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SPACE POWER USING SOLAR PHOTOVOLTAIC PANELS 2 
COSTS AND LIMITATIONS 

Kent A. W i l l i a m s  

ABSTRACT 

S o l a r  p h o t o v o l t a i c  p a n e l s  (SPPs)  have been sugges ted  as 
a p o s s i b l e  prime space  power source f o r  m u l t i - k i l o w a t t  
a p p l i c a t i o n s  w i t h i n  a b a l l i s t i c  m i s s i l e  d e f e n s e  (BMD) sys- 
t e m .  A s  a f i r s t  s t e p  i n  an  a t t e m p t  t o  assess t h e  a f f o r d -  
a b i l i t y  of p o s s i b l e  BEilD space  power s o u r c e s ,  t h e  l i m i t a t i o n s  
and c o s t s  of space  power sa tel l i tes  us ing  SPPs Fn conjunc- 
t i o n  w i t h  an e l e c t r o c h e m i c a l  energy s t o r a g e  system have been 
i n v e s t i g a t e d .  Both h igh  and low e a r t h  o r b i t a l  mLssions a r e  
cons idered ,  An e x t e n s i v e  l i t e r a t u r e  s e a r c h  w a s  conducted t o  
determine  v a l u e s  f o r  t h e  p r i n c i p a l  technology-driven per- 
formance and c o s t  f i g u r e s  of merit. A small computer code 
w a s  t h e n  developed t o  e v a l u a t e  t h e  t o t a l  power c o s t ,  inc lud-  
i n g  launch ,  i n  d o l l a r s  per  w a t t  of d e s i r e d  space power 
load.  The u n i t  c o s t s  o b t a i n e d  were found t o  be h e a v i l y  
i n f l u e n c e d  by t h e  n a t u r e  of t h e  miss ion  ( a l t i t u d e )  and t h e  
a t t a i n a b l e  s p e c i f i c  power f o r  t h e  two major power system 
components. 

1. PURPOSE OF STUDY 

1.1 Goals R e l a t e d  t o  O v e r a l l  SUI 
A f f o r d a b i l i t y  Assessment E f f o r t  

Assessment of t h e  a f f o r d a b i l i t y  of a b a l l i s t i c  m i s s i l e  d e f e n s e  
(BMD) system i s  a d i f f i c u l t  and immense t a s k ,  e s p e c i a l l y  because t h e  
o v e r a l l  a r c h i t e c t u r e  and technology of t h e  system are n o t  y e t  def ined .  
An e f f o r t  t o  assess s t r a t e g i c  d e f e n s e  i n i t i a t i v e  ( S D I >  a f f o r d a b i l i t y  
must begin  w i t h  s m a l l  p a r t s  of t h e  system which have some a v a i l a b l e  con- 
c e p t u a l  da ta .  

T h i s  document assesses one p a r t i c u l a r  form of space  power, t h a t  i s ,  
s o l a r  p h o t o v o l t a i c  p a n e l s  (SPPs)  e It also i l l u s t r a t e s  modeling and 
a n a l y t i c a l  t e c h n i q u e s  which are e q u a l l y  a p p l i c a b l e  t o  o t h e r  proposed 
space power t e c h n o l o g i e s  such as solar dynamic, n u c l e a r ,  and chemical.  

T h i s  r e p o r t  i s  based on an  e x t e n s i v e  survey QE t h e  r e c e n t  l i t e r a -  
t u r e  on SPPs and space power, Discuss ions  w i t h  non-ORNI, staff have been 
minimal and t h t s  r e p o r t  has  not  been reviewed by o u t s i d e  aerospace  con- 
t r a c t o r s  o r  government a g e n c i e s  o u t s i d e  of Oak Ridge. T t  i s  in tended  as 
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a scoping  s tudy  and not  r e a n t  t o  c a l c u l a t e  des ign  
s p e c i f i c  mission. The i n t e n t  is  t o  i n v e s t i g a t e  t h e  
t h e  use of s o l a r  p h o t o v o l t a i c  pane ls  as a sou rce  of 

requi rements  f o r  a 
i s s u e s  involved  i n  
s t eady  s t a t e  space  

power i n  a d e d i c a t e d ,  Space S h u t t l e  d e l i v e r a b l e  power s a t e l l l t e  which  
can service o t h e r  m i l i t a r y  or c i v i l i a n  payloads.  

1.2 Assessment Approach f o r  SPP T r ? c h n o l o a  

The space  power technology cons idered  i n  t h i s  r e p o r t  i s  l imit-ed t o  
s o l a r  p h o t o v o l t a i c  pane l s  (and t h e i r  accornpanying c’ner,gy s t o r a a e  sys-  
tern), which a t  p r e s e n t  r e p r e s e n t  one o f  t h e  two predominant sou rces  of 
space power u t i l i z e d  by the  1J.S. m i l i t a r y  and c i v i l i a n  space programs. 
[The o t h e r  mode is  r a d i o i s o t o p e  ther r r ioe iec t r ic  g e n e r a t o r s  ( R T G s ) .  ] The 
technology t r a d e o f f s  and c o s t  cons ide rae ions  f o r  t h e s e  photovul  t a i c  sys-  
t e m s  d l l  be d i scussed  i n  t h e  fo l lowfng manner. 

1. D e s c r i p t i o n  of t h e  requi rements  and gene ra l  f i g u r g s  of merit f o r  
space  power. 

2. Discuss ion  of t h e  power l i m i t a t i o n  imposed on s o l a r  pane ls  by 
launch,  o r b i t a l ,  and energy s torage c o n s i d e r a t i o n s .  A mathematlcal  
model w i l l  be used t o  e l u c i d a t e  t h e s e  r e l a t i o n s h i p s .  

3. Discussion of the  technology and c o s t  e lements  of importance.  m e  
model mentioned above wlll be used t o  c a l c u l a t e  ( a )  cos ts ,  both 
t o t a l  and p e r  w a t t ,  of d e s i r e d  load and (b)  performance i n  ternis of 
w a t t s  per  unit. mass. 

Bccaiise t h e  i n t e n t  i s  not t o  s p e c i f y  a p a r t i c u l a r  p o w ~ r  system d e s i g n  
f o r  a s i n g l e  mis s ion ,  no a t tempt  i s  made t o  op t imize  o r  b a s e l i n e  a par- 
t i  ciil a r  des ign .  

Most of t h e  background material f o r  this s tudy  has  been e x t r a c t e d  
from u n c l a s s i f i e d  l i t e r a t u r e .  Most i i s e f u l  were t h e  Aerospace Power 
papers  from t h e  Proceedings of t h e  13 th  Lhrough 20th  l n t e r s o c i e t y  Energy 
Conversion Engineer ing  Conferences ( r e f e r e n c e s  l i s t e d  i n  Sec t ion  7 ) .  
Many of the  5O-plus papers  read d e a l t  wi th  the  Nat iona l  Aeronaut ics  and 
Space Admin i s t r a t ion ’ s  (NASA’s) proposed space  s t a t i o n ,  f o r  which SPPs 
are  one of t h e  two power cand ida te s  f o r  t he  75 t o  300 kW needed f o r  t h e  
i n i t i a l  deployment; the o t h e r  cand ida te  i s  a s o l a r  dynamic system, 
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2. FIVE-STAGE LIFE-CYCLE COST CONSIDERATIONS IN SPACE POWER 

I n  d i s c u s s i n g  a f f o r d a b i l i t y ,  i t  i s  necessa ry  t o  c o n s i d e r  t h e  con- 
c e p t  of l i f e - c y c l e  c o s t s  and d e s i g n a t e  which phases  of t h e  p r o j e c t  l i f e  
cyc le  a r e  of p r i n c i p a l  i n t e r e s t .  For space  power systems deployed a s  a 
p a r t  of t h e  SDI, t h e  fo l lowing  d e s i g n a t i o n s  would be a p p r o p r i a t e :  

1. Development - The per iod  i n  which t h e  t e c h n i c a l  f e a s i b i l i t y  of t h e  
system i s  e s t a b l i s h e d  v i a  hardware-design-oriented r e s e a r c h  and 
development. A pro to type  system, such as t h e  ground-based r e a c t o r  
proposed f o r  t h e  SP-100 program, i s  o f t e n  b u i l t  t o  g a i n  t h e  e x p e r i -  
mental  d a t a  needed f o r  f i n a l  des ign  and e n g i n e e r i n g  of t h e  b a s e l i n e  
system. 

2. Engineer ing  - The per iod  i n  which t h e  knowledge ga ined  i n  the  
r e s e a r c h  and development (R&D) program i s  u t i l i z e d  t o  des lgn  t h e  
f i n a l  p r o d u c i b l e  and dep loyab le  svstem. 

3. Deployment - Tne c o n s t r u c t i o n  and/or  p roduc t ion  of t h e  b a s e l i n e  
system and t h e  p rocess  of p u t t i n g  i t  i n  o p e r a t i o n .  For a space  
power system t h i s  phase  would i n c l u d e  c a p i t a l  equipment, q u a l i f i c a -  
t i o n ,  and l aunch ing  c o s t s .  

4 .  Opera t ing  and maintenance (O&M) - The p e r i o d ,  u s u a l l y  s e v e r a l  
y e a r s ,  i n  which t h e  system is main ta ined  i n  a u s a b l e  c o n d i t i o n .  
Post- launch s p a c e c r a f t  s e r v i c i n g  would be i nc luded  here.  

5. Decommissioning - The pe r iod  i n  which a system i s  removed from 
s e r v i c e  and sa lvaged  o r  p laced  i n  d i s p o s a l .  For a s p a c e c r a f t  t h i s  
s t e p  could e n t a i l  burnup i n  t h e  e a r t h t s  a tmosphere,  i n s e r t i o n  i n t o  a 
high  e a r t h  o r b i t  o r  o r b i t  around t h e  sun, o r  p ickup by a space 
t r a n s f e r  veh ic l e .  

Because t h e  m a j o r i t y  of t h e  c o s t s  a r e  i n c u r r e d  i n  t h e  deployment phase, 
t h i s  phase w i l l  be t h e  only one of concern here .  For  a Space power 
s a t e l l i t e  (SPS) based on SPP technology,  t h e  deployment phase i n c l u d e s  
t h e  manufac tur ing  c o s t s  f o r  t h e  power s p a c e c r a f t ,  i n c l u d i n g  t h e  s o l a r  
p a n e l s ,  energy s t o r a g e ,  and power c o n d i t i o n i n g  equipment. Qual1 f i c a t i o n  
of t h i s  equipment f o r  space  use  i n c l u d e s  t h e  s p e c i a l  r e l i a b i l i t y  t e s t i n g  
r e q u i r e d  p r i o r  t o  launch. The c o s t  of l aunch ing  t h e  s p a c e c r a f t  i n t o  t h e  
d e s i r e d  e a r t h  o r b i t  i s  a l s o  cons ide red  a deployment c o s t .  

I f  i t  becomes necessa ry  t o  p e r i o d i c a l l y  s e r v i c e  t h e  s p a c e c r a f t  i n  
o r b i t ,  t h e  c o s t s  involved  a r e  cons ide red  O&M c o s t s .  In t h i s  s t u d y  i t  i s  
assumed t h a t  no post- launch maintenance is needed and t h a t  any addi- 
t i o n a l  p r o p e l l a n t  r e q u i r e d  over t h e  l i f e t i m e  of t h e  s p a c e c r a f t  i s  car -  
r i e d  d u r i n g  t h e  i n i t i a l  launch. 
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3. SPACE POWEK REQUTREMENTS AND FlGlJRES OF MERTT 

3.1 Mission Power Requirements 

P i i t i i r e  space miss ions ,  both m i l i t a r y  and c i v i l i a n ,  w i l l  r e q u i r e  
prime o r  s t e a d y  s t a t e  power l e v e l s  s i g n r l f i c a n t l y  h ighe r  than a v a i l a b l e  
today. Miss ions  i n  t h e  l a s t  s e v e r a l  ypars ,  siich as Skylab, have 
r equ i r ed  power l e v e l s  on the  o r d e r  of 1 t o  12 kW(e). P re sen t  mi l i ta ry-  
satellites use  up t o  10 kW. The l a t r s t  c i v i l i a n  space i n i t i a t i v e ,  
NASA's Space S t a t i o n ,  will r e q u i r e  75 Lo 300 kW(e). O t ' n r r  c i v i l i a n  
appl  i c a t i o n s  rtaqii ir ing such high power l e v e l s  a r e  d i r e c t  b roadcas l  
s a t e l l i t e s  and a i r - t r a f f i c - c o n t r o l  radar .  E l i l i t a ry  miss ions ,  f n c l u d i n g  
those  relatF*d Lo a b a l l i s t i c  r n i q s i l e  defense  system, w i l l  need s t eady  
s t a t e  power l e v e l s  i n  the  hundreds of k l l o w a t t s  and multi-megawatt 
l e v e l s .  

The  pretlominarit near-ear t l i  space power sources a t  p r e s e n t  and i n  
the  near f u t u r e  are s o l a r  photovol  t a i c  p a n e l s / e l e c t r o c h ~ m i c a l  ~ n e r g y  
s t o r a g e  and r a d i o i s o t o p e  t h e r m o e l e c t r i c  g e n e r a t o r s  ( R T G s )  f o r  e a r t h  
o r b i t  a p p l i c a t i o n s .  For deep space  ( f a r  Irom the  sim) i n t e r p l a n e t a r y  
mis s ions ,  such as Viking,  Voyaqer, and Gal i leo ,  t h e  RTG i s  t h e  only  
a v a i l a b l e  technology.  Sincc the  Spare S ta t r lon ,  scheduled f o r  1994 
deployment,  w i l l  be i n  a low e a r t h  o r b i t  ( L E O ) ,  a s o l a r  p h o t o v o l t a i c  
power system i s  cons idered  the lowcst r l s k  01 the  t w o  t rchnoloay o p t i o n s  
cons idered  f o r  t he  i n i t i a l  75-kW power system. The p o s s i h i l i t i c s  f o r  
u t i l i z i n g  s o l a r  p h o t o v o l t a i c  panels f o r  eve311 h ighe r  power (hundreds of  
k i l o w a t t s )  e a r t h  o r b i t a l  miss ions  are  t h e  s u b j e c t  of t h i s  rcpcr t ,  

It should be noted t h a t  SI31 s h o r t  d u r a t i o n  o r  bu r s t  power r e q u i r e -  
ments a r e  not  cons idered  here.  Burs t  power requi rements  a r e  on t l i r x  

o r d e r  of megawatts. A s p e c i a l  energy s t o r a g e  system w:lJ be r e q u i r e d  
f o r  miss ions  u t i l i z i n g  b u r s t  power. 

3.2 Pigiires o f  Merit f o r  Space Power 

Because e a r t h  t o  LEO launch  c o s t s  a r e  high (over  $2000 pe r  k i l o -  
gram) and t h e  a l lowab le  bay space and payload mass in t h e  space s h n t t l p  
o r b f t e r  a r e  l i m i t e d ,  i t  i s  necessa ry  t o  a i m  f o r  the  l a r g e s t  o v e r a l l  
stvady s t a t e  s p e c i f i c  power poss ib l e .  This s p e e i f i c  power, u s u a l l y  cx- 
p r ~ s s e d  i n  demand l o a d  e l ec t r i ca l  wa t t s /k i log ram,  appl fes  t o  t he  eat i r e  
power system payload mass, i n c l u d i n g  t h e  power p roduc t ion ,  energy  s t o r -  
age ,  and power c o n d i t i o n i n g  systems. Wemarid power r e p r e s e n t - s  the 
d e s i r e d ,  nameplate ,  o r  base-load power a v a i l a b l e  on a con t inuous ,  unin-  
t e r r u p t i h l e  h a s i s . )  It  i s  not  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  most R&L) i n  
the arca OF space power has as i t s  goal the maximi7ation of t h i s  f i g u r e  
of  nerit. It i s  a l s o  d e s i r a b l e  t h a t  the e n t i r e  power s p a c e c r a f l ,  re- 
f e r r e d  t o  i n  t h i s  r e p o r t  as an SPS, he t r a n s p o r t a b l e  i n  t h e  bay of t h e  
s h u t t l e  o r b i t e r ,  where a ~imximum payload 1 ~ 8 s  l i m i t  of -26,000 k,g i s  
pe rmi t t ed  f o r  o r b i t s  w i t h  smal l  i n c l i n a t i o n  t o  t h e  equa to r .  
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Geometr ical  l i m i t a t i o n s  a l so  apply  because t h e  maximum a l l o w a b l e  payload 
d iameter  and l e n g t h  i n  the s h u t t l e  cargo bay are -4.3 and 18.2 m ,  
r e s p e c t i v e l y .  It i s  impor tan t  t o  note  t h a t  t h e  d e s i r e d  o r  nameplate 
power requirement  is a s t e a d y  s ta te ,  not  peak, demand power a v a i l a b l e  
over the d u r a t i o n  of t h e  miss ion ,  even a t  the end of l i f e  (EOL)* T h e  
a c t u a l  power-producing e lements ,  I n  t h i s  case solar p h o t o v o l t a i c  p a n e l s ,  
must be des igned  f o r  a peak power level above t h e  average  load  l e v e l  t o  
compensate f o r  s o l a r  o c c u l t a t i o n s  ( p e r i o d s  of d a r k n e s s )  and s o l a r  c e l l  
performance d e g r a d a t i o n  because of r a d i a t i o n .  Energy s t o r a g e  must be 
provided f o r  t h e s e  p e r i o d s  of darkness .  

Along w i t h  maximizing s p e c i f i c  power, t h e  c o s t  p e r  demand w a t t  of 
power deployed should a l s o  be minimized. This  o v e r a l l  f i g u r e  of m e r i t  
should  i n c l u d e  t h e  power s p a c e c r a f t  manufactur ing and q u a l i f i c a t i o n  
Ci.e., c a p i t a l )  c o s t s ,  t h e  launch c o s t s ,  and t h e  i n i t i a l  cost: of any 
f u e l  o r  p r o p e l l a n t  r e q u i r e d  t o  keep t h e  s p a c e c r a f t  o p e r a t i n g  d u r i n g  t h e  
d u r a t i o n  of i ts mission.  

A s  w i l l  be shown i n  t h e  next c h a p t e r ,  t h e  performance and c o s t  f ig-  
u r e s  of m e r i t  E Q ~  space power depend s t r o n g l y  on p a r t i c u l a r  hardware 
f i g u r e s  of merit f o r  t h e  energy convers ion  technology u t i l i z e d ,  i n  t h i s  
case t h e  s o l a r  panels and t h e i r  accompanying e l e c t r o c h e m i c a l  energy  
s t o r a g e  system. State-of- the-ar t  v a l u e s  and f u t u r e  p r o j e c t e d  v a l u e s  for 
t h e s e  technology parameters  are a v a i l a b l e  i n  t h e  l i t e r a t u r e  and are d i s -  
cussed  i n  S e c t ,  7. It: should a l s o  be noted  t h a t  t h e  o r b i t a l  n a t u r e  of 
t h e  t n i s s i u t i  and launch c o n s i d e r a t i o n s  are e q u a l l y  impor tan t  d e t e r m i n a n t s  
of performance and c o s t .  
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4 .  SOLAR PHOTOVOLTAIC PANELS: TECHNOLOGY DESCRIPTION, 
STATUS, DEVELOPMENT, AND COSTS 

4.1 H i s t o r y  

S o l a r  p h o t o v o l t a i c  pane l s  have been used  i n  t h e  U.S. space program 
from i t s  f i r s t  e a r t h  s a t e l l i t e  (Exp lo re r ,  1958) t o  t h e  p re sen t .  For 
many low power, TXO a p p l i c a t i o n s ,  they  have proven t o  be a very  r e l i -  
a b l e ,  hence low r i s k ,  power s o u r c e e  They are a l s o  e x t e n s i v e l y  used f o r  
communication and m i l i t a r y  s a t e l l i t e s  i n  h igh  geosynchronous e a r t h  
o r b i t s  (0). 

