  t h e  " m i s s i o n "  r e q u i r e m e n t s  a r e  no  l o n g e r  f i x e d ,  b u t  
w i l l  e v o l v e  o v e r  t i m e .  

Wh i le  t h e  d e f i n i t i o n  o f  a comple te  s e t  o f  t ime-dependent  r e q u i r e m e n t s  i s  
an u n f i n i s h e d  t a s k ,  an u n d e r s t a n d i n g  of key  i s s u e s  has emerged t o  h e l p  g u i d e  
t e c h n o l o g y  development  fo r  such a m i s s i o n  s c e n a r i o .  Techno log ies  i n t e n d e d  for 
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a p p l i c a t i o n  on t h e  l u n a r  s u r f a c e  w i l l  be d r i v e n  by  mass c o n s i d e r a t i o n s ,  p r i -  
m a r i l y  because o f  t h e  h i g h  c o s t  of pay load  d e l i v e r y  t o  t h e  moon. The i m p l i c a -  
t i o n  o f  so s t r o n g  a d r i v e r  i s  t h a t  t h e r e  can now be a t r a d e - o f f  i n  s o l a r  a r r a y  
e f f i c i e n c y  i f  t h e  r e s u l t  i s  a decrease i n  mass. Even i f  t h e  assumpt ion  i s  made 
t h a t  low o p e r a t i o n a l  cost c a r g o  v e s s e l s  w i l l  be a v a i l a b l e  fo r  t r a n s i t  from low 
E a r t h  o r b i t  (LEO) t o  t h e  moon, t h e r e  w i l l  s t i l l  be a h i g h  cost f o r  d e l i v e r y  t o  
LEO which  must be c o n s i d e r e d .  For compar ison purposes  t h e  cost can be r e p r e -  
sen ted  by a pay load  mass m u l t i p l i c a t i o n  f a c t o r  wh ich  takes  i n t o  accoun t  t h e  

A v a l u e  o f  5 has been assumed fo r  t h i s  d i s c u s s i o n ,  a l o n g  w i t h  an assumed heavy 
l i f t  v e h i c l e  (HLV) p a y l o a d  c a p a b i l i t y  o f  91 000 k g  (200 000 l b )  t o  LEO. Such 
assumpt ions  a r e  n o t  un reasonab le  w i t h  r e s p e c t  t o  f u t u r e  l aunch  systems. U s i n g  
them a l l o w s  a q u a n t i t a t i v e  compar ison o f  power system a l t e r n a t i v e s  i n  te rms o f  
an o p e r a t i o n a l  impac t  - t h e  number o f  l aunch  v e h i c l e s  r e q u i r e d  t o  d e l i v e r  t h e  
s y s t e m  e lements  t o  LEO for subsequent  t r a n s p o r t  t o  t h e  l u n a r  s u r f a c e .  

I t o t a l  l aunch  mass r e q u i r e d  t o  d e l i v e r  t h e  i n t e n d e d  l u n a r  base e lements  t o  LEO. 

POWER SYSTEM MASS CONSIDERATIONS 

The k e y  f i g u r e  o f  m e r i t  for a p h o t o v o l t a i c  a r r a y  i s  t h e  power p e r  u n i t  
mass i n  w a t t s  p e r  k i l o g r a m ,  o r  W/kg. For a s t o r a g e  system t h e  a p p r o p r i a t e  f i g -  
u r e  o f  m e r i t  i s  t h e  amount o f  a v a i l a b l e  energy  p e r  u n i t  mass i n  w a t t  hou rs  p e r  
k i l o g r a m ,  or Wh/kg. Tab le  I compares t h e  system masses f o r  a s t a t e - o f - t h e - a r t  
p h o t o v o l t a i c  g e n e r a t i o n l b a t t e r y  s t o r a g e  power s y s t e m ,  s i z e d  t o  d e l i v e r  100 kW 
t o  a l u n a r  base, to  t h a t  p r o j e c t e d  f o r  an advanced v e r s i o n  o f  such a system. 
The SOA system i s  s i m i l a r  to t h a t  i n t e n d e d  f o r  deployment  on t h e  space s t a t i o n .  
The advanced system uses an u l t r a l i g h t w e i g h t  p h o t o v o l t a i c  a r r a y  and a regenera -  
t i v e  H-0 f u e l  c e l l  for s t o r a g e .  The f i g u r e s  o f  m e r i t  f o r  b o t h  systems a r e  
l i s t e d  i n  t a b l e  11. Two cases a r e  c o n s i d e r e d  f o r  t h e  336 h r  l u n a r  n i g h t :  a 
100-percent  d u t y  c y c l e  and a 20 -pe rcen t  d u t y  c y c l e .  Also shown i s  t h e  mass 
saved i n  d e l i v e r i n g  t h e  advanced system t o  LEO, a l o n g  w i t h  t h e  r e s u l t i n g  
number o f  HLV launches saved, under  t h e  assumpt ions  g i v e n  above. The t a b l e  
p r o v i d e s  c o m p e l l i n g  ev idence  t h a t  t h e r e  i s  s u b s t a n t i a l  p a y o f f  t o  be had i n  
d e v e l o p i n g  t h e  advanced PV/RFC ( r e g e n e r a t i v e  f u e l  c e l l )  t e c h n o l o g y ,  p a r t i c u -  
l a r l y  when p l a c e d  i n  t h e  " o p e r a t i o n a l "  c o n t e x t  o f  t h e  w e i g h t  saved a t  LEO. A 
t h i r d  case a l s o  e x i s t s  i n  wh ich  t h e  a s t r o n a u t s '  s t a y  would be l i m i t e d  t o  t h e  
336 h r  l u n a r  day, w i t h  a n i g h t  d u t y  c y c l e  o f  z e r o .  Whatever s t o r a g e  wou ld  be 
r e q u i r e d  would be s u p p l i e d  by  t h e  l a n d e r ' s  energy  s t o r a g e  s y s t e m .  I n  t h i s  
case,  o n l y  a s o l a r  a r r a y  wou ld  have t o  be d e l i v e r e d  t o  t h e  l u n a r  s u r f a c e .  The 
p o t e n t i a l  f i v e  f o l d  mass r e d u c t i o n  between t h e  SOA a r r a y  and an advanced a r r a y  
o f f e r s  a v e r y  s i g n i f i c a n t  advantage under  such a r e s t r i c t e d  mass budge t .  

SOLAR CELL AND ARRAY TECHNOLOGY 

Improvement i n  t h e  s p e c i f i c  power o f  a s o l a r  a r r a y  can be a c h i e v e d  t h r o u g h  
two d i f f e r e n t ,  a l t h o u g h  o f t e n  coup led ,  approaches;  i n c r e a s i n g  t h e  c o n v e r s i o n  
e f f i c i e n c y  of t h e  s o l a r  c e l l ,  and r e d u c i n g  t h e  c e l l / b l a n k e t  mass a n d / o r  a r r a y  
s t r u c t u r e  mass. The program o b j e c t i v e  i n  t h e  S u r f a c e  Power Program of NASA's 
P r o j e c t  P a t h f i n d e r  i s  an a r r a y  s p e c i f i c  power o f  300 W/kg a t  a i r  mass z e r o  
(AMO) i n s o l a t i o n .  
been demonst ra ted  
under  development  
a t  130 H/kg  ( r e f .  

A t  p r e s e n t ,  1 i g h t w e i g h t  p h o t o v o l t a i c  a r r a y  t e c h n o l o g y  has 
on a space s h u t t l e  exper imen t  a t  66 W/kg. A r e c e n t  d e s i g n ,  
a t  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y  f o r  NASA, was e s t a b l i s h e d  
1 ) .  T h i s  d e s i g n ,  t h e  advanced p h o t o v o l t a i c  s o l a r  a r r a y  
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(APSA), is based on 2’mil thick silicon cells. However, both of the above 
array designs are intended for the zero gravity conditions of LEO and GEO (geo- 
synchronous Earth orbit). For lunar base applications, a new or modified array 
structure must be developed that will withstand the 116 g of the lunar surface 
and sti 1 1  meet the 300 W/kg goal. 