Terres t r ia l  a p p l i c a t i o n s  of SPPs s i n c e  1960 have inc luded  t h e  pro- 
d u c t i o n  of small amounts of e l e c t r i c i t y  i n  remote areas, such as f o r  
b o o s t i n g  te lephone  l i n e  s i g n a l s .  I n  t h e  e a r l y  1 9 7 0 ~ ~  c o n s i d e r a b l e  in- 
terest i n  t h e  l a r g e  scale use of s o l a r  energy f o r  e lectr ical  power gen- 
e r a t i o n  r e s u l t e d  i n  a s i g n i f i c a n t  i n c r e a s e  i n  R&D on so la r  c e l l  produc- 
t i o n  techniques .  I n  the e a r l y  1980s,  a small [l-MW(e)] power p l a n t  
u s i n g  s e v e r a l  acres of p h o t o v o l t a i c  pane l s  w a s  c o n s t r u c t e d  i n  C a l i f o r n i a  
and p r e s e n t l y  se l ls  power t o  the  l o c a l  u t i l i t y  g r i d .  

4.2 Technology D e s c r i p t i o n  

S o l a r  p h o t o v o l t a i c  pane l s  c o n s i s t  of a r r a y s  of i n d i v i d u a l  photo- 
e l e c t r i c  ce l l s  mounted on a f l a t  b lanket  and frame s t r u c t u r e  i n c i d e n t  t o  
t h e  s u n ' s  rays .  F igu re  4 . 1  shows a concep tua l  s p a c e c r a f t  ( a  Rocketdyne 
concept1 f o r  NASA* s proposed space s t a t i o n )  with i t s  wing-like s o l a r  
pane l s  deployed. The  i n d i v i d u a l  cells  are i n t e r c o n n e c t e d  e l e c t r i c a l l y  
in tandem wi th  t h e  power c o n d i t i o n i n g  system and energy s t o r a g e  system 
such  t h a t  t h e  d e s i r e d  o u t p u t  v o l t a g e s  and c u r r e n t  can be produced. 
F igu re  14.2 shows an e l e c t r i c a l  b lock  diagram f o r  an SPP system as con- 
f i g u r e d  by TRW Corporat ion.2 It should be noted t h a t  t he  peak power 
a v a i l a b l e  from a s o l a r  panel  can exceed the  demand power l e v e l ,  but  on ly  
d u r i n g  per fods  of s o l a r  exposnre.  The excess QOWCT i s  used t o  r echa rge  
the  e l e c t r o c h e m i c a l  energy s t o r a g e  system. Curren t  solar  ce l l s  are con- 
s t r u c t e d  of s i l i c o n  doped wi th  o t h e r  l i g h t  e lements  such t h a t  a phota- 
e lec t r ic  e f f e c t  i s  induced by v i s i b l e  l i g h t  s t r i k i n g  the semiconductor  
s u r f a c e .  Each c e l l  i s  very  thLn (<1 mm) and has a liglit:-inc:ident area 
i n  t h e  t e n s  of square  cen t ime te r s .  This  f r o n t a l  area pe r  c e l l  i s  
l i m i t e d  by t h e  s i z e  and ra te  a t  which h igh -pur i ty  s i l i c o n  c r y s t a l s  can 
be manufactured,  

S o l i d - s t a t e  phys i c s  and quantum c o n s i d e r a t i o n s  l i m i l :  t h e  t h e o r e t i -  
cal  e f f i c i e n c y  ( e l e c t r i c a l  energy t o  i n c i d e n t  l i g h t  energy  r a t i o )  t o  a 
v a l u e  on t h e  o r d e r  of 18% f o r  s i l i c o n .  Other  l o s s e s  r e s u l t  i n  an  
achieved  e f f i c i e n c y  of 10 t o  14% f o r  i n d i v i d u a l  cel ls  and 7 t o  11% f o r  
a c t u a l  a r r a y s  o f  s i l i c o n  s o l a r  cel ls .  An advantage,  however, i s  t h e  
fac t  that p h o t o c e l l s  are d i r e c t  conve r s l an  d e v i c e s ,  t h a t  i s ,  no heat 
englne  o r  mechanical. g e n e r a t o r  i s  r e q u i r e d  t o  produce t h e  e l ec t r i ca l  
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F i g .  4.1. P r o p o s e d  space s t a t i o n  with solar  panels deployed.  
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Fig. 4 .2 ,  P h o t o v o l t a i c  system e lec t r ica l  block diagram. 

power. The hea t  r e j e c t i o n  problem is a l s o  g r e a t l y  s i m p l i f i e d  because 
t h e  l a r g e  SPP backface a r e a  a l lows  f o r  r a d i a n t  h e a t  t r a n s f e r .  

Tho impor tan t  hardware f i g u r e s  of merit f o r  s o l a r  p h o t o v o l t a i c  
p a n e l s  are the  s p e c i f i c  power ( i n  r e l a t i o n  t o  t h e  o v e r a l l  panel  mass and 
t h e  panel o u t p u t  peak power) and the areal power d e n s i t y  (peak power per  
square meter of pane l ) .  Table  4.1 shows va lues  of t h e s e  f i g u r e s  of  
merit  for  p re sen t  s i l i con -ce l l -based  a r r a y s  and p r o j e c t i o n s  :for s o l a r  
ce l l  t echno log ie s  based on advanced m a t e r i a l s .  A s  t h e s e  v a l u e s  in.-- 
c r e a s e ,  a power s p a c e c r a f t  utilizing the improved des ign  would be ab le  
t o  provide  inore demand power pe r  ki logram of ded ica t ed  payload;  i n  o t h e r  
words, t he  o v e r a l l  power d e n s i t y  ~ ~ o , u J . d  improve. The improvements neces- 
s a r y  t o  i n c r e a s e  the  panel s p e c i f i c  power and t h e  a r e a l  d e n s i t y  of s o l a r  
p a n e l s  c e n t e r  on i n c r e a s i n g  ce l l  e f f i c i e n c y  and reducing  the  weight per 
u n i t  a r ea  of t h e  o v e r a l l  panel structure.  The product ion  of t h i n n e r  
c e l l s  and s u b s t r a t e s  i s  one method of accomplishing t h e  l a t te r .  

Advanced concepts  f o r  s o l a r  p h o t o v o l t a i c  panels i nc lude  the  use  o f  
a d i f f e r e n t  semi conductor ,  t he  most p romis ing  cand ida te  being ga l l ium 
a r s e n i d e  (Ga-As). Opt ica l  enhancers  such as F resne l  o r  Casseg ra in i an  
l e n s e s  can be used t o  c o n c e n t r a t e  s u n l i z h t  on such  c e l l s  and f u r t h e r  in -  
c r e a s e  the i r  e f f i c i e n c y  and output .  cons ide rab le  r e sea rch  i s  under way 
on  such Ga-As " concen t r a to r "  c e l l s .  Another advaneed concept ,  c a l l e d  
the  mul t i  --bandgap (MBG) approach,  i nvo lves  the s t a c k i n g  of t h i n  s o l a r  
ce l l s  such t h a t  a h ighe r  percentage o€  the  s o l a r  f requency spcrtrurn i s  
used. Table  4.1 a l s o  shows some €igurt>--of-merit p r o j e c t i o n s  f o r  t h e s e  
advanced phoLovoltaic  op t ions .  
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T a b l e  4.1. Hardware  f i g u r e s  o E  merit 
f o r  s o l a r  p h o t o v o l t a i c  panels 

i n  space applfcations 

P a n e l  a r ea l  power 
d e n s i t y  

(W/m2 ) 

Pane l  s p e c i f i c  power C e l l  e f f i c l e n c y  

i Z )  
S o l a r  c e l l  

t y p e  (W/kg) 

Silicon ( S i )  5 0 1 0 5 11 t o  14 
( p r e s e n t  tech-  
nology) 

Gal 1 i urn-arseni de  35 t o  66 
( Ga-As) concen-  
t r a t o r  c e l l s  
( p r o j e c t i o n s )  

160 t o  200 16 t o  2 1  

"1BG ( p r o j e c t i o n s )  106 to 300 160 t o  700 2 0  t o  30 

4 . 3  S o l a r  Panel Cos ts  

In t he  area of s o l a r  panel economics, c o s t s  are o f t e n  expressed  i n  
d o l l a r s  per  wa t t  of peak power produced ( p r i o r  t o  power c o n d i t i o n i n g ) .  
An e x t e n s i v e  s e a r c h  of t h e  l i t e r a t u r e  on so l a r  panel c o s t s  i n d i c a t e s  a 
wide v a r i a t i o n ,  t h a t  is, from a few d o l l a r s  per w a t t  t o  a few hundred 
d o l l a r s  pe r  w a t t .  "he d i f f e r e n c e  depends on t h e  type  of a p p l i c a t i o n  and 
t h e  e x t e n t  t o  which a l l  c o s t s  are inc luded .  S o l a r  p h o t o v o l t a i c  pane l s  
f o r  terrestr ia l  e l e c t r i c i t y  p roduc t ion  use have been produced f o r  a s  low 
as  $5.50 per peak watt .  This c o s t  does n o t  i n c l u d e  t h e  sun-fol lowing 
mechanism needed f o r  u t i l i t y  a p p l i c a t i o n s ;  t h a t  t r a c k i n g  dev ice  adds 
approximate ly  $3.50/W t o  t he  panel c o s t s .  SPPs f o r  space a p p l i c a t i o n  
vary  from $300 t o  $120O/W. (The manufac tur ing  c o s t  per  w a t t  f o r  t he  
s o l a r  cel l  a lone  i s  an o r d e r  of magnitude sma l l e r . )  The high c o s t  f o r  
space  SPPs can be a t t r i b u t e d  t o  t h e  c o s t l i e r  manufacturine; and q u a l i f i -  
c a t i o n  procedures  needed f o r  h i g h e s t  p o s s i b l e  e f f i c i e n c y  and re l ia -  
b i l i t y .  The number of pane l s  produced f o r  a p a r t i c u l a r  space a p p l i c a -  
t i o n  is a l so  much sma l l e r  than t h e  number r equ i r ed  f o r  a t e r r e s t r i a l  
a p p l i c a t i o n  such as a power p l an t .  Th i s  economy-of-scale problem i n  SPP 
manufac tur ing  is d i scussed  i n  a l a t e r  s e c t i o n .  It should be noted t h a t  
t h e s e  space  SPP c o s t s  pe r  peak w a t t  do not  i nc lude  energy s t o r a g e ,  Dower 
c o n d i t i o n i n g ,  o r  launch  c o s t s ,  a l l  d i s c u s s e d  i n  Sec ts .  6 and 7. 

4 . 4  Advantages and Disadvantages of SPPs 

T a b l e  4.2 shows a l i s t f n g  of t h e  major advantages  and d i sadvan tages  
of S P P s  f o r  s p a c e c r a f t  power a p p l i c a t i o n s .  The major ones t h a t  have not  
been a l r e a d y  d i s c u s s e d  w i l l .  be mentioned below. 
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Table  4.2. Advantages and d i sadvan tages  
of SPPs f o r  space a p p l i c a t i o n s  

Ad vantages  - 
Low-risk technology/proven r e l i a b i l i t y  

No s a f e t y  problems r e l a t e d  t o  r a d i o a c t i v i t y  ( s h i e l d i n g ,  r e -en t ry )  

No moving p a r t s  (no hea t  eng ine  r e q u i r e d )  

Minimal hea t  r e j e c t  i o n  problem 

- Disadvantayes 

Require  energy s t o r a g e  t o  provide power du r ing  s o l a r  occul ta t - ion  

High area of pane l s  and t h e  need f o r  sunward r e o r i e n t a t i o n  cause  occa- 

High area of pane l s  makes s p a c e c r a f t  s u s c e p t i b l e  t o  d r a g  

High v u l n e r a b i l i t y  Lo d e t e c t i o n  and s t r a t e g i c  t h r e a t s  

Vulnerahi  l i t y  t o  r a d i a t i o n  (h igh  ener'gy pa r t l c l i l a t e  and e l e c t r o m a g n e t i r )  

Packaging d i f f i c u l t y  because of large area of pane ls  

Large area c o n t r i b u t e s  t o  high moment of i n e r t i a  f o r  s p a c e c r a f t  ( d i f f i -  

s iona l  blockage of sensors and antennas  

c u l t  maneuverab i l i t y )  

4.4.1 S o l a r  e c l i p s e s  and t h e  need f o r  energy s t o r a g e  

I n  any ear th  o r b i t  t h e  s p a c e c r a f t  w i l l  spend up t o  one-half i t s  
o r b i t a l  per iod  w i t h i n  t h e  earth's shadow, obscured from t h e  suno 
Because most p r o j e c t e d  a p p l i c a t i o n s  r e q u i r e  s t e a d y  s t a t e  power, some 
means of s t o r i n g  the s o l a r  energy du r ing  the  s p a c e c r a f t  "day" and 
r e l e a s i n g  i t  d u r i n g  such s o l a r  ecl ipses  or  s p a c e c r a f t  "nightmo m w ~  be 
provided. F lec t rochr in j  caL energy s t o r a g e  dev ices  such as b a t t e r i e s  and 
f u e l  ce l l s  are c u r r e n t l y  i n  use ,  w i th  the nickel-cadmium b a t t e r y  be ing  
t h e  c u r r e n t  b a s e l i n e  technology.  Batteries are the  p r e f e r r e d  storage 
systrrn f o r  use wi th  s o l a r  pane l s ,  s i n c e  r echa rg ing  and d i s c h a r g e  v o l t -  
ages are s i m i l a r .  For the less  r e v e r s i b l e  fur l  c e l l s ,  r echa rg ing  re- 
q u i r e s  s p e c i a l  power cond i t ion ing .  

Two major d€ssdvantages  r e s u l t  from adding energy storage capab i l -  
i t y :  added power system mass and t h e  need i o  supply enough a d d i t i o n a l  
s o l a r  pane l  c a p a c i t y  t o  r echa rge  the  b a t t e r i e s  d u r i n g  t h e  '*dayaa p a r t  of 
o r b i t  ( i n  a d d i t i o n  t o  provid ing  t h e  d e s i r e d  load  power). A f i g u r e  of 
m e r i t  f o r  b a t t e r y  performance i s  t h e  s p e c i f i c  energy, u s u a l l y  expressed  
i n  wa%t-hours p e r  kilogram of b a t t e r y  mass. The b a t t e r y  mass must be 
cons ide red  i n  c a l c u l a t i n g  t h e  o v e r a l l  s p e c i f i c  power for t h e  space  power 
system. In  a d d i t i o n  t h e  number of cha rge /d i scha rge  cyc le s  a f f e c t s  t h e  
wat t -hours  per ki logram f l g r i re  of merit. For  t h i s  reason 6 E O  m l s s i m s ,  
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with their longer, hence fewer, lightldarkness cycles, experience higher 
battery specific energies than LEO missions. Energy storage system 
costs in the literature often appear as unit costs in terms of dollars 
per watt hour of storage capacity. Table 4 . 3  shows some figures of 
merit for current and advanced energy storage devices. 

Another disadvantage of SPPs is atmospheric drag, a consideration 
that w i l l  be discussed i n  the next chapter. 

Table 4.3.  Some hardware figures of merit 
for energy storage devices 

_I ~ ~ _ _  

Energy storage Specific energy Cost" 
device (W-h/kg) ( $ / W-h 1 

NiCd batteries 4 to 3 5  15 to 30 

NiH2 batteries 23 to 55 204- 

Regenerative fuel cells 11 to 15 37 to 49  

High energy density 11 to 110 Not available 
rechargeable battery 
(HEDRB) 

%ahor and materials only (overhead and qualifica- 
t ion costs not included) . 
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5 .  ORBITAL AND LAUNCA C O N S l D E K A T I O N S  

5.1 Orb i t  C l a s s i f i c a t i o n  
_r___- 

T h r  a l t i t u d e  and n a t u r e  of a spacecraft's o r b i t  aEFect s e v e r a l  as- 
p e c t s  of miss ion  economics and power system desiKn- Among the  o r b i t -  
dependent e n t i t i e s  a r e  t lw per iod of da rkness ,  a tmospheric  drag ,  solar  
c e l l  r a d i a t i o n  damage, launch payload s i z e ,  and b o o s t e r  requi rements .  
Two b a s i c  o r b i t  t ypes ,  LEO and high eni- th o r b i t  ( H E O ) ,  are d iscussed .  

Low e a r t h  o r b i t s  a r e  those  t h a t  can be a t t a i n e d  by the  space 
s h u t t l e  o r b i t e r  v e h i c l e  and l:hat range from 300 t o  600 km (average  ver- 
t i c a l  d i s t a n c e  from sea l e v e l ) .  Tn t h e  lower e i d  o f  t h i s  ran.F?;es t h e  
very  tenuous top of the  e a r t h ' s  atmosphere e x e r t s  a sinal1 but s i g n i f i -  
cant  drag  f o r c e  on any forward s u r f a c e s  exposed. For t h i s  reason  i t  i s  
necessa ry  t o  o c c a s i o n a l l y  r eboos t  s a t e l l i t e s  i n  LEO. The p r o p e l l a n t  and 
rocket  engines  needed f o r  t he  reboos t  t a s k  constitute. a d d i t i o n a l  payload 
mass f o r  the s h u t t l e  o r b i t e r  and d e t r a c t  f rom t h e  mass a v a i l a b l e  f o r  
space power protliiction. A payload l i f t e d  by the  space  s h u t t l e  i n t o  LEO 
can be deployed wi th  very l i t t l e  e f f o r t ,  rd rhou t  Che use of an addi- 
t i o n a l  boos t e r  s t age .  For IIEO ( f e e . ,  600 km and above) ,  however, t h i s  
i s  not  t h e  case.  The s h u t t l e  o r b i t e r  payload bay musir c a r r y  a booster  
s t a g e  [ o r b i t a l  t r a n s f e r  v e h i c l e  ( O T V ) ]  and p r o p e l l a n t  ( i n  addill ion t o  
t h e  o r b i t i n g  payload)  such 3s a Cencaur-@ rocke t  engine.  HEOs do have 
the  advantage,  though, that  a tmospher ic  d r a g  i s  n e g l i g i b l e  and r eboos t  
i s  not  necessary.  As HE0 s i z e  i n c r e a s e s ,  however, o t h e r  problems 
a r i s e .  In t h e  4,000 t o  10,000-km reg ion ,  t h e  i n t e r a c t i o n  of t he  s o l a r  
wind wi th  the e a r t h ' s  l i n e s  of mgi le t i r :  f o r c e  c r e a t e s  a region,  t h e  Van 
Allen Belt, where high ener,qy (-1 M e V )  p r o t o n  and e l e c t r o n  f l u x e s  are  
l a r g e  and r a d i a t i o n  damage t o  e l e c t r o n i c s  and seniiicorntlrictor materials, 
such a s  s o l a r  ce l l s ,  can be s i g n i f i c a n t .  F o r t u n a t e l y ,  one of t he  most 
u t i l i z e d  WWs, the  GEO a t  36,000-km a l t i t u d e ,  is  l o c a t e d  w e l l  o u t s i d e  
t h i s  h i g h e s t - f l u x  reg ion .  A t  t h i s  a1 titiitle the  average o r b i t a l  pe r iod  
i s  equal  t o  the e a r t h ' s  r o t a t i o n a l  pe r iod ;  thus,  a s a t e l l i t e  always 
f a c e s  the  same p a r t  of t h e  e a r t h ' s  s u r f a c e .  For  weather ,  n a v i g a t i o n a l ,  
communicati.ons, and some t y p e s  of s u r v e i l l a n c e  s a t e l l i t e s ,  t h i s  GEO i s  
necessarv .  