Two solar cell technologies have been identified for further development 
to achieve the 300 W/kg specific power goal. 
ultrathin gallium arsenide (GaAs) and amorphous silicon (Ct-Si). Table I11 
summarizes the technologies to be developed for a lunar base power system and 
their current performance. 
use at an efficiency of about 18 percent, with research devices achieving 
21 percent. However, the current cell is too thick at 200 to 350 pm to meet 
the mass requirements for lunar base applications. Fortunately, because it is 
a direct gap semiconductor, GaAs absorbs all photons available for energy con- 
version within 3 to 4 pm of the light irradiated surface. This allows, unlike 
crystalline silicon, for an ultrathin, high efficiency cell to be produced. 
5 . 5  pm thick GaAs cells have been fabricated utilizing the CLEFT (cleaved lat- 
eral epitaxy for film transfer) process, a technique in which a single crystal 
thin GaAs layer is grown on a masked GaAs substrate and mechanically removed 
(ref. 2). Other processes, such as chemical thinning of the substrate, have 
also been successfully demonstrated to be capable of producing high quality, 
ultrathin layers and cells (ref. 3 ) .  Basic research and development in cell 
interconnectors and cell incorporation into a space compatible blanket will be 
critical because of the brittleness of the ultrathin GaAs cells. 

These candidate cell types are 

GaAs cells are currently manufactured for space 

Amorphous silicon is primarily a terrestrial photovoltaic material. How- 
ever, 9 percent space performance has been measured (ref. 4). The electronic 
structure of the disordered, amorphous material allows for a total cell thick- 
ness of less than 1 pm and the use of flexible substrates. This is compatible 
with very high blanket specific power and low volume storage requirements. 
Although an extensive manufacturing base already exists for a-Si terrestrial 
solar cells, several major hurdles must be overcome before it can be consid- 
ered to be a viable space cell candidate. 
ciency and cell performance degradation under constant illumination. Although 
terrestrial arrays are manufactured on flexible, rugged substrates, few of the 
materials used are compatible with space requirements, necessitating basic 
studies in blanket materials and design. 

Among these are low conversion effi- 

Additional improvement in the photovoltaic array specific power can be 
achieved by minimizing the mass of the array structure. Research and develop- 
ment on the array structure is also warranted by the need, for the first time, 
for a space solar array to operate in a continuous gravity field. 
advanced photovoltaic solar array (APSA) design, the structure, blanket box, 
and deployment mechanism constitute more than 50 percent of the mass of the 
entire array. The design specific power of 130 W/kg is met with 13.5  percent 
efficient, 63 pm thick silicon cells. Replacing the silicon cells with GaAs 
cells of 25 percent efficiency, assuming the same blanket mass, and eliminating 
the 5 percent mass contingency built into the design, yields a specific power 
of 260 W/kg, quickly approaching the lunar base goal. This also assumes that 
a reduced gravity structure will weigh no more than a 0-g APSA structure. 
latter might be possible since manual deployment i s  an option for a manned 
lunar base and could eliminate the deployment motor and mast. 

For the 

The 
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ENERGY MANAGEMENT CONSIDERATIONS 

The l u n a r  base s c e n a r i o ,  w i t h  i t s  e v o l u t i o n  from a temporary  o u t p o s t  t h a t  
w i l l  be r e v i s i t e d  and expanded o v e r  t i m e  i n t o  a f u l l  l u n a r  base,  r e q u i r e s  t h a t  
a r e e v a l u a t i o n  of space power s y s t e m  d e s i g n  p h i l o s o p h y  be made. Space power 
s y s t e m s  have t h u s  f a r  been des igned  t o  accommodate a known s e t  o f  l oads ,  w i t h  
no  changes (and c e r t a i n l y  no  g r o w t h )  i n  ene rgy  r e q u i r e m e n t s  expec ted  th rough-  
o u t  t h e  l i f e  o f  t h e  m i s s i o n .  A s  a r e s u l t ,  i t  i s  common t o  o p e r a t e  t h e  a r r a y  
as a c o n s t a n t  c u r r e n t  sou rce ,  o f t e n  w i t h  v e r y  l a r g e  marg ins  on  v o l t a g e  r e g u l a -  
t i o n .  Accommodating g r o w t h  i n  o u t p u t  power,  wh ich  would be r e q u i r e d  by v i r t u e  
o f  an i n c r e a s e  i n  t h e  number o f  l o a d s ,  means t h e  system shou ld  f u n c t i o n  as a 
u t i l i t y  r a t h e r  t h a n  as a d e d i c a t e d  power s u p p l y .  The l a t t e r  i m p l i e s  t h a t  ope r -  
a t i o n  more n e a r l y  l i k e  a c o n s t a n t  v o l t a g e  power source  may be r e q u i r e d .  