5.2 Launch Conei d e r a t i o n s  

These o r b i t a l  and l aunch  f a c t o r s  a l l  a f f e c t  t h e  des ign ,  perform- 
ance,  c o s t ,  and u l t i m a t e  load c a p a c i t y  of a s h u t t l e - d e p l o y a b l e  SPP space 
power s a r e l l i t e  (SPS) .  Thcl nwde l  desc r ibed  i n  the next chapLer wi l l  
p re sen t  q u a n t i t a t i v e  r e l a t i o n s h i p s  and unde r ly ing  assumptlons c e n t r a l  t o  
t h e  c o n c l u s i o n s  of t h i s  stlidy. 
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5.  A DESIGN AND COST MODEL FOR 
SOLAR PHOTOVOLTAIC PANELS 

6 ,1  Key Model Assumpt ions 

The model d l scusse t l  liere allows om? t o  s p e c i f y  a given d e s i g n  power 
load and rece-lve as outpnt  t h e  S h u t t l e  O r b i t e r  pay load  ~ B S S C ~ S  and the  
c o s t  of deploying  an SPS and m a i n t a l n i n g  i t  i n  o r h i t .  Much of t he  model 
is based on s imple  algorithms o r  w r v r  f i t s  d e r i v e d  from more detailed 
a s p e c t s  of SPP technology found i n  t h e  l i t e r a t u r e ,  A block diagram f o r  
t h e  model - is  shown i n  Fig.  6 .  1 .  Listec? helow are  the k e v  assumptions.  

INPLlTS 
f>F! INCIPAI .  
OCJTPUTS 

LAUNCI-1 AND 
PROPELLAN-T 

lJNlT COSTS 

ALTITUDE 

PANEL. MASS 

DE M A N U 
PO‘JVER A N D  

SPEC1 F I C  $ /DEMAND 
POWER FOR WATT 

TUT’AL $ 

SPPS 

SOLAR PANEL 
M A S S  AND A R E A  

$/m2 OR SIW 
OF PANEL. 

SPECIFIC 
ENERGY 

FOR 
SPPS 

SPECIFIC 
ENERGY FOR 

STORAGE 
SYSTEM 

F i g .  6.1. Block diagram f o r  SPS model. 
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1" 

2, 

3. 

4 e 

5 .  

The SPS payload i s  assumed t o  c o n s i s t  of a power system [ s o l a r  
pane l s ,  an energy  s t o r a g e  system ( b a t t e r i e s  o r  r e g e n e r a t i v e  f u e l  
c e l l s ) ,  and a power c o n d i t i o n i n g  system] and, i f  needed, t h e  LEO 
reboost or  AEO boost e n g i n e / p r o p e l l a n t  needed t o  a t t a i n  and s u s t a i n  
o r b i t .  The t o t a l  mass of t he  above must be such t h a t  i t  can be 
c a r r i e d  i n  t h e  bay of one s h u t t l e  o r b i t e r .  
Boost from LEO t o  HE0 i s  accomplished v i a  a Centaur-type boos te r  
s t age .  Thls  shu t t l e -dep loyab le  v e h i c l e  w i l l  be a v a i l a b l e  i n  e a r l y  
1986. Advanced O T V s  concepts  such as i o n  eng ines  and r e u s a b l e  
"space tuas ' '  a r e  not cons idered .  
It i s  assumed t h a t  whatever geometr ic  shape the  SPP system t a k e s ,  i t  
can be somehow fo lded  i n t o  the  s h u t t l e  bay and unfolded a t  o r b i t a l  
i n s e r t i o n .  
The q u e s t i o n  of v u l n e r a b i l i t y  of a space  power s a t e l l i t e  (SPS) t o  
particles, l a s e r  beams, and o t h e r  i n t e n t i o n a l  o r  non- in t en t iona l  
space  hazards  w a s  not addressed.  Only r a d i a t i o n  damage t o  s o l a r  
c e l l s  i s  cons idered .  
The space s h u t t l e  i s  the  only  v e h i c l e  cons idered  f o r  t r a n s p o r t a t i o n  
of payloads from e a r t h  t o  LEO. For a very  l a r g e  payload,  f o r  
example, 100 metric t o n s ,  a new space t r a n s p o r t a t i o n  s y s t e m  w i l l  be 
needed. The 25 me t r i c  ton s h u t t l e  c a p a c i t y  cons idered  h e r e  is  f o r  
o r b i t s  w i th  low i n c l i n a t i o n  t o  t h e  e q u a t o r ,  such a s  those  launched 
eastward from Cape Canaveral  a t  -28" t o  t h e  equator .  

6.2 I n p u t s  and Outputs  EOJ: -- the  Code 

Tab le  6.1 l i s t s  the i n p u t s  t o  the codes a long  w i t h  t h e i r  aapro- 
p r i a t r .  un i t s  and a range of va lues .  Table 6.2 l i s t s  t h e  p r i n c i p a l  code 
o u t p u t s  i n c l u d i n g  c o s t  f i g u r e s  of merit. 

S.3 D e s c r i p t i o n  of Code Algorithms: So la r  Panel Tks ie ;n  --- .---- 

Given the  d e s i r e d  s t eady  s t a t e  o r  demand power, PLIES, t he  code 
c a l c u l a t e s  t he  s in '  and mass of t h e  so l a r  pane l s  and energy  s t o r a g e  sys-- 
t e m  needed t o  suppor t  t he  mission.  It i s  assrmed t h a t  a t  '601, ( i .e . ,  a t  
t he  end of NYRS y e a r s )  t h e  power s a t p l l i t e  can s t i l l  d e l i v e r  PDES w a t t s ;  
therefort . ,  t h e  peak power r e q u i r e d  €rom t h e  p a n e l s ,  PKEQ may be 
s i g n i f i c a n t l y  l a r g e r  than PDES. The performance degrada t fon  f a c t o r ,  
PDFK, i s  one of the  v a r i a b l e s  needed t o  c a l c u l a t e  PREQ, and depends on 
t h e  e x t e n t  of r a d i a t i o n  damage and t h e  miss ion  l i f e t i m e ,  NKRS. I n  a 
1982 Jet  P ropu l s ion  Jztboratory (,JPT,) paper1  by Kockey e t  a l . ,  PDFK i s  
r e p r e s e n t e d  a s  t h e  r a t i o  of EOL power t o  beginning-of - l i fe  (BOL) 
power. Th i s  r a t i o  i s  c a l c u l a t e d  v i a  a d e t a i l e d  r a d i a t i o n  damage model 
f o r  v a r i o u s  o r b i t  a l t i t u d e s ,  l i f e t i m e s ,  and s o l a r  c e l l  t h i ckness .  
[Although t h i n  ce l l s  have b e t t e r  s p e c i f i c  power va lues  (KSA) ,  they  a r e  
sometimes more s u b j e c t  t o  damage. ] Usine an i n t e r p o l a t i o n  so f tware  
package and t h e  d a t a  f r o m  the  above paper ,  a s u b r o u t i n e  has  been devel -  
oped t o  c a l c u l a t e  t h e  deg rada t ion  f a c t o r  due t o  r a d i a t i o n  damage (PDFK) 
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Tab le  6.1.  I n p u t  v a r i a b l e s  f o r  s o l a r  power sat ell it^ code 

-_ 
V a r i a bl e f u n c  t i on IJni t~ Value  r a n g e  

V a r i a b l e  
name 

PIXS 

NYKS 

IES 

KSA 

PA 

FCDENS 

EDENS 

nom 
C SHUTL 

COTJ  

CSA 

CBATT 

CKPC 

LDRAG 

I RtU) 

Desired o r  deinarid l oad  s t e a d y  
s t a t e  power for s a t e l l i t e  

D u r a t l o n  of power s a t e l l i t e  
mi <sion 

F l a g  i n d i c a t i n g  t y p e  o f  ene rgy  

S p e c i f i c  power f o r  solar 

Areal power d e n s i t y  for  s o l a r  

s t o r a g e  

pnricl s (peak  p o w e r )  

Q ~ ~ P I S  (peak  pnw6.r) 

(uscd i f  TES = 2 )  
F u e l  c e l l  e n e r g y  d p n s i t y  

B a t t e r y  e n e r e y l d e n s f  t y  

O r h i t  a l t i t u d e  

UnI t  r o s t  f o r  s h i i t t l e  l a u n c h  

( u s e d  i f  JES = 1)  

to CFO 

Cost of booster s t a g e  

T o t a l  c o ~ t  p e r  watt  f o r  s o l a r  
p a n e l s  i n c  1udi  rig b l a n k e t  arid 
s t r u c t u r e s  ( s p a w  q u a l i f i e d )  

B a t t e r y  e n e r g y  s torage c o s t  
per  watt-hour ( u s e d  i f  TES 
= 1) ( s p a c e - q u a l i E i e d )  

R e g e n e r a t i v e  frw7 c e l l  cost 
per wat t -hour  (used i f  IES 
= 2 )  ( s p a c e - q u a l i  f i e d )  

F l a g  t o  a c t l v a t c  e f f e c t s  of 
a t m o s p h e r i c  d rag  on 
s a t e l l i t e  

F l a g  t o  a c t i v a t e  eFEects of 
radiation damage on SPPs 

I t o  10 

1 ( b a t t e r i e s )  
2 ( r e g e n e r a t i v e  fuel  c e l l s )  

30 t o  300 

so t o  300 

10 t o  25 

5 t~ 60 

3 0 0  t o  40,000 

2,000 t o  5,000 

2 % 107 to 6 107 

200 t o  700 

60 t o  1-20 

100 

0 ( n o )  
1 ( y e s )  

% n i t s  f o r  power a r e  el~ctrical w a t t s  IW(c>J. 
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Table 6.2. Output v a r i a b l e  f o r  s o l a r  power s a t e l l i t e  code 

Units  Comments Var iah le  
name 

Vartable  func t ton  

PDFK 

PREQ 

P BKEQ 

PFCREQ 

ASA 

MSA 

MES 

MAUX 

M O T  

MBOOST 

&YE BOO 

MPLOAn 

PLOAD 

KRES 

KTQT 

D PdG 

CARRAY 

CES 

CAIJX 

CMTOT 

CSHUTT 

EOI,/BOL performance degrada- 
t i o n  because of r a d i a t i o n  
damage 

P e a k  SPP power requirement 

Bat te ry  energy s torage  
r e q u i  rerne n t  

r e  q u i re ot- n r 
Fuel c e l l  energy s torage  

SPP i n c i d e n t  a rea  

Solar  a r r a y  mass 

Energy s torage  system mass 

Power condi t ion ing  s y s t e m  
mass 

Tota l  power system mass 

Mass of LEO t o  HE0 boost 
p r o p e l l a n t  and engine 

Mas4 of LEO reboost propel -  
l a n t  and engine 

Nonpower payload 

Tota l  s h u t t l e  bay payload 

Energy s torage  system 
s p e c i f i c  power 

Tota l  power system s p e c i f i c  
power 

Rehoost € u e l  consmpt ion  
because of atmospheric 
drag 

SPP c o s t  

Energy s torage  system c o s t  

Power condi t ion ing  s y s t e m  
c o s t  

l’otal power s y s t e m  c o s t  

Cost of power s y s t e m  e a r t h  
t o  LEO t r a n s p o r t  

dimensionless  I f  PDFK = 1 . 0 ,  no degrada t ion  
e x i s t s  

wa 
V- h 

w -h 

W/kg 

l h  of propel- 
l a n t  I f  t 2 /  
year  

S 

S 

$ 

For space power dedicated 
s a t e l l i t e ! ,  t h i s  should 
approach z e r o  

In terms of demand load power 
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T a b l e  6.2 (continued) 

__I_____ 

Units Comment s Vartah le  
name 

Vari a h l e  f u n c t i o n  

__I__. __I llll.lllllll 

CREBOO Yanufac tur ing  coqt o f  rehoos t  s 
propel  1 a n t  

t o  LEO t r a n s p o r t  

HE0 boostcxr s t a a e  propellant 

CCRH C o s t  o€ r e b o o s t  fuel e a r t h  S 

CBOOST M a n u f a c t u r i n g  c o s t  of LEO t o  $ 

C W A C E  M a n i i f a c t i i r i n K  c o s t  o f  b o o s t e r  $ 
s 1- age 

CCKNSH Cost  o f  b o o s t e r  fuel and s 
engine  t r a n s p o r t  from e a r t h  
t o  LEO 

CLHTOT T o t a l  laranch c o s t  r; 
CMI'OW Power system c o s t  p e r  watt S/W I n  tcrrms of demand load power 

I n  terms of  demand l o a d  power CLWATT 1,aunch cos t  per w a t t  SIW 
CTWATT T o t a l  cost  per  w t t  s/w In terms of demand l o a d  power 

l__l__l__._.__ ~ --I--- - 
aCTnits f o r  power a r e  t - l e c t r i c a l  watts [h ' (e ) l .  

as a f u n c t i o n  of t h e  fo l lowing :  

1. NYRS - t h e  miss ion  l i f e t i m e  ( y e a r s ) ,  
2. AORB - t h e  s a t e l l i t e  a l t i t u d e  ( k i l o m e t e r s )  and 
3 .  K S A -  t h e  s o l a r  panel  s p e c i f i c  power ( e l e c t r i c a l  peak wat t s  pe r  

k i log ram) ,  which is i n v e r s e l y  p r o p o r t i o n a l  t o  s o l a r  ce l l  th ickness .  

A s  expec ted ,  t he  worst  performance degrada t ion  occur s  a t  long m l s s i o n  
l i f e t i m e s ,  hlgh s o l a r  panel s p e c i f i c  power, and i n  t h e  most a c t i v e  p a r t  
of t he  Van-Allen b e l t  r eg ion  (4,000 t o  10,000 km). Figure 6.2 shows a 
t y p i c a l  curve  from t h e  c i t e d  JPL  r e p o r t 1  showing t h i s  o r b i t a l  v a r i a t i o n .  

The r a t i o  PDES/PDFK i n d i c a t e s  t h e  s o l a r  panel ove rdes ign  r equ i r e -  
ment i f  r a d i a t i o n  damage w e r e  t h e  only  cons ide ra t jon .  T t  i s  n o t ,  how- 
e v e r ,  and one must now cons ide r  t h e  a d d i t i o n a l  power requi rement  f o r  re- 
cha rg ing  o r  r e g e n e r a t i n g  t h e  energy s t o r a g e  s y s t e m  d u r i n g  the  s a t e l l i t e  
stin exposure per iod .  F i r s t ,  the f r a c t i o n  of t h e  o r b i t  t h a t  t h e  satel-  
l i t e  spends i n  t h e  e a r t h ' s  shadow ( t h e  shadow f a c t o r )  mast be c a l c u l a t e d  

F = ( a r c s i n  [REARTH/(REARTH + HORB)])/r , 

where 

REARTIJ = average  r a d i u s  of t he  e a r t h  (6378 k m ) ,  
F = shadow factor (d imens ion le s s ) .  
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pig.  6.2.  Solar array s p e c i f i c  power a f t e r  10 years. 

The shadow f a c t o r  is  always (0.5 and decreases wfth increasing o r b i t  
s i z e .  This  e q u a t i o n  is  a p p l i c a b l e  t o  most LEO and HE0 c i r c u l a r  o r b i t s  
u t i l i z e d  by ear th  s a t e l l i t e s .  

The o r b i t a l  perllod is  c a l c u l a t e d  from Kepler's t h i r d  l a w  f o r  c i r -  
c u l a r  o r b i  t s  : 

where 

PER = the o r b i t a l  p e r i o d  in hours.  
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The product  (F * PER) r e p r e s e n t s  t h e  t i m e  t h a t  t h e  s a t e l l i t e  spends i n  
darkness  and t h e  t i m e  f o r  which t h e  energy  s t o r a g e  system must d i s c h a r g e  
a t  t h e  demand power l e v e l  PDES. Th i s  da rkness  pe r iod  i n c r e a s e s  w i t h  
o r b i t a l  a l t i t u d e .  

The s o l a r  panel power requirement  depends on t h e  type  of energy 
s t o r a g e  o p t i o n  chosen. The p r e v i o u s l y  c i t e d  JPL paper1 by Rockey e t  al. 
s u g g e s t s  t h e  fo l lowing  forms f o r  t h e  two s t o r a g e  o p t i o n s ,  b a t t e r i e s  and 
f u e l  cells. If t h e  f l a g  IES = 1 ,  b a t t e r i e s  a r e  assumed used, and 

PDES = 
PDFK = 

Q =  

F =  
CDEFF = 

I f  t he  f l a g  

d e s i r e d  power load  ( w a t t s ) ,  
performance degrada t ion  f a c t o r  
((1.0 i f  IRAD = 1) 
(1.0 i f  IRAD = 0 ) ,  
power c o n d i t i o n i n g  and c a b l i n g  l o s s  f a c t o r  ( c o n s t a n t  a t  
1 .OS),  
shadow f r a c t i o n ,  
charge  t o  d i s c h a r g e  e f f i c i e n c y  ( c o n s t a n t  a t  0.65) .  

IES = 2 ,  r e E e n e r a t i v e  f u e l  c e l l s  a r e  assumed used and t h e  
same e q u a t i o n  a p p l i e s ,  except  t h a t  CDEFF = 1, 

Given t h e  s o l a r  panel power requi rement  PREQ, t h e  s o l a r  panel mass 
and area can be c a l c u l a t e d  as fo l lows:  

MSA = PREQ/KSA , 

where 

MSA = s o l a r  panel mass i n  k i lograms,  
KSA s o l a r  panel s p e c i f i c  power i n  e l e c t r i c a l  w a t t s  pe r  k i logram 

( a  technology i n p u t ) ;  

and 

ASA = PREQ/PA , 

where 

ASA = s o l a r  pane l  i n c i d e n t  a r e a ,  
PA = areal power d e n s i t y  in e l e c t r i c a l  w a t t s  per  square  meter (a 

technology i n p u t ) .  
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6 . 4  Energy Storage  ._ System Requirements" 

Algori thms s imi l a r  t o  rhe above can be used t o  c a l c u l a t e  the energy 
s t o r a g e  requi rements ,  s torage system mass, and t h e  errer.ey s t o r a g e  speci-  
f l c  power. 