The c h o i c e  between s o l a r  a r r a y  o p e r a t i o n  as a c o n s t a n t  c u r r e n t  power 
source  or as a c o n s t a n t  v o l t a g e  power source  can have an e f f e c t  on t h e  mass of 
t h e  a r r a y .  
( r e f .  5 ) ,  t h e  "ene rgy  u t i l i z a t i o n , "  d e f i n e d  as t h e  r a t i o  o f  t h e  energy  a c t u a l l y  
s u p p l i e d  t o  t h e  l o a d s  t o  t h e  t o t a l  ene rgy  t h a t  c o u l d  be produced by t h e  a r r a y ,  
can be d i f f e r e n t  f o r  v a r i o u s  c o n f i g u r a t i o n s  o f  l o a d s  and power sou rces .  The 
k e y  f e a t u r e  i s  whether  or  n o t  t h e  l oads  have a common power sou rce ,  o r  a r e  con- 
n e c t e d  t o  s e p a r a t e  power sou rces .  Any one c o n f i g u r a t i o n  wh ich  r e s u l t s  i n  a 
l o w e r  ene rgy  u t i l i z a t i o n  t h a n  a n o t h e r  w i l l  i n c r e a s e  t h e  mass o f  t h e  system by  
compar ison,  s i n c e  more a r r a y  a r e a  w i l l  be needed t o  p r o p e r l y  s u p p l y  a l l  t h e  
l o a d s  w i t h  t h e i r  r a t e d  power.  F i g u r e  1 ( i b i d . )  i l l u s t r a t e s  t h e  s i t u a t i o n  for 
t h e  s i m p l e  case o f  r e s i s t i v e  l o a d s  o n l y .  The r e g i o n  i n  t h e  f i g u r e  on  t h e  l e f t  
s i d e  o f  t h e  maximum power p o i n t  co r responds  t o  use o f  an a r r a y  as a c o n s t a n t  
c u r r e n t  sou rce .  The r e g i o n  on  t h e  r i g h t  o f  t h e  maximum power p o i n t  co r responds  
t o  o p e r a t i o n  as a c o n s t a n t  v o l t a g e  s o u r c e .  The f i g u r e  shows ( f o r  t h e  s i m p l e  
cases d i s c u s s e d  i n  r e f .  5 > ,  t h a t  i f  t h e  a r r a y  i s  used i n  t h e  c o n s t a n t  v o l t a g e  
mode ( i . e . ,  t o  t h e  r i g h t  o f  t h e  maximum power p o i n t ) ,  t h e  energy  u t i l i z a t i o n  
w i l l  be h i g h e r  i f  t h e  a r r a y  i s  used as a common source  fo r  t h e  l o a d s .  Separa t -  
i n g  some o f  t h e  l o a d s  from t h e  r e s t  and p r o v i d i n g  them w i t h  a d e d i c a t e d  power 
sou rce  w i l l  r e s u l t  i n  a l o w e r  ene rgy  u t i l i z a t i o n ,  and subsequen t l y  i n  an 
i n c r e a s e  i n  t h e  mass o f  t h e  system. 

A s  shown i n  t h e  a n a l y s i s  by  Appelbaum p r e s e n t e d  i n  t h i s  volume 

The f i g u r e  a l s o  i l l u s t r a t e s  t h e  p o i n t  t h a t  i t  may be necessa ry  t o  examine 

Mass o p t i m i z a t i o n  w i l l  depend on  a d e t a i l e d  a n a l y s i s  
t h e  i s s u e  of common ve rsus  s e p a r a t e  sources  even when t h e  a r r a y  i s  used as a 
c o n s t a n t  c u r r e n t  sou rce .  
o f  a l l  o f  t h e  l o a d  c h a r a c t e r i s t i c s .  O t h e r  m i s s i o n  r e q u i r e m e n t s ,  such as redun-  
dancy and s a f e t y ,  may o v e r r u l e  t h e  outcome,  b u t  t h e  mass p e n a l t i e s  for  d o i n g  
so can now be unders tood .  D e t a i l e d  n u m e r i c a l  c a l c u l a t i o n s  o f  t h e  energy  u t i l i -  
z a t i o n  a s s o c i a t e d  w i t h  a g i v e n  c o n f i g u r a t i o n  would be r e q u i r e d  t o  p r e d i c t  t h e  
a c t u a l  mass impac t  on t h e  sys tem d e s i g n .  