For  a b a t t e r y  system (PES = l ) ,  

PRREQ = $DES * Q 3; F * PER/DOD , 

Q = c o n d i t i o n i n g  and c a b l i n g  l o s s  f a c t o r  (1.05), 
DOT) = b a t t e r y  dep th  of d i s c h a r g e  (d imens ion le s s )  (constant .  a t  

0.351, 
PBREQ = energy reqiitrernent f o r  s t o r a g e  (wat t -hours ) ,  

( P  * PER) = t i m e  of d i scha rge  (shadow f a c t o r  t i m e s  o r b i t a l  p e r i o d ) .  

The b a t t e r y  mass i s  calculated as 

MES =: PRREQ/EDENS , 

where 

EDENS = the b a t t e r y  s p e c i f i c  energy d e n s i t y  i n  watt-hours per  k i l o -  
grain ( a  technology i n p u t ) .  

The b a t t e r y  s p e c i f i c  power a lgo r i thm is 

KRES = PBRRQ * DOD/(F * PER di- MES) , 

KRES = b a t t e r y  s t o r a g e  system s p e c i f i c  power i n  w a t t s  p e r  k-ilograrn, 
and the  o t h e r  terms are as desc r ibed  p rev ious ly .  

If a r e g e n e r a t i v e  f u e l  c e l l  ( R F C )  system i s  used ( IES --- 2) 

PFCREQ = PDES * Q * F * PER , 

where 

YFCREQ = the energy requirement  f o r  s torage  (wat t -hours )  e 

The f u e l  ce l l  system mass i s  c a l c u l a t e d  as 

MES = PFCKEQ/FCDENS , 
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where 

FCDENS = t h e  f u e l  cell s p e c i f i c  energy d e n s i t y  i n  watt-hours per  
ki logram (a  technology i n p u t ) .  

The f u e l  cell  s p e c i f i c  power a l g o r i t h m  i s  

KRES = PPCREQ/(MES * F * PER) 

where 

KRES = f u e l  cell s t o r a g e  system s p e c i f i c  power i n  w a t t s  p e r  k i l o -  
gram, and o t h e r  terms a s  d e s c r i b e d  p r e v i o u s l y .  

I f  t h e  power c o n d i t i o n i n g  system s p e c i f i c  power, KAUX, i s  known, the 
mass, MAUX, of t h i s  system i s  c a l c u l a t e d  a s  

MAUX = PDES/KAIJX ., 

A v a l u e  of 125 wat ts  p e r  ki logram f o r  KAUX is  cons idered  t y p i c a l ,  

The t o t a l  mass O F  t h e  power g e n e r a t i o n  p a r t  of t h e  payload i s  now 
c a l c u l a t e d  by summfng i t s  t h r e e  components: 

mOT = MSA i- MES + MAUX (kg) , 

or 

s o l a r  + energy ~ power 
p a n e l s  s t o r a g e  c o n d i t i o n i n g  * 

The s p e c i f i c  power f i g u r e  of merit can now he c a l c u l a t e d  i n  terms of t h e  
demand power and t h e  t o t a l  power d e d i c a t e d  equipment mass: 

KTOT = PDES/MTOT , 

where K'fOT i s  i n  wntts /ki logram. 

6.5 Atmospheric Drag C o n s i d e r a t i o n s  

TI, t h e  lower LEOS ( i . e . >  300 t o  450-krn altitude), t h e  top of t h e  
earth's atmosphere i s  of s u f f i c i e n t  d e n s i t y  such t h a t  a s i g n i f i c a n t  d r a g  
f o r c e  i s  e x e r t e d  on the  s u r f a c e  a r e a  of a s a t e l l i t e .  The l a r g e  f l a t  
areas a s s o c i a t e d  wi th  solar p h o t o v o l t a i c  pane ls  g r e a t l y  i n c r e a s e  t h e  
d r a g  f o r c e  such t h a t  t h e  danger of o r b i t a l  decay and hrriup of t h e  
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s a t e l l i t e  upon re-entry i s  s i g n i f i c a n t .  The solar panel  areas can be 
e x t e n s i v e  and f o r  space power systems producing hundreds of k i l o w a t t s ,  
could be t h e  s i z e  o f  a f o o t b a l l  f i e l d ,  t h a t  i s ,  -6,000 m2* A s a t e l l i t e  
u t i l i z i n g  SPPs must be reboos ted  p e r i o d i c a l l y  t o  s t a b i l i z e  i t s  orbit. A 
s m a l l  r o c k e t  engine  i s  r e q u i r e d ,  and an amount of p r o p e l l a n t  t h a t  
depends on s o l a r  pane l  area, t h e  a l t i t u d e ,  and t h e  d u r a t i o n  of t h e  m i s -  
s i o n  as fo l lows:  

MWEROO = DRAG * NYRS * ASAF/2.205 , 

where 

DRAG = 0.5 * 10 Pol,,,,,,) , 

where 

DRAG = t h e  r e b o o s t  p r o p e l l a n t  requirement  i n  pounds p e r  y e a r  per  

MREBOO = t h e  weight of reboos t  p r o p e l l a n t  i n  ki lograms ( t h e  engine  
square  f o o t  of pane l ,  

mass is assumed s m a l l  compared t o  t h e  p r o p e l l a n t  m a s s ) ,  
ASAF = t h e  i n c i d e n t  s o l a r  p a n e l  area i n  p e r  s q u a r e  f e e t ,  
NYKS = t h e  miss ion  d u r a t i o n .  

It  can be seen t h a t  t h e  e f f e c t  of drag d e c r e a s e s  a f a c t o r  of t e n  as t h e  
LEO a l t i t u d e  i s  i n c r e a s e d  by 100 km. This  r e l a t l o n s h i p  was d e r i v e d  from 
d a t a  a v a i l a b l e  i n  papers  by Sorensen2 and G i u d i c i 3  concerning space sta- 
t i o n  des ign  i s s u e s .  

U n f o r t u n a t e l y ,  t h i s  amount of p r o p e l l a n t  must be c a r r i e d  as p a r t  of 
t h e  SPS payload i n  t h e  s h u t t l e  and, t h u s ,  i n c r e a s e s  tine t r a n s p o r t a t i o n  
expense" A l l  p r o p e l l a n t  f o r  reboos t  ( i . e . ,  enough t o  l a s t  t h e  e n t i r e  
mission) m u s t  be t r a n s p o r t e d  a t  t l m e  of s a t e l l i t e  launch u n l e s s  some 
s o r t  of p e r i o d i c  r e f u e l i n g  s e r v i c e  i s  a v a i l a b l e  from t h e  s h u t t l e  
o r b i t e r .  The most serflous d isadvantage  i s  t h e  r e d u c t i o n  i n  power- 
d e d i c a t e d  payload e f f e c t e d  by t h e  need t o  c a r r y  t h i s  p r o p e l l a n t  and 
r o c k e t  engine.  

6.6 Payload C o n s i d e r a t i o n s  

'It f s  a l s o  impor tan t  t o  c o n s i d e r  t h e  t o t a l  payload that can be 
c a r r i e d  t o  e a r t h  o r b i t  by t h e  space s h u t t l e  a l o n e  o r  t h e  shuttle/OTV 
system depends on t h e  a l t i t u d e .  The fo l lowing  s i m p l f f i e d  r e l a t i o n s h i p  
w a s  d e r t v e d  by c o n s t r u c t i n g  a lag-log p l o t  of both Centaur G payload 
v e r s u s  a l t i t u d e  d a t a  (from a paper by Buden") and t h e  maxlmum s h u t t l e  
payload of 26 m e t r i c  tonnes f o r  an LEO. The r e s u l t i n g  s t r a i g h t  l i n e  on 
t h e  log-log p l o t  i s  d e s c r i b e d  as fo l lows:  
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PLOAa is t h e  maximum dep loyab le  non-OTV payload i n  k i lograms f o r  a 28" 
i n c l i n e d  ( t o  t h e  e q u a t o r )  eas tward  launch from Cape Canaveral .  An LEO 
of 300 km f o r  t h e  s h u t t l e  i s  assumed p r i o r  t o  b o o s t e r  s t a g e  deployment. 

For e a r l y  mis s tons  ( b e f o r e  y e a r  2000) a throw-away l i q u i d  H* / l iqu id  
02-fueled C e n t a u r 4  b o o s t e r  stage w i l l  be used f o r  o r b i t a l  t r a n s f e r  t o  
WEO. In la ter  ( a f t e r  yea r  2000) mis s ions  a "space- tug,"  or o t h e r  
r e u s e a b l e  OTV based a t  a space  s t a t t o n  i n  LEO, might be used f a r  LEO t o  
HEO t r a n s p o r t  .5 Both s o l a r  and n u c l e a r  electric p ropu l s ion ,  u s ing  i o n  
e n g i n e s ,  have been sugges t ed  as a l t e r n a t i v e s  t o  chemical  p r o p u l s l o n  f o r  
OTV a p p l i c a t i o n s .  

The nonpower, nonpropuls ion  payload a v a i l a b l e  i n  t h e  s h u t t l e  bay 
can be c a l c u l a t e d  f o r  LEO o r  HE0 as fo l lows :  

MPLOAD = PLOAD - MTOT - MRE800 , 

where 

MPLOAD i s  i n  k i logram,  
PLOALI = t h e  t o t a l  s h u t t l e  non-OW payload mass a d j u s t e d  f o r  a l t i -  

tude  and p o s s i b l e  LEO t o  HE0 i n j e c t i o n ,  
MTOT = t h e  t o t a l  power system mass, 

MREBOO = t h e  r eboos t  p r o p e l l a n t  and engine  mass needed t o  m a i n t a i n  
LEO. 

If PDES i s  chosen such t h a t  MPLOAD approaches  z e r o ,  t h e n  t h e  payload i s  
assumed t o t a l l y  d e d i c a t e d  t o  power p roduc t ion .  Thls  w i l l  be t h e  case 
f o r  t h e  code r e s u l t s  shown i n  Chap. 7. 

6.7 The Cost Model 

I n  t h e  model p r e s e n t e d ,  i t  i s  assumed t h a t  a l l  f u e l  and equipment 
is deployed a t  t h e  beginning  of the mis s ion  and t h a t  no c o s t s  will be 
i n c u r r e d  f o r  O&M procedures  d u r i n g  t h e  d u r a t i o n  NYRS. Thus, t h e  p o r t i o n  
of t h e  l i f e  c y c l e  t h a t  w i l l  be cons idered  is t h e  deployment phase,  which 
i n c l u d e s  t h e  fo l lowing  c o s t s :  

1. SPS Manufactur ing,  overhead,  and q u a l i f i c a t i o n  costs inc lud ing :  
a. s o l a r  panels, 
b. energy s t o r a g e ,  and 
e. power c o n d i t i o n i n g ;  

a. space  s h u t t l e  launch  of SPS power system, 
b. space  s h u t t l e  launch  of SPS r eboos t  p r o p e l l a n t  and eng ine  ( I f  

C .  space  s h u t t l e  launch  of Centaur  b o o s t e r  s t a g e  (OW) and propel-  

d. 

2. SPS launch  c o s t s :  

needed) II 

l a n t  ( i f  HEO), 
space  s h u t t l e  launch of a d d i t i o n a l  payload ( i f  MPLOAD > O), 
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e o  p r o p e l l a n t  and eng ine  manufac tur ing  c o s t  f o r  r e b o o s t  (LEO o n l y ) ,  

f .  p r o p e l l a n t  and OW engine  manufac tur ing  c o s t  f o r  booster  stage 
and 

(IAEO to MEO). 

An a t tempt  has been made t o  aggrega te  as many c o s t  c a t e g o r i e s  as poss i -  
b l e  and expres s  q u a n t i t i e s  on a u n i t  c o s t  basts. 

6.7.1 Power equipment manufactur ing c o s t s  

C a p i t a l  c o s t s  f o r  t h e  t h r e e  components of t h e  power system are cal- 
culated as fo l lows .  

~- S o l a r  a r r a y s .  The l i t e r a t u r e  u s u a l l y  quotes  u n i t  c o s t s  i n  terns of 
d o l l a r s  pe r  w a t t  or d o l l a r s  per  square meter. The v a r i a b l e  names CSA 
and CSAA respec t ive ly  are used f o r  t h e s e  q u a n t i t i e s .  The t o t a l  p a n e l  
c o s t ,  CARRAY, is  t h u s  determined from t h e  peak power requirement  PREQ o r  
the pane l  solar  i n c i d e n t  des ign  area, ASA: 

CARRAY = CSA * PREQ , 

CARRAY = CSAA * ASA . 
@SA or CSAA should r e p r e s e n t  t h e  u n i t  cost € o r  f u l l y  space -qua l i f i ed  
p a n e l s ,  inclr ldlng general  and a d m f n i s t r a e i v e  (G&A) c o s t s ,  o t h e r  over- 
heads,  etc. 

Energy s to rage .  Ener<gy s t o r a g e  costs are usual.ly given I n  terms of 
d o l l a r s  per watt-hour" T o t a l  energy s t o r a g e  system C Q S ~ ,  CES, can be 
cal.ct-dated from t h e  energy s t o r a g e  rrr.quj.cement for e i t h e r  the b a t t e r y  
(PBREQ) o r  t h e  f u e l  c e l l  system (PFCREQ) as fo l lows:  

If IES  = 1 ( b a t t e r y ) ,  CES = CBATT * PBREQ; 

if IES = 2 ( f u e l  c e l l ) ,  CES = CRPC * PFCREQ; 

where CBATT and CRFC are mi.t c o s t s  I n  d o l l a r s  per  w a t t  f u l l y  space- 
q u a l i f i e d ,  i n c l u d i n g  a l l  G&A c o s t s  and overheads) .  

Power cond i t ion ing .  The t o t a l  power c o n d i t i o n i n g  c o s t ,  CAUX, is 
c a l c u l a t e d  from the power c o n d i t i o n i n g  mass, MAUX, and a u n i t  c o s t  of 
SlO/W by 

CAUX = 10.0 * MMJX . 
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e t o t a l  power system c o s t  i s  expres sed  a s  t h e  sum 

CMTOT = CARRAY + CES + CAIK 

The u n i t  c o s t  ( i n  d o l l a r s  per  w a t t )  f o r  t h e  SPS power system I n  terms of 
t h e  demand power is c a l c u l a t e d  a s  

CMPOW = CMTOT/PDES . 
6.7.2 Launch r e l a t e d  c o s t s  

Space s h u t t l e  launch  c o s t s  are u s u a l l y  expres sed  i n  terms of 
d o l l a r s  pe r  u n i t  m a s s ,  and t h e r e  is c o n s i d e r a b l e  d isagreement ,  even 
w i t h i n  t h e  7J.S. government, as t o  what a s h u t t l e  customer should be 
charged. P a r t  of t h e  d i f f i c u l t y  arises from t h e  q u e s t i o n  of how much of 
t h e  s h u t t l e  development and manufac tur ing  c o s t s  should  be written off 
a g a i n s t  miss ion  cha rges  and a g a i n s t  t h e  va r ious  u s e r  agenc ie s  ( e . g . ,  
NASA, commercial, m i l i t a r y ) .  Estimates f o r  t h e  c o s t  oE a l aunch  vary  
from 50 m l l l i o n  t o  over  200 m i l l i o n  d o l l a r s .  Appendix C i n c l u d e s  a more 
d e t a i l e d  d i s c u s s i o n  of s h u t t l e  launch c o s t s  t o  both  LEO and GEO. A 
va lue  of 69 m i l l i o n  d o l l a r s  per  launch  wl11 he used here.  For a t y p i c a l  
26,000-kg payload, t h i s  c o n v e r t s  t o  a u n i t  c o s t  of $2,64O/kg launched 
{CSHUTL). The c a l c u l a t i o n  of t o t a l  launch c o s t s  can be p a r t i t i o n e d  
among t h e  v a r i o u s  items launched as fo l lows:  

Power system: CSHUTT = CSHUTL * MTOT , 

Reboost f u e l :  CLRB = CSHUTL * MREROQ , 

Booster  (OTV) s t a g e  (Centaur  f u e l ,  tanks, and e n g i n e ) :  CCENSH = 
(CSHUTL * MBOOST) + CSTAGE 

where t h e  mass of t h e  OW i s  approximated by 

MRQOST = 26000 - PLOAD i n  kjl.ograrns. 

P r o p e l l a n t  manufac tur lng  c o s t s  f o r  LEO r eboos t  and LEO t o  HE0 boost are 
small compared t o  t h e  cos t  of t r a n s p o r t i n g  ( v i a  the s h u t t l e )  t h e  propel-  
l a n t  and engines  from e a r t h  t o  LEO. Reboost p r o p e l l a n t ,  most l- lkely t o  
he hydraz ine ,  is  e s t i m a t e d  to c o s t  on t h e  o r d e r  of $lO/kg. The reboost: 
engine is small enough t h a t  i t s  c o s t  was ignored In t h i s  s tudy .  A 
b o o s t e r  s t a g e  f u e l  c o s t  of $2O/kg i s  assumed f o r  HHI missions.  This  
Fuel i s  l i k e l y  t o  be l i q u i d  02 and l i q u i d  H2 p r o p e l l a n t  mixed and burned 
I n  a Centaur  s t age .  The h i g h e r  u n i t  p r o p e l l a n t  c o s t  is assumed t o  cover 
the throw-away p r o p e l l a n t  tanks.  The f u e l  c o s t s  are c a l c u l a t e d  as  f o l -  
lows: 
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f o r  LEO reboost, 

f o r  LEO to HEO, 

OST = i"lR0OST * 20 . 
The throw-away Ckntaur  boaster  stage cos t  (CSTAGE) is added if RORB 
>600 km; that Is, 

IF (HORB. GT. 600) CSTAGE = COTV (an input) . 
Otherwise, CSTAGE = 0 .  A boaster stage (OTV) cost of $20 million is 
assumed f o r  the. cases considered. "he total launch cost  is the total .  of 
the above costs:  

CLRTOT CSHUTT -9- CREBOO + CLRB + CBOOST + STAGE + CCENSH . 
If the correct value of PDES ( d e s i r e d  power) is s e l e c t e d  such that the 
extra (nonpowes, nonhoost) payload WLOAD approaches zero  (a trial and 
error p r s c c d u r e ) ,  the entlre satellite payload can then he s a i d  to be 
dedicated to a space  power mission. If  t h e  above launch cost is divided 
by demand power load PDES, t he  launch cost  per watt can be calculated 

The total space power cost per watt c m  be calculated as  the sum of the 
launch unit cost  and the  manufacturing unl t  cost ( i n  d o l l a r s  p e r  watt): 

In the  next sectlon an example case w_kPk be shown, l n p u t  v a l u e  f o r  
crucial parameters assessed, and the res1.11.t~ of some sensltivBty s t t d i e s  
discus sed. 

6 .8  Sample Model Qostput 

An LEO and NEQ case, Tables 6.3 and  6 . 4 ,  are acttaal. outputs from 
the code f o r  two example eases, an 1,EO infssFon and a GEO mission. Both 
cases assume t h a t  the sa te1  lite payload i s  dedicated entirely to spiice 
power production. A d d i t i o n a l  cases will he presented i n  tabular form i.n 
the tir?x%: chapter ,  and the  significance of the input values w i l l  a l s o  la2 
discussed. 
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Table 6 . 3 .  Sample LEO m f s s i o n  case 

*****SPACE POWER SYSlEfl USING SOLAR A R R A Y S  G E N E R G Y  STOWAGE***** 

DfSIRED E C I  F O Y E R  IN WATTS: 31750-  
C E S X R E D  Y R S  O F  O P E R A T I O N :  10" 
T Y E E  QP STCRAGE:l=EATTERY, 2 = P U E I  CELL: IFS= 1 
5 C I A 6  A RE A Y  SPEC I P I C  POW E A ,  Y p K G  : 50-0 
SCILAB A R R E P  WATTS/fi**2 : 105.0 
P U E l  CELL E N E R G Y  DENSITY, W-HR/KG : 1 8 . 0  
OSEI'I  H E I G H T  IN K H :  450. 
EBTTERP E N E R G Y  DENSITY, W-UE/KG :: 9.9 
SHUTTLE LAUNCH COST I C  L E Q , $ / K G  : 2640-  

B G C S T E R  (CTV) S T A G E  COST,  $a : 0.- 
SQLAE A R R A Y  COST PER WATT INCL, STBOCTURES: 600. 
E A T T E R Y  COST PER W-HE : 120-0  
F U E L  C E L L  COST P E R  W-HR : 100-0 

***CUT?? UT DATA*** 

ECZ/BOL PEEPQRMANCE C E G R A D A ' I I O N  E A C T O R  D U E  TO 
VAN-ALLEN E E L T  R B D I A T I Q b l  EgnAGE AT U50- R t l  ALT: 0 . 9 3 7  

S B I E C U  FACTOR= 0- 38Q 
O F E I T A L  P E B I O D  IN aimas= 1-56 

SQLBB A B R A P  POWER 6E@T I N  W A T T S :  6 9 6 6 5 .  
A R E A  CF SOLAR A R R A Y S ,  SQ.HETEEBS= 663-5 SQ.PI= 7137.9 
SOIA6 A R R A Y  K G / U * * 2  2 - 3 0  

E4'fTEBY ENERGY XI1 TERMS O E  EEQT, W-HR 56983- 19 
F U E I  CELL ENERGY X N  ' IEBBS OF BEQT,  w-nB 15944 .32  
E N  STOB SP. POUEf F O 3  REQD FCWER, W/KG 5 - 2 7  

H A S S  OF SOZAR ARRAYS I N  RG 1393- 3 
#ASS OP E N E R G Y  STORAGE S P S T E H  I N  KE 6 3 3 1 . 5  
M A C 5  CF POWER B U X I l I A R I E S  IN XE 254.0 
TQOTAL flAS5 OF POYE3 SPST. I N  KG 7978,8 

PCTAL P O U E E  SYSTE& S €  POWER I N  W/KG (DES LU) 4.0 
lC'XAL POWEE SPSTEl 1HV.SEEC.POYEB I N  K G / K U  2 5 1 - 3 0  

A ' I B O S .  D R A G :  LE. REEOCST F U E L / Y R / F T Z  S. A ,  : 0*500000 
REBOCST FUEL P A Y L O A D  FOR S C L A R  A I I R A Y S  I N  LEO 16185 .7  
SHUTTLE P - I ,  A V A I L  INCL EEP O F  HE0 BOOST: 24168. K G  
N C N - P O U E R ,  NON-BCCST P A Y L G A C  3 .  K G  

***  COST OUTPUT *** 

POWER SYS MPG. C O S T S :  
S C L A R  A R R A Y S :  
EBTT ERIES : 
A UXX LI A 61 E S: 

TOTAL H E G  C O S T :  

6 9 6 6 4 . 6  W x 600.00 $/W = $ 41.799 Pl 
56993.2 Id-HR X120-00 f /W-IdB= $ 6 , 8 3 8  t4 

= $  0,003 n 
= $  48,639 fl 
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Table 6.3 (continued) 

UNIT COSTS: 

P O W E R :  

MAS s : 

LAUICX HASSES:  

POOIE'R SPSTEffi 79?9- 
REEOCST FUEL (LEC) 16186- 
BOCST S T G G F U E L  (LEC TO PIEO) 0. 
Q%HER 1VAIT S P A C E  3. 

T C P A L  S H O T U B  PLD. 24168-  

LAUNC8 F, ALTSTUCE HBLIT COSTS PCB P O U E B  SYS'i'Efl 

SHUTTLE LAUNCH Of PS TC LEO 
R E E O C S T  PUEL (LET: CNIP) 
SHUTTLE LAUNCH O F  REEOOST POEL TC L E O  ( L E O  C N L P )  
SBOTTLE LCH OF CENT EGOSTEPUEE TC L.EC(%IEC ONLY) 
CE61 BOOST OF P U E L  & T A N K S  FRCB LEO TC H E C  
C E N T A U R  S T A G E  COST ( E N G I N E ]  

21.06U esk 
0.162 niF 

Y2-730  E$ 
0.0 n b  
0-0 as 
0.0 Sa 

T C ' I A L  C O S T  63.956 1%; 

LAUHCH COST PER WATT 8 P  SPACE POWER EESIRED: 2014-  $/CBTT 

B K - & Q U A L . C . O S T  PER MATT! C P  SPACE PCWEA D E S I R E D  1532. $/UATT 

TOTAL C C S T  PER WATT C P  SPACE PQUEB D E S I R E D ;  3546 .  f / Y A T T  
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I N P U T  D A T A  

D E S I E E D  EOL POWER L'M MATTS: 1 2 2 0 0 .  
D E S I R E D  YES OP O @ ~ R ~ ~ I ~ ~ ~  10-  
T Y P E  QF STOBAGE:I=EAITEBY, 2=PUEP. CELL: IES= 1 
S O L A E  A R R A Y  SPECIFIC BOWEB,W/KC: 5 0 - 0  
SOLAR A R R A Y  ZIATTS/M**2 : 105,O 
FUEL C E L L  ENERGY DENSITY, BJ-HR/RG : 18.0 
O R B I T  H E I G H T  I N  K&: 
BATTERY ENEBGP D E N S ; I ' I Y a  63-0 
SBDTTLE LAUNCH C O S T  TO LEO,$/RG :: 2640, 

B O O S T E R  [CITY) STAGE COST, $a :: 20 c 
SOLAR A R R A Y  COST P E R  WATT IMCL.. STRUCTURES: 600, 
BATTERY C O S T  FER M - H R  : 120-0  
F U E L  CELL COST P E R  it-BW : 10 

B A T T E R Y  ENERGY IN TERHS 19f REQT, U - H R  42421-  9 1  
PUEI CELL ENERGY T N  TEBMJS O F  HEQT, w - m  iUra1(iie39 
EN STQR SP- P O W E R  POR R E Q D  P O W E R ,  W/KG 2 - 7 2  

HASS OF S O L A R  BBBAYS IN KG 316-8 

H A S S  OF P O W E R  A U X X L X A R I E S  I N  KG 97-6 
TCPAI.  HASS O F  POYE8 SBST, IN KG 5 1  2 7 - 9  

MASS OP ENERGY S T O R A G E  SYSTEfl IN KG 

A T n o s -  DRAG: LB- BEBOGST PUEL/YRJPT~ s, A. : 0-0 
REBOOST FUEL PAYLOAD F O R  SOLAR A R R A Y S  IN LEO 5. Q 

NCN-POW El? I NON-BOOST P A Y  LOAD 9, RG 
SHOTTLE P,L. A V A I L  XNCE EPP OF NEO BOOST: 5137, K G  

*** C m T  OUTPUT *** 

P O W E R  SYS HPG. CQSTS: 
SOLAR A R R A Y S :  15840-1 W X 60Q..DQ $ / id  = $ 9.504 u 
B A T T E R I E S  : 4242l..ll #-MR X120-00 $/ES-HRz $ 5,091 PI 
A U X I L I A R I E S :  = 5  8,001 FI 

T O T A L  HFG C O S T :  = $  I & ,  596 N 
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Table 6 . 4  (continued) 

U N I T  COSTS: 

POWER-. 

BASS:  

LAWHCW BASSES: 

PUkJEB SYSTtH 5 4 2 d -  
REBOOSF PCEL (LEO) 0- 
BOOST S T G G E U E L  (LEO TO HEO) 20863- 
OTBPR A V A I L  SPACE 9. 

TOTAL SHUTTLE PLD. 26000- 
__.... L 

L A U N C H  & A L T I T U D E  i'lAINT CQSTS FOR POUER SYSTER 

SBUTTLE L A U N C H  OF PS TO LEO 
BEBOOST POEL (LEO ONLY'] 
SkiOTTEE LbfJNCH OF R E E O O S T  FUEL TO L E O  ( L E U  ONLY)  
SHUTTLE LCH O P  C E l T  EOOSTEPUEL TO L E C ( U E 0  O N L Y )  
CERa'I BOOST OF FUEL GTAWKS PBOn LEO TO I%EO 
CEBTAlBB STAGE COST ( E N G I N E )  

TOTAL COST 

L A U N C H  COST PEP WATT OF SPACE P O V E B  DESIRED: 

FIPG.6QUAL.CUST P E R  WATT CF S P A C E  POUPR DESIRED 

TOTAL COST PER MATT OF SPACE POWER DESIRED; 

119b.36 $pH 

2846-33 $/KG 

13.538 
0.0 a"$ 
0-0 r n $  
55.078 a $  
0.41'5 nS 

20 ,000  Sp1 

89.033 &!$ 

TOTAL COST PER K G  POH P O Y E R  SPSTEK: 15363, $/KG 
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7 .  RESULTS 

7.1 Performance and Cost Data: A L i t e r a t u r e  Survey 

For the  p rev ious ly  desc r fhed  code t o  be u s e f u l ,  t h e  i n p u t  data ,  
thar is, the  pcrioimance acd C O S L  v a r i a b l e s ,  must he c r e d i b l e .  Dur11ng 
the litsra'iiare s e a r e h  part of t h i s  s tudy ,  O V P ~  50 recent (1978-195'1) 
a r t i c l e s  o r  reporLs were accessed.  Of these Z b  had d a t a  useab le  by t h e  
code. For most of t h e  pe r fo rmr ice - r e l a t ed  i n p u t  parmeters ,  t h e  
v a r i a t i o n  i n  nurnertcal walws w a s  wide, tha t  i s ,  f o r  such hardware d a t a  
a s  w a t t s  pes  ki logram o r  w a t t s  p e r  squa re  meter, T"ne v o r i a t l o n  i s  
likely a t t r i b u t a b l e  io d i f € e r e n t  a l a g e s  of s o l a r  c e l l  o r  energy s t o r a g e  
d e v e l n p m m t  d i  f f1.r Lng degrees  of deve lope r  optimism, and d i f f e r i n g  
d e f i n i t i o n s  of t h e  d e s c r i b e d  system and i t s  fiziires O E  w-rll. For c o s t  
d a t a ,  t he  range of values was even greate?-, that  i s ,  over  an o r d e r  of 
magnitude d i f f e r e n c e  i n  dollars per watt .  Again t h e  p r o b l e m  i s  most ly  
one of d e f i n i t i o n ,  t h a t  is ,  unders tanding  what cos t s  are accumulated i n  
t he  numerator d o l l a r  f i g u r e  and what t ype  of  watt i s  d ~ n c r l b e d  i n  t h e  
denominator.  Some a u t h o r s ,  f o r  example, w m d d  d e s c r i b e  on ly  the mtc-  
r i a l  and l a b o r  cost  f o r  s i l i c o n  s o l a r  c e l l  f a b r i c a t l o n  and not  i n c l u d e  
moirnt-lngs, panel m a r e r i a l ,  s u b s t r a t e ,  q u z l i f i c a t i o n ,  e tc .  Others  w ~ i i l d  
d e s c r i b e  SPP c o s t s  i n  tpprrns of a f u l l y  space -qna l i f i ed  panel  system 
includinR a l l  p r o f i t  and overheads.  gipc must a l s o  ascer ta in  whether a 
p a r t i c u l a r  a u t h o r  i s  snsinq demcnd load  w a t t s  o r  a c t u a l  s o l a r  panel  peak 
p o w ~ c  requi rements  i n  h i s  d o l l a r  p e r  watt f i g u r e -  

Table 7.1 suivrnar1zes t h e  r e s u l t s  of t h e  l i t e r a t u r e  stii-veg and forins 
the  d a t a  base f o r  t h e  cases t o  be desc r ibed  and t h i s  a u t h o r ' s  assessment  
of SPP tcchnology s l a t u s .  The ranges  f o r  t h e  p r i n c i p a l  i n p u t  v a r i a b l e s  
(as der ived  from Table  7.1) are given I n  TabJP 7.2. 

7.2 Technology Assess1!irriE: and Case D e s c r i p t i o n s  
_^_-I- 

Wecause s o l a r  p h o t o v o l t a i c  pane ls  c o n s t i t u t e  a n  evo lv ing  tech-  
nolo~y, i t  w ~ s  decided to p r o j e c t  the perforinanc.tx arid c o s t  c f f e c t s  on an 
SPS r e s i i l t i n g  f rom advances i n  SPP development programs. Three sce- 
n a r i o s  a r e  cons ide red :  present te:hnology; nearer-term, advanced- 
s i l i c o n - c e l l  technology;  and very ad,an,,d-PilJG-cell technology.  The 
inpur.; F o r  each s c e n a r i o  will be desc r ibed  and cost  results presenled 
f o r  t y p i c a l  miss ions  under each scena r io .  Eve l i  t he  most advanced MBG 
technology shoinld be ready f o r  deployment by 1995. 

I t  \dl1 be seen t h a t  the spckc-ifisd o r b l t a l  a l t i t u d e ?  f o r  the SPS 
wlz%p1 h a w  a v e r y  s t rong e f f e c t  on performance and c o s t s ;  hence,  f o u r  
mis s ions  w i l l  be desc r ibed  For earh SPP technology scenar io.  A l l  m i s -  
s i o n s  are assuiwd t o  span 10 years .  The effects of d rag  ajirl r a d i a t i o n  
damage a r e  inc luded  i n  each case. Anorher imoorrant  assumption mads i s  
t h a t  the des ign  p a w r  load i s  maximized, t h a t  i s ,  t h e  l a r g e s t  Dower 
sysllelrr mass i s  p p r r n i t f r s d  a f t e r  account ing  f o r  t h e  LEO r eboos t  and LEO l o  
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Table  7.2. Performancea and c o s t  parameter 
ranges  summarized from ‘Table 7.1 

--I_ 

CeJl e f f i c i e n c y ,  % 
Panel  s p e c i f i c  power, W/kg 
A r e i l l  power d e n s i t y ,  W/m2 
S o l a r  ce l l  u n i t  costs ( l a b o r  and m a t e r i a l  

COSLS on ly ) ,  $ / W  (peak)  
Space q u a l i f i e d  panel  c o s t s ,  $ / W  (peak)  
Energy s t o r a g e  s p e c i f i c  energy ,  W-h/kg 
Energy s t o r a g e  u n i t  c o s t s ,  $/W-h 
Overa l l  power system s p e c i f i c  power (demand), 
O v e r a l l  power system u n i t  c o s t ,  S/W drmand 

11.5 t o  30 
2 1  t o  300 
97 t o  324 
30 t o  100 

100 t o  700 
4 t o  110 

15 t o  49 
W l  kg 4 t o  65 

400 t o  2000 

“(A1 1 s o l a r  ce l l  t e c h n o l o z i c s ,  i n c l u d i n g  p r o j e c t i o n s  and 
space a p p l i c a t i o n s ,  assume <1 PlW/yr t o t a l  annual  demand f o r  pro- 
duc t ion ) .  

NE0 boos t  payload requi rements .  Again we are c o n s i d e r i n g  a s h u t t l e /  
Cen tau r -de l ive rab le  d e d i c a t e d  space power s a t e l l i t e ,  

7.2.1 Presenh SPP technology 
_II 

Table  7.3 shows t h e  i n p u t s  and r e s u l t s  f o r  present-day SPP tech-  
nology. P l a n a r  s i l i c o n  c e l l s ,  along wi th  Ni-Cd b a t t e r i e s  f o r  energy  
s t o r a g e ,  are assumed. Conserva t ive  s p e c i f i c  power and s p e c i f l c  energy 
v a l u e s  of 50 W/kg and 9 W-h/kg are assumed €or t h e  pane l s  and b a t t e r y  
system, r e s p e c t l v e l y .  An areal  power d e n s i t y  of 105 W/m2 f o r  t h e  s o l a r  
pane l s  is  r e a d i l y  ach ievab le .  Typ ica l  I--- c e l l  c o s t s  in t h e  l i t e r a t u r e  
range  froin $30 t o  $1OO/W f o r  p r e s e n t  technology.  For  t h l s  model, how- 
e v e r ,  t o t a l  c o s t s  are of i n t e r e s t ;  hence,  space -qua l i f i ed  pane l  c o s t s  
should  be used as inpu t .  A va lue  of $450/W of peak SPP ou tpu t  power 
r e q u i r e d  is assumed. For LEO mis s ions  the  r equ i r ed  peak power is a t  
l eas t  twice t h e  demarid o r  d e s i r e d  power system load  power. I f  t h e  same 
c o s t  were t r a n s l a t e d  t o  d o l l a r s  pe r  demand w a t t ,  a f i g u r e  of $9OO+/W i n  
1985 d o l l a r s  would r e s u l t .  Thi.s a g r e e s  with l i t e r a t u r e  va lues  such as 
the $800/W (demand, 1980 d o l l a r s )  shown i n  Table  7 . 4 ,  t aken  from R e f .  5 ,  
which a lso shows t h e  breakdown of t h i s  c o s t  f i g u r e .  A model d e s c r i b e d  
i n  Reference 25 i n c l u d e s  launch c o n d i t i o n s  very similar t o  t h e  LEO-T 
case i n  Fig,  7 . 3 .  A t y p i c a l  r e s u l t  f rom t h i s  model g i v e s  a u n i t  c o s t  of 
$3200/W f o r  demand power, l aunch  inc luded .  