CONCLUSION 

The development  o f  an advanced p h o t o v o l t a i c  power system wh ich  wou ld  have 
a p p l i c a t i o n  f o r  a manned l u n a r  base i s  c u r r e n t l y  p lanned  under  t h e  su r face  
power e lement  o f  P a t h f i n d e r .  S i g n i f i c a n t  mass sav ings  o v e r  s t a t e - o f - t h e - a r t  
p h o t o v o l t a i c l b a t t e r y  systems a r e  p o s s i b l e  w i t h  t h e  use o f  advanced l i g h t w e i g h t  
s o l a r  a r r a y s  coup led  w i t h  r e g e n e r a t i v e  f u e l  c e l l  s t o r a g e .  The s o l a r  a r r a y  
b l a n k e t ,  u s i n g  e i t h e r  u l t r a t h i n  GaAs or amorphous s i l i c o n  s o l a r  c e l l s ,  would 
be i n t e g r a t e d  w i t h  a s t r u c t u r e  des igned  f o r  t h e  1 /6  g o f  t h e  moon. The ex t reme 
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need f o r  minimum mass w i l l  r e q u i r e  c a r e f u l  a t t e n t i o n  t o  p r o p e r  ene rgy  manage- 
ment fo r  a l u n a r  power sys tem t o  assu re  t h a t  t h e  h i g h e s t  p o s s i b l e  a r r a y  energy  
u t i l i z a t i o n  f a c t o r  can be a c h i e v e d .  
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TABLE I. - COMPARISON OF CURRENT AND ADVANCED PHOTOVOLTAIC 
POWER SYSTEMS FOR A MANNED LUNAR BASE 

P h o t o v o l t a i c  dev i ces  
Gal 1 i um a r s e n i d e  
Amorphous s i  1 i con 

A r r a y  s t r u c t u r e  

Energy s to rage  

Speci f i c power 

H igh  p ressu re  gas 
Regenerat ive f u e l  c e l l  

Power 
l e v e l ,  

kWe 

Lunar base des ign  C u r r e n t  per formance 

25 p e r c e n t  AM0 e f f i c i e n c y  21 pe rcen t  
15 pe rcen t  AM0 e f f i c i e n c y  9 p e r c e n t  

300 W/kg (APSA) 66 W/kg (OAST-1) 

1000 Wh/kg 300 Wh/kg ( p r i m a r y  f u e l  c e l l  ) 
60 pe rcen t  e f f i c i e n c y  60 p e r c e n t  e f f i c i e n c y  

100 

100 

N i g h t  
d u t y  
c y c l  e, 

pe rcen t  

100 

20 

SOA 
PV/BATT, 
mass, 

kg 

1 680 000 

336 420 

Advanced 
PV/RFC 
mass, 

k g  

34 500 

7 133 

Weight 
saved 

a t  LEO, 
k g  

7 910 000 

1 580 000 

1 aunches 
saved 

TABLE 11. - FIGURE OF M E R I T  COMPARISONS FOR 
PHOTOVOLTAIC/ELECTROCHEMICAL 

TECHNOLOGY OPTIONS 

Ar ray  66 W/kg 300 W/kg, 

Storage 14 Wh/kg, 1000 Wh/kg, 

u l  t r a l  i g h t w e i g h t  

H-0 RFC 

TABLE 111. - TECHNOLOGY STATUS AND DESIGN PROJECTIONS 

t b 

RANGE I 1  * 
R m  LARGE R 

FIGURE 1. - ENERGY UTILIZATION OF SEPARATE AND COMMON 
SOURCE SYSTEM I N  THREE EXTREME CASES 
R 1  = 0 AND Rm: Rm AND LARGE R2. 

R1 = R2 = Rm: 
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