No s p a c e - q u a l i f i e d  cos t  f o r  t h e  NiCd b a t t e r y  system could  be 
found.  Basic material and l a b o r  (M&L) f a b r i c a t i o n  c o s t s  (no overheads)  
of $4 t o  $35/W-h were found i n  t h e  l i t e r a t u r e .  As wi th  s o l a r  pane l s  t h e  
space -qua l i f i ed  u n i t  c o s t  i s  expec ted  t o  be s e v e r a l  times t h e  base  M&L 
u n i t  c o s t .  A v a l u e  of $120/watt-hour w a s  s e l e c t e d  as reasonable .  
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Table  7.3. Code results for SPS missions u s i n g  
p r e s e n t  SPP and energy  s t o r a g e  a t echnology 

Ntas ton  
Vnr i a b l e  D e s c r i p t i o n  

LEO-I LEO-II HEO-I HeD-11 (ceo) 

HQRB 
NYRS 
IES 
IDRAG 
IRAD 
USA 
PA 
FCDDENS 
EDENS 
CSA 

CBATT 
CRFC 
CSHUTL 
COTV 

PDES 

PWQ 
PDFK 

PBREQ 

PFCRQ 

ASA 

KRES 

RTQT 

MSG 
.WS 
UAUX 

mm 

I n p u t s  

O r b i t  a l t i t u d e ,  lan 
D u r a t i o n  of mission, y e a r s  
Energy s t o r a g e  flag 
Drag c a l c u l a t i o n  flag 
RBdiat ion damage f l a g  
Solar PV panel  s p e c i f i c  power, W/kg 
SPP areal d e n s i t y ,  W/a2 
Fuel  c e l l  energy  d e n s i t y ,  W-hfkg 
B a t t e r y  energy  d e n s i t y ,  W-h/kg 
Space q u a l i f i e d  SPP u n i t  cost, 

B a t t e r y  u n i t  cost, $/*h 
Fuel  c e l l  u n i t  cost. S/W-h 
S h u t t l e  launch  C O B ~ ,  $ / k g  
Booster  stage cost, $M 

Demand power l o a d ,  W 

$/peak w 

450 
10 
1 ( b a t t e r i e s )  
1 (an)  
1 (on) 
50 
105 

9 
4 50 

120 

2,640 
0 

31,750 

Peak SPP pover requi rement ,  W 69,665 
P e r f o w a n c e  d e g r a d a t i o n  factor, 0.937 

EOL/BOZ 
B a t t e r y  energy  storage requi rement ,  56,983 

F u e l  cell energy  s t o r a g e  r e q u i r e -  
W-h 

ment, W-h 

SPP area requi rement ,  m2 6h4 

specific w r  

e n e r g y  atorage system s p e c i f i c  5.3 
power, U f k g  

T o t a l  power system s p e c t f f c  power, 4.0 
w/kg 

P U Y z d  iWU88t36 

SPP mass, kg 1,393 
Energy s t o r a g e  sys tem mass, kg 6,332 
Power c o n d i t i o n i n g  system mss, kg 254 

600 
10 
1 
1 
1 
50 
105 

9 
4 50 

120 

2.640 
0 

85,800 

6,000 
10 
1 
1 
1 
50 
1. 05 

9 
41 50 

120 

2,640 
20 

31,280 

36,000 
10 
1 
1 
I 
50 
105 

9 
450 

120 

2 9 640 

12,200 

20 

194.740 291,592 15,840 
0.875 0.1487 0.8716 

152,145 61,519 42,421 

1,855 

5.3 

4.0 

3,895 
16,905 
686 

T o t a l  power system mass, kg 7,979 21,486 

2,777 

4.8 

2.4 

5,832 
6,836 
2 50 

12,918 

151 

2.7 

2.4 

317 
4,714 
98 

5,129 
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Table  7.3 (crrnt lnued)  

~ . . . _ . _ _ _  V a r i a b l e  D e s c r i p t i o n  
I.e.0- I 

Paytoad mews (contirued? 

LEO t o  HE0 boos t  f u e l  and engine ,  0 

kg 

LEO r e b o o s t  f u e l ,  kg 16,1R6 

Nonpower payload ,  kg ( t o  kc 3 
min imize4  f o r  t h e e e  c a s e s )  __I.. .. .- 

( i n c l u d e  MTOT above) 
T o t a l  s h u t t l e  bay payload,  kg 24,168 

Mi0sia  consiliemtiopbs 

Shad- f a c t o r  0.384 
O r b i t a l  p e r i o d ,  h 1.56 
Reboost f u e l  c o n e m p r l o n ,  l b / f t 2 /  0.5 

y c n i  

Pasap. system eosta 

SPP t o t a l  C O B S ,  $M 31.3 
Energy; s t o r a g r  aystcni m e t ,  Sn 6.9 
Power c o n d i t i o n i n g  sys tem c o s t .  $H <<0.1 

T o t a l  ~ O W ~ K  s y s t m  c o s t ,  $M 38.2 

Laurn5 costs ( a l l  i n  $#, 

S h u t t l e  t r a n s p o r t  of power system 21.1 
Reboost p r o p e l l a n t  manufac tur ing  0.2 

c o s t  

and engine  

l a n t  and ranks  

S h r i t t l c  t r a n s p o r t  of reboos t  f u e l  42.7 

N a m f s c t u r i n g  cost  of boost  propel-  0 

Manufactur ing cost  of b o o s t e r  s t a g e  0 
S h u t t l e  t r a n s p o r t  of booster and 0 

p r o p r l l a n t  lli 

T o t a l  launch  c o a t  64.0 

0 

1,431 

1 

13,082 

0 

0 

22,918 

0.367 
1.61 
0.016 

87.6 
18.3 
<<o . 1 

105.9 
- .. 

56.7 
<<0. 1 

3.8 

0 

0 
0 

60.5 

Unit Cost8 f i n  Of hFU?d P0.M") 

T o t a l  power system, $/w 1,203 1,234 
Launch, S/u 2 ,O 14 705 

T o t a l ,  $ /a  3,217 1,939 
_ _ ~ -  -1___1 

a (5 i  c e l l s ,  NiCd b a t t e r i e s  f o r  energy e t o r a g e )  

26,000 

0.172 
3 .BO 
0 

131.2 
7 .& 
<<o. 1 

20,863 

0 

8 

26,000 

0.048 
24.10 
0 

7.1 
5.1 
<<o . 1 

138.6 

34.1 
0 

0 

0.3 

20.0 
34.5 

12.2 

13.5 
0 

0 

0.4 

20.0 
55.1 

88.9 

4,431 
2,842 

1,273 
.- 

89 .O 

1,002 
7,298 

8.300 
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Tab le  7.4. 8reakdown of 
space-qual1 f9ed  SPP 

powen^ C o s t s  

Unl t 
Cosc element cost 

( S / w l a  

Gel I 
Material s 
Labor 
Ove rhe ad 
C&A 
Profit 

S tibt o t a l  

Hand1 1 ng 
La bor 
Engineer ing 
Tool .fng 
Inspect ion and tes t  
Overhead 

G&A 

P r o f i  tr 

Tota l  

90 
20 
50 
1 2  
18 

110 
- 

4 no 

2 0 
50 
30 
30 
40 

180 

I10 

130 

800 

_u 

anemand power 

Source: J e t  Propu l s ion  Labot-a- 
t o ry  (Reference  5).  

For t h e  space  s h u t t l e  launch  u n i t  c o s t  a va lue  of $ 2 6 4 0 / k g  was 
used. T h i s  is  a p p l i e d  t o  a l l  payloads ,  the power system, t h e  reboost 
system and fuel ( i f  appllcable), and boost sys tem and f u e l  ( i f  a p p l i -  
c a b l e ) .  Th i s  launch  cost  was e x t r a c t e d  from R e f .  13 and i s  close t o  a 
va lue  found in a r e c e n t  news i t e m  i n  Av ia t ion  Week and Space Teck- 
n o l ~ g y . ~ ~  Nowhere i n  the open l i t e r a t u r e  has t h e  a u t h o r  been ab le  t o  
f i n d  ou t  the a c t u a l  cost breakdown of a s h u t t l e  Iaur ich,  t h a t  I s ,  the 
writeoff of manufactur ing and launch  f a c i l i t i e s ,  crew c o s t ,  f u e l  cos t ,  
etc. It i s  appa ren t  t ha t  t h e  c o s t  accoun t ing  p r a c t i c e s  f o r  the s h u t t l e  
are  s t i l l  a s u b j e c t  o f  disagreement  among the involved government 
agenci r s .  
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O f  t h e  fou r  mis s ions  examined i n  Table  7.3, t h e  LEO miss ion  a t  500 
km has t h e  lowes t  o v e r a l l  u n i t  c o s t  (power system and launch)  p e r  
watt. A t  t h a t  a l t i t u d e ,  which is  nea r  t h e  maximum a v a i l a b l e  f o r  the  
s h u t t l e  wi thout  addi  t i o n a l  boos t ,  d rag  i s  very  s m a l l ,  and d e l e t e r i o u s  
r ad ia t - ion  e f f e c t s  from t h e  Van Allen b e l t  are minimal. E s s e n t i a l l y  a l l  
of t h e  s h u t t l e  payload can @e ded ica t ed  t o  t he  power system. Thus,  t h 2  
t o t a l  c o s t  i s  d i s t r i b u t e d  over  a l a r g e r  demand power l e v e l .  The u n i t  
c o s t  of t h e  power system a lone  i s  ininimum a t  t h e  lowest  I A O  altitude, a 
r e s u l t  o f  t h e  performance degrada t fon  f a c t o r  being c l o s e  t u  1.0. A t  

6000 lan, t h a t  i s ,  the  most i n t e n s e  reg ion  of t h e  Van Allen belt ,  t he  
performance degrada t ion  f a c t u r  i s  (0.15; t hus ,  t h e  power system must be 
g re i l t l y  overdesigned t o  a t t a i n  t h e  EOL d e s i r r d  power l e v e l .  For  t h i s  
reason  the u n i t  c o s t  of t he  QOWT system i s  h i g h e s t .  

7.2 2 Near-term advanced Si ce l  I technology _.._. . - 

The development of t h i n n e r  s i l i c o n  c e l l s  ( fewer  kilograms p e r  
square  meter )  and tilore e f f i c i e n t  c e l l s  w i l l  result i n  a n  i n c r e a s e  i n  t h e  
s p e c i f i c  power and areal d e n s i t y .  By t h e  e a r l y  1990s v a l u c s  of 240 W/kg 
atid 140 W / m 2  may be r e a l i z a b l e  f o r  the  same c o s t  of $450/W (space-  
q u a l i f i e d  panel  cost) .  Energy s t o r a y e  t e c h n o l o ~ y  w i l l  a l so  have 
improved, and N i H ?  b a t t e r l e s ,  which have a h ighe r  p ro jec t ed  specifPC 
energy  on the o r d e r  of 33 W-h/kE, w i l l  be a v a i l a b l e .  A reduced spase- 
q u a l i l i e d  b a t t e r y  u n i t  c o s t  of $SO/W-h i s  cons ide red  poss ib l e .  

Table  7.5 shows the  i n p u t s  and r e s u l t s  f o r  f o u r  miss ion  sce- 
n a r i o s ,  The launch  c o s t s  are t h e  same a s  f o r  t h e  cases i n  Table 7.3. 

The same b a s i c  conc lus ions  as f o r  t he  c a s e s  i n  Table  7.3 a p p l y ,  ex- 
cep t  t ha t  the  improved technology a l l o w s  s i g n i f i c a n t l y  more Dower per  
launch  t o  be i n s e r t e d  I n  o r b i t .  With t h e  excep t ion  of t h e  6000-km case ,  
t he  u n l t  power c o s t s  f a l l  s i g n i f i c a n t l y  from the  case  i n  Table  7.3. The 
5000-km case u n i t  c o s t  s t a y s  n e a r l y  the same because higher  BOL s p e c i f i c  
power c e l l s  do not  f u l l y  compensate f u r  t h e  more s e r i o u s  r a d i a t i o n  
damage a s s o c i a t e d  wl t h  t h l n n e r  s o l a r  cells .  

7.2.3 Most advanced MBG technology .I._. 

By t h e  inid t o  l a t e  1990s i t  i s  p r o j e c t e d  that M E  s o l a r  cel ls  
making s i g n i f i c a n t l y  h ighe r  u s e  of t h e  s o l a r  spectrum w i l l  be a v a i l a b l e  
and t h a t  e f f i c i e n c i e s  approaching 40% are poss ib l e .  Cons iderable  devel-  
opment of new materials, m u l t i l a y e r  f a b r i c a t i o n  t echn iques ,  and concen- 
t r a t o r  o p t i c s  i s  r e q u i r e d ,  Pane l s  with such cel ls  have s p e c i f i c  powers 
as h igh  as 300 W/kg and areal d e n s i t i e s  as high as 300 W/m2. I f  one i s  
o p t i m i s t i c  and assumes economies of scale can be implemented i n  SPP pro- 
d u c t i o n  by 1995, i t  is  l i k e l y  that  such ce l l s  w i l l  f a l l  helow p r e s e n t  S i  
c e l l s  I n  u n i t  cost .  A space -qua l i f i ed  u n i t  c o s t  of $100 pe r  peak w a t t  
is assumed possib1.e and WEIR t h e  most o p t i m i s t i c  p r o j e c t i o n  I n  a r e c e n t  
NASA r e p o r t ,  27 
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T a h l e  7-5. Code r e s u l t 4  f o r  SPS m i s n l o n s  ustnn! near -  
term advanced SPP and e n e r g y  s t o r a g e  technologyu 

Miss ion  
V a r i a b l e  D e s c r i  p t l o n  

LEO-T LEO-I I HEO-I  HEO-I1 (CEO) 

HORB 
NYRS 
I ES 
I DRAG 
IRAD 
KSA 
PA 
FCJXNS 
EDENS 
CSA 

CBATT 
CRFC 
CSHUTL 
COTV 

PDES 

PREQ 
PDFK 

PBREQ 

PFCREO 

ASA 

KRES 

KTOT 

MSA 
FEES 
MAUX 

M O T  

Orbit .  a l t i t u d e ,  km 
h r a t f o n  of m i s s i o n ,  y e a r s  
Energy s t o r a g e  € l a g  
Drag c a l c u l a t i o n  f l a g  
R a d i a t i o n  damage f l a g  
Solar W p a n e l  s p e c i f i c  power, W/kg 
SPP a r e a l  d e n s i t y ,  W/n2 
Fuel cel l  e n e r g y  d e n s i t y .  W-h/kg 
B a t t e r y  e n e r g y  d e n s i t y ,  W-h/kR 
Space q u a l i f t e d  SPP u n i t  c o s t ,  

B a t t e r y  u n i t  c o s t .  $/W-h 
Fuel  re11 u n i t  c o s t ,  S/W-h 
S h u t t l e  l a u n c h  cost ,  S/kg 
B o o s t e r  staze cof i t ,  SM 

Demand power l o a d ,  W 

$ / p e a k  W 

I n p u t s  

450 
10 
1 
1 (on)  
I (on) 
2 40 
140 

3 3  
4 50 

60 

2,640 
0 

54,100 

Out p u t s  

P m r  requirements 

Peak SPP power r e q u f r e m e n t ,  W 116,505 
Performance  d e g r a d a t i o n  f a c t o r ,  0.955 

EOL/BOL 

W-h 

ment, W-h 

B a t t e r y  e n e r g y  s t o r a x e  r e q u i r e m e n t ,  97 ,0Q5 

F u e l  c e l l  e n e r g y  s t o r a g e  r e q u i r e -  

SPP a r e a  r e q u i r e m e n t ,  m2 832 

spec i f ic  power 

600 
10 
1 
1 
1 
240 
140 

33 
4 50 

60 

2, h40 
n 

276,500 

603,933 

490,304 

0.910 

6,000 
10 
1 
1 
1 

140 

33 
4 50 

60 

240 

2,640 

in9,200 

20 

1,328,198 
0.114 

264,765 

xi, onn 
10 
1 
1 
I 
240 
140 

3 3  
4 50 

60 

2,640 
210 

4 3 , 2 0 0  

56,065 
0.872 

1 so, 212 

4,314 9,487 401 

Energy s t o r a g e  sys tem s p e c i f i c  19.3 19.5 17.6 10.0 

T o t a l  power sys tem s p e c f f i c  power, 14.0 14.1 8.5 8.4 
power, W/kg 

W/kg 

Puytocd meeee 

SPP mass, ICE 485 
Energy s t o r a g e  system W S R ,  kg 2.942 
Power c o n d i t i o n i n g  sys tem mase, kg 438 

2,516 5,534 2 34 

2,212 874 346 
14,R58 6,508 4,552 

T o t a l  power System mass, kg 3,860 19,586 12,915 5,131 
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T a b l e  7.5 ( c o n t i n u e d )  

Miss ion  

V a r i a b l e  D e a c r i p t i o n  
L E D - I  Leo-I I HEW1 HP.0-XI (CEO) 

MsOOST 

MREIOO 
MPLOAD 

PLOD 

F 
PER 
D U G  

CARRAY 
CES 
CAlJX 

CXTOT 

CSHUTT 
CREBOO 

CLRB 

CBOOST 

CSTAGE 
CCENSH 

cimm 

cmow 
CLWATT 

CTWATT 

PaylOQd Tt288e8 (continued) 

LEO t o  HE0 boos t  f u e l  and e n g i n e ,  0 

LEO r e b o o s t  f u e l ,  kg 20,301 
kp; 

Nonpower p a y l o a d ,  ke: 7 

0 

3,328 
4 

T o t a l  s h u t t l e  bav payload ,  kg 24,168 
( i n c l u d e  NTOT above)  

M<aaion considemtione 

Shadow f a c t o r  0.384 
O r h f t a l  p e r i o d ,  h I .56 
Reboost  f u e l  consumprton,  l h / f t 2 /  0.5 

y e a r  

Pwer 8yetem coets  

SPP t o t a l  c o s t ,  SH 52.4 
Energy s t o r a g e  s y s t e m  c o s t ,  SM 5.8 
Power c o n d i t i o n i n g  syatem c o s t .  $M <<0.1 

22,918 

0.367 
I .61 
0.016 

271.8 
29.4 
<<o. 1 

T o t a l  power sys tem c o s t ,  $M 58.2 

hunch  costs (at2 i n  $1) 

S h u t t l e  t r a n s p o r t  of power sys tem 10.2 
Reboost  p r o p e l l a n t  manufac tur ing  0.2 
cost 

S h u t t l e  t r a n s p o r t  of r e b o o s t  f u e l  53.6 

Manufac tur ing  c o s t  of boost propel -  0 

ManufactirrZnR c o s t  of b o o s t e r  s t w e  0 

and e n g i n e  

l a n t  and t a n k s  

S h u t t l e  t r a n s p o r t  of b o o s t e r  and 0 

Total launch c o a t  64.0 
p r o p e l l a n t  

301.2 

51.7 
<<0.1 

8.8 

0 

0 
0 

60.5 

r h i C t  coets (in t e r n  of h m n d  power) 

T o t a l  p o ~ r  sys tem,  S/W 1,077 1,089 
Launch, $/W 1,1R3 219 

T o i a l ,  $/W 2,260 1,308 
_s_ __ ......... 

13,082 20,863 

0 0 
3 6 

26,000 26,000 
.^..____I 

0.172 0.048 
3.80 24.10 
0 0 

597.7 25.2 
12.9 9 .O 
<<0.1 <<0.1 

610.6 3 4 . 2  

36.1 13.5 
0 0 

0 0 

0.3 0. b 

20.0 20.0 
36.5 55.1 

8R. 9 89.1 
-.l...._l_.̂ l__ 

5,591 793 
814 2,061 

6,405 2,854 

“Thin Si PY c e l l s ;  NiH2 h a t t c r f e s  f o r  e n e r w  s t o r a g e .  
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Use of advanced r e g e n e r a t i v e  f u e l  cells  (RFCs) may al low t h e  energy  
s t o r a g e  system t o  achieve  a h ighe r  s p e c i f i c  power of 15 t o  30 W/kg as 
opposed t o  t h e  3 t o  20 W/kg f o r  b a t t e r y  systems. A s p a c e - q u a l i f i e d  u n i t  
c o s t  of $ l O O / W  is cons idered  p o s s i b l e .  Launch c o s t s  are assumed t o  be 
t h e  same as t h e  prev ious  two technology s c e n a r i o s .  

Table  7.6 shows the i n p u t s  and results f o r  t h e  advanced technology 
case .  As expec ted ,  t he  h i g h e r  o v e r a l l  power system s p e c i f - l c  power value 
dr ives  t h e  u n i t  power c o s t  down and i n c r e a s e s  the p o s s i b l e  maximum power 
pay1 oad e 

Figure 7.1 shows t h e  maximum power payload as a function of a l t i -  
tude  f o r  a l l  t h r e e  technology s c e n a r i o s .  The l a r g e s t  payloads a r e  
available at h igh  LEO, l o w  drag  o r b i t s .  A t  HE0 o r b i t s ,  f o r  which a 
b o o s t e r  stage i s  r e q u i r e d ,  the i n c r e a s l n g  b o o s t e r  and p r o p e l l a n t  we igh t s  
reduce  t h e  mass a v a i l a b l e  f o r  t h e  power sa t e l l i t e .  As expec ted ,  t h e  ad- 
vanced SPP technology a l lows  t h e  g r e a t e s t  power payloads.  

O R N L  O W G  8 5 - 5 1 2 9  E T C  

‘1 1 o3 

E f f t C T O F  
DRGG IiFF ECT OF REDUCED PAYL.OAD TO t i E O  

1 o5 t 5  2 5 f lo4 2 

GTO 
IHEO II) 

MISSION A I  TITUDF I k m )  
I LED -I 

H E 0  I 
+ 5  1 2 

LEO II 

Fig. 7 . 1 .  Maximum space power s a t e l l i t e  demand power load as  a 
f u n c t i o n  of miss ion  o r b i t a l  a l t i t u d e .  
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T a b l e  7.6. Code r e s u l t s  f o r  SPS m l s s l o n s  u s i n g  m c s t  
advanced SPP and e n e r g y  s t o r a g e  technologya  

- 
MI s s i  on 

. . ... - ~ - - -  
LFC-I LFO-I  I HEO-I HEO-I1 (GEO) Variable  Des c r i p t i on 

1111 . . . . . . . . . . . . . . ~ 

Inputs 

HFRB 
NYRS 
IES 
I DRAG 
PRAD 
KSA 
PA 
FCCRNS 
EDENS 
CSA 

CBAPT 
CIFC 
CSHUTY, 
cow 

PDES 

PREQ 
PDiX 

PBREQ 

PFCREO 

ASA 

KRES 

KTOT 

MSA 
ME § 

MAUX 

S T X  

O r b i t  a l t i t u d e ,  km 
D u r a t i o n  of m i s s i o n .  y e a r s  
Enerffy s t o r a m  f l a g  
Drag c a l c u l a t i o n  f l a g  
R a d i a t i o n  damage f l a g  
S o l a r  PV panel  s p e c i f i c  power. W/kg 
SPP a r e a l  d e n s i t v ,  W / n 2  
Fuel  c e l l  e n e r g y  d e n s i t y ,  W-h/kg 
B a t t e r y  e n e r g y  d e n e i t v ,  U-h/kp 
Space q u a l i f i e d  SPP u n i t  c o s t ,  

B a t t e r y  u n i t  c o s t ,  S/W-h 
Fuel  c e l l  u n i t  c o s t ,  $/W-h 
S h u t t l e  launch  c o s t ,  S/kp 
b o s t e r  s t a g e  c o s t ,  SM 

Demand power l o a d ,  I.’ 

$/peak u 

450 
I0 
2 (RFC) 
1 (on) 
1 (on) 
300 
300 
18 

I O 0  

I00 
2,640 
n 

124,500 

O u t p u t s  

Powr  vequiremnts 
____F 

Peak SPP power r e q u i r e m e n t ,  V 222,195 
Performance d e g r a d a t i  on f a c t o r ,  0.955 

B a t t e r y  enerKy s t o r a g e  r e q u i r e m e n t ,  

Fue l  c e l l  e n e r m  s t o r a g e  r e q u i r e -  78,206 

EOLIBOE 

W-h 

IWl?t, W-h 

SPP area r e q u i r c m e n t .  ni2 74 1 

Specific power 

Energy s t o r a g e  sys tem s p e c i f i c  30.1 

T o t a l  power sy9tem s p e c i f i c  power, 20.5 
power, Wfkp; 

W/ kg 

SPP Inass, kq 741 
Energy s t o r a g e  system pass, kg 4 ,345  
Power c o n d i t i o n i n g  sys:ern mass, b 996 

600 
10 
7 
1 
1 
300 
300 
18 

100 

100 
2,640 
0 

430,400 

6 ,000 
10 
2 
1 
1 
300 

18 

100 

300 

100 

20 

155.000 

2,640 

36,000 
10 
2 
1 
1 
300 
300 
18 

100 

100 
2.660 
20 

64,000 

784,950 1 ,725 ,194  80,963 
0.910 0.114 0.872 

267,122 106,694 77 ,am 

2,617 5,751 270 

30.5 

20.6 

2,617 
14,840 
3,443 

27.5 

12.5 

5,751 
5,926 
1,240 

15.5 

12.5 

270 
4,327 
512 

T o t a l  power system mass, kg 6,081 20,sno 12.918 5,109 



0'68 

000* YZ 

82 
0 

5 "U9 
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7 .3  Some Comments on Economy _.. of Sca le  

In  Ref. 5 i t  i s  claimed t h a t  a t h ree  order-of-T1xignPtude i n c r e a s e  i n  
the market f o r  space so la r  a r r a y s  would dec rease  u n i t  cos t  by a f a c t o r  
of 30 t o  -$20/W (demand power, space q u a l i f i e d )  without  tnajesr changes i n  
materials o r  nwnufactur inp processes .  T F  such p a n e l s  were being mass 
produced by t h e  thousands i n  a common s i z e  f o r  one a p p l i c a t i o n ,  such a 
r e d u c t i o n  might be poss ib l e .  P r e s e n t l y  each satellite applicatlon 
r e q u i r e s  i t s  own custom des ign  and q u a l i f i c a t i o n  procedlwes.  Such 
m i  ss  i on-dedi ca t  ed cons t r u e  t i  on met hods 3 r d  thei r a s  soc i a t  ed high over  - 
heads do not allow s i g n i f i c a n t  cconomies of s c a l e .  With SDI applica- 
t i ons  it is  p o s s i b l e  t h a t  illillny iden t - i ca l  s a t e l l i t e s  w i l l .  be launched,  
t hus  the p o s s i b i l i t y  f o r  u n i t  c o s t  r e d u c t i o n  e x i s t s .  
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8. CONCLUSIONS 

It should aga in  be remembered t h a t  t h i s  w a s  a scoping s tudy no t  
meant t o  c a l c u l a t e  des ign  requirements  o r  d e t a i l e d  c o s t s  f o r  a s p e c i f i c  
misslon. The i n t e n t  w a s  t o  i n v e s t i g a t e  the  t e c h n i c a l  and economic 
i s s u e s  involved i n  t h e  use of s o l a r  pho tovo l t a i c  panels  as a source  of 
s t eady  s ta te  space power i n  a dedica ted ,  s h u t t l e - d e l i v e r a b l e  space power 
satellite t h a t  can s e r v i c e  o t h e r  c i v i l i a n  o r  m i l i t a r y  payloads. 

The fol lowing conclusions are presented 

1. For LEOs i n  t h e  300 t o  500-kaa range,  t h e  atmospheric  drag  asso- 
c i a t e d  with high area s o l a r  panels  i s  a major mission cons idera t ion .  
The mass and c o s t  of a reboos t  engine and p r o p e l l a n t  can be s i g n i f i c a n t  
and, i f  launched i n  the  same bay as the  power system, can g r e a t l y  reduce 
t h e  mass and space a v a i l a b l e  f o r  t h e  l a t te r .  If  a s o l a r  dynamic system 
(us ing  s o l a r  r e f l e c t o r s  t h a t  focus the  sun's rays  t o  a heat  engine) were 
a v a i l a b l e ,  t h e  drag area could be g r e a t l y  reduced. The use of nuc lear  
power s y s t e m s  would have an even l a r g e r  drag reduct ion  e f f e c t ,  

2 .  For H E O s  I n  the  3,000 t o  20,000-km range, t he  Van Allen b e l t  
r a d i a t i o n  due t o  the i n t e r a c t i o n  of t he  s o l a r  wind and e a r t h ' s  magneto- 
sphere  i s  capable  of damaging s o l a r  panels  and decreas ing  t h e i r  aut-  
p u t .  The need t o  overdesign the  panels  t o  achieve a des i r ed  EOL power 
l e v e l  i n c r e a s e s  c o s t s  and reduces u s e f u l  payload. 

3. As l a r g e r  HEOs are s p e c i f i e d ,  t he  s h u t t l e  payload space and 
m a s s  a v a i l a b l e  f o r  an SPS decreases .  This is the r e s u l t  of t h e  need t o  
c a r r y  a boos te r  s t a g e  ( O T V )  and p rope l l an t  f o r  t r a n s f e r  from LEO t o  BEO. 

I f  t he  s h u t t l e  bay i s  assumed dedica ted  t o  the  SYS mission, t h e  
cos t  pe r  w a t t  u l t i m a t e l y  depends on t h e  f r a c t i o n  o€ t h e  SPS payload mass 
dedica ted  t o  EOL power product ion as opposed t o  reboos t  and boost opera- 
t l ons .  The power product ion f r a c t i o n  is g r e a t e s t  f o r  missions a t  h igh  
LEOs f o r  which drag  i s  small and OTV boost: i s  no t  needed. 

5 .  A s  the  per iod a sa te l l i t e  spends i n  darkness  inc reases  ( a s  i t  
does wi th  a l t i t u d e ) ,  t h e  capac i ty  of t h e  energy s to rage  system must a l s o  
increase .  Payload and cos t  p e n a l t i e s  are thus incu r red ,  

4. Power system u n i t  c o s t s  (no t  inc luding  launch) s i g n i f i c a n t l y  
less than $1000 demand-watt a r e  poss ib l e  with advanced SPP and advanced 
energy s to rage  technology. 

7. I n  t h e  absence of reboost  o r  OTV payloads,  launch costs  
approaching $140/W are t h e o r e t i c a l l y  poss ib le  f o r  a s h u t t l e  payload u n i t  
launch cos t  of $ 2 6 4 0 / k g  and an o v e r a l l  power system s p e c i f i c  power of 
30 W/kg. 

8. This  r e p o r t  d id  not  cons ider  t h e  v u l n e r a b i l i t y  o f  SPPs t o  ex- 
t e r n a l  t h r e a t s  such as micrometeor i tes ,  launched p r o j e c t i l e s ,  laser 
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beams, man-made i o n i z i n g  r a d i a t i o n ,  etc. The large a reas  of t h e  solar 
panels  required makes the  SPS more vulnerable  than more e a s i l y  hardened 
pager  systems such as RTGs or  f i s s i o n  reactors. Reference 3 i n  Chap. 7 
d e a l s  with methods f o r  hardening SPPs. 

9. The technological r i s k  a s soc ia t ed  with SPPs is low. They have 
served very r e l i a b l y  i n  most U . S .  c i v f l i a n  and m i l i t a r y  space programs 
t o  date. Their  Inc reas ing  s i z e ,  a s soc ia t ed  wj.th greater  power demands, 
limtts t h e i r  s i z e  t o  s i g n i f i c a n t l y  (1 MbJ demand power f o r  m i l i t a r y  m l s -  
s i o n s  (shut t1 .e  d e l i v e r a b l e ) .  Even f o r  >lOO-kW a p p l i c a t i o n s ,  the drag 
and v u l n e r a b i l i t y  problem assoc ia t ed  w i t h  SPPs make nuclear  space power 
systems more a t t r a c t i v e .  
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9.  POSSIBLE FUTURE STUDIES 

Solar  pho tovo l t a i c  panels  p re sen t ly  enjoy the s t a t u s  of being the  
most f r equen t ly  u t i l i z e d  space energy conversion technology. Other sys- 
tems, however, are under cons ide ra t ion  and are c e r t a f n l y  amenable t o  t h e  
type  of parametric economic a n a l y s i s  descr ibed  i n  t h i s  repor t .  

Among the  s o l a r  concepts t h a t  might be considered is a s o l a r  dy- 
namic system using pa rabo l i c  r e f l e c t o r s ,  a heat  engine cycle ,  and an 
advanced energy s to rage  sys tem.  These are some of the concepts being 
considered by NASA f o r  i t s  space s t a t i o n  p ro jec t .  

Other energy conversion technologies  amenable t o  economtc assess- 
ment are the rmoe lec t r i c s ,  thermionics ,  and hea t  engine cyc les  i n  tandem 
wi th  nuclear  ( i s o t o p i c  or fission) heat  sources .  
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Appendix A. LIST OF ACRONYMS 

BOL 

B 

c31 

EOL 

G&A 

GEO 

HEDRB 

HE0 

IECEC 

JQL 

LEO 

=O2 

LH* 
MBG 

M&L 

NASA 

O&M 

OTV 

PV 

K&D 

RPG 

RTG 

SDI 

SPP 

SPS 

Beginning of life 

Ballistic missile or defense 

Command, Control, Communlcations & Information 

End of life 

General and Administrative 

Geosynchronous earth orbit 

High energy density rechargeable battery 

High earth orbit 

Intersociety Energy Conversion Engineering Conference 

Jet Propulsion Laboratory 

Low earth orbit 

Liquid oxygen 

Liquid hydrogen 

Multi-bandgap 

material and labor 

National Aeronautics Space Administration 

Operating & Maintenance 

Orbital transfer vehicle 

Photovoltaic 

research & development 

Regenerative fuel cell 

Radioisotope thermoelectric generator 

Strategic defense initiative 

Solar  photovoltaic panel 

Space  power satellite 
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Appendix B. CODE LISTING 

The FORTRAN computer code d iscussed  I n  Sec t ion  6 is l i s t e d  on t h e  
fo l lowing  pages. The MAIN has  both design and cos t  a lgori thms.  SUB- 
ROUTINE K O 1  c a l c u l a t e s  the  performance degrada t ion  due t o  s o l a r  c e l l  
r a d i a t i o n  damage by use of i n t e r p o l a t i o n  r o u t i n e s  which f i t  t he  use r  
s p e c i f i e d  da ta  wi th in  the  d a t a  of Ref. 1 ,  Chap. 6 .  The a c t u a l  i n t e r -  
polation c a l c u l a t i o n  is performed by p r o p r i e t a r y  r o u t l n e s  in the system 
software l i b r a r y  ( subrout ines  EOlACE and EOlAAE) f o r  which t h e  listings 
are not ava i l ab le .  
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C CAILCULATE ORBITAL PERICD 
PER= ( 2 .  *PI*  [l 000, * (REARTH+HORB) ) ** 1 5 ) /  g l m 9 9 7 7 E 7 * 3 6 O 0 .  ) 
WRITE (6 ,400)  PER 

400  PORFIAT(m ORBITAL PERIOD IN H O U R S =  *,F6..2,/)  
C BATTERY:DEPTH OF DISCHARGE 

DOD=O. 35 
C EA'ITBBY: CHARGE TO DISCHARGE E F F I C I E N C Y  

CDEPP= .) 65  
C CONDXTfONING A N D  CABLING L O S S  FACTOR: 

Q=1,05 
C POWER CONCITIONING EQI: SPECIFIC POWER (W/RG) 

K A U X= 125, 
C POWER COHCITIONING EQT fJASS 

H A U X = P D E S / K B U X  
C SOLAR ARBAP REQT FOR EATTERP SYSTEH: 

f F ( I E S . E Q . ,  1) P3EQ=Q*(PDY?S/PDFK) *(1.+(P/(CCEFP*(l.-F)))) 
C SOLAR A R B A P  REQT FOR FUEL CELL ENERGY S I C S A G E  SYSTEH 

TP ( I E S - E Q - 2 )  PREQ=Q*(PDES/PDFK) * ( I . +  ( F / ( l - - F ) ) )  
C MASS OF S O L A 3  ARRBY:  

N S A= P E E Q/ K S A 
C HASS OF SOLAR ARRAY PER UNIT A R E A  i n  K G / B * * 2  

KGtlZ=PA/KSA 
C ABEA OF S O L A R  A R R A Y S  

B S A =  P EE Q/ P A 
C A R E A  OF SOLAR A R R A Y S  IN PT**2 

ASAF=ASA* 3.28-2 
C R E Q D  ENERGY, HASS E S P E C I F I C  POYER O F  O F  ENERGY STORAGE SYSTEMS 
c BATTERIES 

PBREQ=PDES*Q*F*PER/DOD 
I F  ( I E S - E Q -  1) HES=FEREQ/(EDENS) 

PFCBE€=PDES*Q*F*PEE 
I F  ( I E S - E Q I  2) MES=PFCREQ/PCDENS 
I F  (XES. EQ, 1) KRES=FEREQ*CCD/(P*PER*HES) 
I F  (XES-EQ. 2) KRES=PFCBEQ/ (HES*P*PER) 

C TOTAL HASS O F  POWER SPSTEH 
HTOT=BES+WSA+MAUX 

C TOTAL S P E C I F I C  POWER IN TERRS OF DESIRED LOAD FOWER 
KTC)T=P DES/BTOT 

C INVERSE SPECIFIC P C W E E  I N  KG/K:W 
RINV=lOOO./KTOT 

C REBOOST FUEL REQUIREMENTS DUE TO LOW A l i ' l  ORBITAL DRAG ON ARRBIS 
D R A G = O ,  
I F  ( I D R A G ,  EQ. I .  AND.BORB,LT. 1000.) 

I F  (BORB, LE- 1000,) 

PLOAE=l .E4* (5- 07-ALOGlO (HOAB) ) 

~PLOAD=PLOAD-tlTOT-lfBEBOO 

c PUEL CELLS 

*DRAG=0.5* (10- **( (450--HORB)/100.]) 
WREBOO=DRAG*NYBS*ASIP/2.20 5 

C SBUTTLE PAYLOAD AI?JUS?ED FOR CENTAUR BCUST TO POSSIBLE B E G  

c NUN-POWER,  NOR-BOOST FAYLOAD 

C *** COST CALCULATIONS **** 
C 
C POWER SYSTEM RFG- COSTS 
C SOLAF A R R A Y S  

CAR R A Y=CS A *PR E Q 
C ENERGY STORAGE: EBTTERIES 



58 



59 

5 2 0  F O R H A T ( '  TOTAL POWER SYSTEN SP POWEE; IN W/KG (DES LD) ',F10,1) 

530 FOEHAP (' 'ICTAL POWER SYSTER INV. SPEC.FOWER 1 R  KG/KW ',P5.2,/) 

5 3 1  F O R H A T ( *  BTHOS. CRAG: L E - R E B B O S T  PUEL/YR/PT2 S.A. :',F12.6) 

620 FORHAT('  REBOOST PUEL P A Y L O A D  POB S C L A B  AflBAYS IAl LEO @ e F 8 - l j  

770  FORHAT('  SHUTTLE P-L. B V B I L  I N C L  E T F  CP BEC BOOST: 0,,P6,0,g X G s $  

780 FORUA'I ( @  NON-POWER, NON-BOOST PAYLOAD @,F8,0,' KG') 

801 POBHAT ( @  * a / / # '  *** COST OUTPUT ***'#//) 

URITE ( 6 , 5 3 0 )  K I N V  

WRITE (6,531) D R A G  

WRITE (6,620)  H R E B G O  

WLIITE (6,770) PLOAD 

YRITE (6 ,780)  MPLOAD 

W R I T E  (6,801) 

WRIT E ( 6.8 0 2) PB EQ , C S a, CAR B A P 
802  F O E H A T ( '  POWEB SPS MPG- COSTS:',/, @ ',T58'SOLAR ARRAYS:' ,  

* T 3 0 a P 1 0 - 1 , '  W X *,P6.2,' $/U ',160,'= $ ' , - 6 P F 9 - 3 , r  H9) 

8 0 3  F O R B A T ( '  1,TS,'BATIEBIES:*8T30,~10- 1,' V - H E  X9,F6.2,' $/U-BB', 
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Appendix C. PROJECTIONS OF RANGES FOR SATELLITE LAUNCH COSTS 
I N  LOW AND GEOSYNCHRONOUS EAKTfI ORBET 

Purpose 

Although system a r c h i t e c t u r e  f o r  t h e  proposed Ballistic Missile 
Defense (BMD) a s s o c i a t e d  w i t h  t h e  S t r a t e g i c  Defense I n i t i a t i v e  CSDI) h a s  
n o t  y e t  been d e f i n e d ,  a few "back-Of-the-enveLnpe" a t t e m p t s  have been 
made t o  estimate BMD deployment c o s t s .  The popu la r  (newspaper and news 
magazine) and t e c h n i c a l  (D i scove r ,  I E E E  Spectrum, A v i a t i o n  Week and 
Space Technology, P h y s i c s  Today) p r i n t  media have i n c l u d e d  t o t a l  system 
c o s t  estimates which range Er'om 1 0 l 0  t o  2 x 1012 dolPars. l- ' lu It shou ld  

--1_1 

be  noted that  estimates, a t  t h i s  p o i n t  i n  t h e  Sa1 prograin, are o f t e n  
used to defend or oppose an a u t h o r ' s  or  e x p e r t ' s  o p i n i ~ n  on proceed ing  
w i t h  f u r t h e r  SDL r e s e a r c h .  

Sirice t h e  t y p e s  of space  hardware and t h e  tiumbers reqllired are n o t  
y e t  d e f i n e d ,  i t  i s  p o i n t l e s s  t o  t r y  t o  g e n e r a t e  even a rough estimate on 
t h e  t o t a l  cost of a l l  the r e q u i r e d  sa te l l i t es .  To g i v e  a f e e l i n g  f o r  
the o r d e r  of magnitude of u n i t  mass or  s p e c i f i c  c o s t s  f o r  hardware,  how- 
e v e r ,  one can c o n s i d e r  t h e  two r e c e n t  hardened m i l i t a r y  communication 
satel l i tes  launched by t h e  S h u t t l e  O r b i t e r  A t l a n t i s .  A t  -$lDh) m i l l i o n  
each  and likely masses o f  a few metric tons each, one i s  t a l k i n g  about  
nonlaunch c o s t s  of $20,000 t o  50 ,000 per  k i log ram fo r  high-technology 
s p a c e  q u a l i f i e d  e l e c t r o n i c  hardware. 

Launch c o s t s  w i l l  c o n s t i t u t e  a major porti .on of t h e  t o t a l  cos t  for  
a BMD system. There is enough d a t a  on l.nurich Casts a v a i l a b l e  i n  the 
l i t e r a t u r e  that  m e  can  a r r i v e  a t  somewhat b e t t e r  t h a n  order  of magni- 
t u d e  estimates on u n i t  s p e c i f i c  l aunch  c o s t s .  ( S p e c i f i c  c o s t s  are used 
s i n c e  the number of t o t a l  l a u n c h e s  and payload masses r e q u i r e d  are n o t  
known.) The d e r i v a t i o n  of t h e s e  speci-fic payload launch c o s t s  i s  t h e  
s u b j e c t  of t h i s  appendix.  

Launch Vehicles and C o s t s  

The u n i t  c o s t  t o  o r b i t  a k i log ram depends h e a v i l y  on t h e  d e s i r e d  
o r b i t  and t h e  n a t u r e  of t h e  t r a n s p o r t e r  vehfcle. For BMD a p p l i c a t i o n s  
t h e  two most common o r b f t s  are 1ikel.y t o  be t h e  low e a r t h  o r b i t  (LEO) 
and t h e  geosynchronous (GED) o r b i t .  

Low E a r t h  O r b i t  (LEO):  The F l e t c h e r  C o m m r i t t e e l l  r e p o r t  an3 a 
Lawrence Livermore National.  L a b o r a t o r y  s tudy12  p r o j e c t e d  t h a t  on t h e  
o r d e r  of 100 a c t u a l  BMI) i n t e r c e p t o r  t y p e  weapons might be placed i n  
LEO. These o r b i t s  are r e a c h a b l e  hy t h e  Space S h u t t l e  O r b i t e r  and have 
mean a l t i t u d e s  O F  300 t o  ti00 km above sea l e v e l .  The m x i m u m  payload 
f o r  t h e  shi- i t t le  o r b i t e r  i s  on t h e  order of 20---30 m e t r i c : :  t o n s  depending 
on a l t i t u d e s  arid o r b i t a l  i n c l f n a t i o n  t o  the e q u a t o r ,  (Near-Polar o r b i t s  
have the smaller payloads I ) 
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Assoc ia t ed  w i t h  s h u t t l e  launch are bo th  a f i x e d  c a p i t a l  c o s t  c o w  
ponent and a mis s ion  d e d i c a t e d  o p e r a t i n g  c o s t  component. The c o s t  of 
t h e  S h u t t l e  O r b i t e r  V e h i c l e  can he c o n s i d e r e d  a f i x e d  c o s t  cm t h e  o r d e r  
of one b i l l L o n  d o l l a r s  pes v e h i c l e  (development and e n g i n e e r i n g  c o s t s  
n o t  i n c l u d e d ) .  Over a p e r i o d  of s e v e r a l  y e a r s  one can assume t h a t  
3>1--50 d s s i o n s  wtll be s c c o m p l i s l d .  I g n o r i n g  i n t e r e s t  c o s t s  and 
d i s t r i b u t i n g  t h e  O r b i t e r  f i x e d  c o s t  over  t h e  above range o r  number of 
m i s s i o n s ,  a f i x e d  c o s t  component o f  $20-30 m i l l i o n  p e r  l aunch  r e s u l t s .  

The  mis s ion  d e d i c a t e d  O&M costs i n c l u d e  l aunch  c o n t r a c t o r  c o s t s ,  
f u e l ,  s o l i d  p r o p e l l a n t  t a n k s ,  maintenance,  crew expenses ,  and o t h e r  
overheads.  These may vary wi th  t h e  length of mis s ion  p r e p a r a t i o n  and 
t h e  a c t u a l  mi s s ion  l e n g t h .  A range of $40-70 u ~ j . l l i o n  per l aunch  i s  
e s t i m a t e d  f o r  t h e s e .  

One might a s k  why such c o s t  p r o j e c t i o n s  f o r  an a l r e a d y  o p e r a t i n g  
system are no t  more a c c u r a t e  than  above, P a r t  of t h e  problem is  t h a t  
NASA4 and i t s  s h u t t l e  u se r  a g e n c i e s  and customers have n o t  y e t  ag reed  on 
a u n i t  payload c o s t  t o  be charged t o  m i l i t a r y  u s e r s .  A h i g h  m i l i t a r y  
o f f i c i a l  w a s  r e c e n t l y  quo ted . lS  "NO one i s  e m c t l y  s u r e  what i t  c o s t s  
NASA t o  launch t h e  s h u t t l e . "  A p r i c i n g  p o l i c y  i s  forthcoining i n  1989. 
P a r t  of t h e  d i f f i c u l t y  i n  a r r i v i n g  a t  a p r i c e  i n v o l v e s  conci1rrence on 
tine p a r t  of s e v e r a l  government a g e n c i e s  on t h e  wr i t e -o f f  of Space 
S h u t t l e  development,  e n g i n e e r i n g ,  and mansifacturing f a c i l i t i e s  c o s t s  
a g a i n s t  t h e  a c t u a l  u s e r s .  The f a c t  t h a t  NASA's  commercial l aunch  ser- 
v i c e  i s  t r y i n g  t o  r t w a i n  c o m p e t i t i v e  with European launch v e n t u r e s  such 
as Arianespace makes t h e  s i t u a r i o n  even more complfcated.  

If t h e  p r e v i o u s l y  mentioned components of t h e  l aunch  c o s t  are 
summed, a range of $60-100 M on t o t a l  c o s t  p e r  launch is  c a l c u l a t e d  
( T a b l e  C.1). Over a payload range of 20-30 mxtrie. t o n s ,  a minimum and 
maximum u n i t  l aunch  c o s t  of $2,000 and $5,000 pes  ki logram ($900-  
2,27011b) r e s u l t s .  These are cons ide red  r e a s o n a b l e  c o s t  range e n d p o i n t s  
i f  development and e n g i n e e r i n g  costs are not  i nc luded .  Table  C.2 shows 
some s h u t t l e  launch c o s t s  found i n  t h e  l i t e r a t , i r e , 1 3 - 1 7  i n c h d i n g  some 
values which probably c a r r y  t h e  development and e n g i n e e r i n g  c o s t s .  

The S h u t t l e  o r b i t e r  w i l l  rernain t h e  predominant mode of e a r t h  t o  
LEO t r a n s p o r t  up t o  t h e  y e a r  2000. The DOD p l ans  t o  remodel 12 T i t a n  
Veh ic l e s  i n  1988 f o r  use  i n  o r b i t i n g  s m a l l  payloads.  For l a r g e  pay- 
l o a d s ,  on t h e  o r d e r  of 100 met r ic  t o n s ,  a new system ~ P l l  be r e q u i r e d .  
A second g e n e r a t i o n  Space S h u t t l e  o r  a S a t u r n  5 type  fIeavy L i f t  V e h i c l e  
(RLV) have been suggested.  No d e c i s i o n  h a s  y e t  been rmde on which 
o p t i o n  t o  pursue.  S e v e r a l  o p t i o n s  and t h e i r  l i k e l y  payloads and l aunch  
c o s t s  are d i s c u s s e d  i n  Refe rences  16 and 17 .  S t u d i e s  a r e  underway by 
NASA and t h e  USAF t o  a t t e m p t  t o  d e f t n e  a space  t r a n s p o r t a t i o n  system 
w i t h  p r o j e c t e d  u n i t  l aunch  c o s t s  a f a c t o r  1@---15 lower t han  a s s o c i a t e d  
w i t h  t h e  S h u t t l e I C e n t a u r  system. 
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Table C . l .  Ca lcu la t ion  of ranges f o r  
LEO and GEO launch c o s t s  

LEO mission launch c o s t s  ( space  s h u t t l e )  

Fixed cos t  2 0 
Mission dedica ted  (O&M) 40 

30 
a0 

Tota l  

payload s i z e  (me t r i c  tons)  

Unit c o s t s  ($/kg) 
( range  endpoin ts )  

60 

Minimum 20 

Minimum cos t  5 

Maximum payload 

2,000 

108 

Maximum 30 

Maximum cos t  Z 
Win imum payload 

5,000 

GEO mission launch c o s t s  ( s . .u t t le  -F chemical t..row away OW) 

S h u t t l e  ( e a r t h  t o  LEO) 60 100 
OTV (chemica l /centaur  20 60 

- - LEO to GEO) 

Tota l  80 160 

Payload t o  GEO Minimum 3.5 Maximum 6 

Minimum cos t  i Maximum c o s t  8 

Maximum payload Minimum payload 

Unit cost  ($/kg) 
( range endpoints)  

13,300 45,700 

GEO mission launch costs ( s h u t t l e  + nuc lea r  e lec t r ic  
p r o p u l s i o n  OW) 

S h u t t l e  ( e a r t h  t o  LEO) 
O W  (NEP:LEO to GEO p e r  

m i  s s ion )  

Total  

60 
10 
- 
70 

100 
40 

- 
140 

Payload (metric tons) 15 

Unit cost ($/kg) -4,700 -9,300 

* 
$ M  = m i l l i o n s  of d o l l a r s .  
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Table  C,2. Somc l i t e r a t u r e  values  f o r  
space s h u t t l e  l aunch  COSCA 

R e  f e  r ence  Cost d a t a  
I 

( 3 :  _I_-q I E E E  Spectrum) $1200/ lb  ($2650/kg) 

( 7 : Newsweek) I_ 

(13: Sc ience  8 5 )  

( 1 4 :  Acta A s t r o n a u t i c a )  $90M Launch c o s t  

(15: AAS conference) $260M Launch c o s t  

(16: 1_1 M i l i t a r y  Space)  ... 

(17: M i l i t a r y  Space)  $1500/ lb  ( $ 3  300 / kg 
$ 3 , 1 ~  f o r  12 f ~ t g h t s  ( $ 2 5 0 ~ / 1 a u n c h ) ~  

I E C E C  paper  (same $1000/ lb  ( $ 2  2 00 /kg 1 
as Reference 9 ,  
S e c t i o n  7) 

as Reference 13, 
S e c t i o n  7)  

I E C E C  paper  (same $ 2  64 O/kg 

_P 

uprobably i n c l u d e s  r ecove ry  of develspinent and engineer- 
i n g  costs. 

Geosynchronous I_ Earth O r b i t  (GEO) 

The geosynchronous e a r t h  o r b i t ,  a t  36,000 km a l t i t u d e ,  allows a 
s a t e l l i t e  t o  hover ove r  a g iven  l o c a t i o n  on t h e  e a r t h ' s  equator. For 
t h i s  reason GEO i s  u t i l i z e d  by eomminicat Eon, n a v i g a t i o n ,  and s u r v e i l -  
l a n c e  s a t e l l i t e s .  For a BMP, system, s e v e r a l  s a t e l l i t e s  i n  t h i s  o r b i t  o r  
o t h e r  h igh  e a r t h  o r b i t s  (I1EOs) would be r e q u i r e d  f o r  C31 a p p l i c a t i o n s  o r  
f o r  such purposes  as mentioned above. The l auneh  t o  GEO ( o r  HEO) 
requires a l aunch  from e a r t h  t o  LEO p1.1.w a boos t  o r  t r a n s f e r  from L E O  t o  
HEO. An ad t l i t  l o n a l  v e h i c l e ,  o f t e n  c a l l e d  a b o o s t e r - s t a g e ,  o r b i t a l  
transfer v e h i c l e  (OTV),  or  o r b i t a l  t r a n s f e r  s t a g e  i s  r e q u l r e d .  Pres-  
e n t l y  such OTVs are not  r e u s a b l e  and must he carried i n  t h e  s h u t t l e  bay 
a l o n g  w i t h  t h e  s a t e l l i t e  payload. S t a r t i n g  i n  ear1.y 1986 Centaur-G, a 
chemical (LH2-LO2) rocket s t a g e ,  w i l l  be t h e  b a s e l i n e  QTV f o r  u se  with 
t h e  s h u t t l e .  The h i g h  t h r u s t  of a chemical OW all-ows o r b i t a l  t r a n s f e r  
t o  be accomplished on the o r d e r  of hour s  t o  days.  U n f o r t u n a t e l y  t h e  
chemical  O W  and i t s  a s s o c i a t e d  p r o p e l l e n t  and t a n k s  i s  heavy and 
g r e a t l y  reduces t h e  s a t e l l - i t e  payload mass a v a i l a b l e  t o  GEO. The OTV 
payload i s  h e a v l l y  dependent  on t h e  i n e l f n a t i o n  of t h e  o r b i t  t o  the 
e a r t h ' s  e q u a t o r  and Es approx ima te ly  6,000 kg f o r  a 28" o r b i t  and 3,500 
kg f o r  a 70" o r b i t .  An e x a c t  c o s t  €or  a Centaw O'W has no t  been found; 
however a range of $20-60 m i l l i o n  p e r  launch i s  assumed reasonab le .  
T h i s  c o s t  inust  be added t o  t h e  s h u t t l e  l aunch  c o s t  i n  o r d e r  t o  o b t a i n  
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t h e  c o s t  o f  an earth t o  GEO launch. Table  C.1 shows t h e  e a r t h  t o  GEO 
u n i t  cos t  ranges obtained by using maximum and minimum c o s t s .  A range 
of $13,30O/kg t o  $26,60O/kg ($6,045 t o  $12,00O/lb) i s  obta ined  f o r  a 28" 
o r b i t  and $22,90O/kg t o  $45,70O/kg ($10,400 t o  $20,80O/lb) f o r  a 70' 
o r b i t .  Reference 18 quotes  an earth-to-GEO c o s t  of $10,00O/kg f o r  space 
s ta t ion-based space t r a n s p o r t a t i o n  ope ra t ions  and i s  f e l t  t o  he 
o p t  i m i  s t ic. 

The use of a "throw-away'' OTV c o n t r i b u t e s  s i g n i f i c a n t l y  t o  the  high 
cos t .  A r eusab le  OTV o r  "space-tug" would have cons ide rab le  c o s t  
advantages,  and R&D work is  p resen t ly  underway on a chemical r eusab le  
OTV. Such a v e h i c l e  would probably be Space S t a t i o n  based. I n  order  t o  
reduce t h e  use of braking p r o p e l l a n t  on r e t u r n  from GEO t o  LEO, t h e  use  
of t he  drag a s soc ia t ed  wi th  t h e  e a r t h ' s  upper atmosphere has been sug- 
ges t ed  as a means of "aerobraking." Another nonchemical concept,  which 
would al low payloads as high as 15 metric tons t o  GEO i s  the  use of 
combined nuc lear  power and e lec t r ic  o r  i on  propulsion. I n  t h e  nuc lea r  
e l e c t r i c  propuls ion (NEP-OTV) concept ,  the  r e a c t o r  (such as t h e  SP-100) 
and p rope l l an t  weigh considerably less than a chemical OTV and pro- 
p e l l a n t .  The main disadvantage of NEP is t h a t  f o r  a s m a l l  r e a c t o r  such 
as SP-100 t h e  t i m e  t o  t r a n s f e r  from LEO t o  HE0 is over  100 days because 
of t he  lower thrust. This  concept is one that  probably w i l l  appear i n  
t h e  post  2000 timeframe. Table  C . l  shows t h e  reduced u n i t  cos t  f o r  
e a r t h  t o  GEO t r a n s p o r t s  Lf the reasonable  OTV s t e p  can be accomplished 
f o r  $ 1 M O  d l l i o n  pe r  mission, Th i s  c o s t  depends on t he  number of 
missions and t h e  t o t a l  development and deployment cos t s .  (Up t o  $ 2  
b i l l i o n  has been es t imated  € o r  development of a chemical OTV concept. 
An SP-100-based NEP-OTV would probably accrue  s imi la r  development and 
deployment cos t s . )  

Hardware Costs  

Although less i s  known about t h e  a c t u a l  BMD space based i n t e r c e p t o r  
conf igu ra t ions ,  a few comments a r e  i n  order .  Dr. Robert Jas t rowg has 
e s t ima ted  t h a t  a s a t e l l i t e  based i n t e r c e p t o r  ne t  of 100 dev ices  i n  LEO 
w i l l  be needed a t  a c o s t  of $1-2 b i l l i o n  f o r  each sa te l l i t e .  I f  t hese  
have an average mass of 100 me t r i c  tons  each,  a s p e c i f i c  cos t  of 
$10,000-20,000 per kilogram r e s u l t s .  These hardware c o s t s  are a € a c t o r  
a€ 2 t o  10 h igher  than the  e a r t h  t o  LEO s h u t t l e  s p e c i f i c  t r a n s p o r t  c o s t s  
and the  same orde r  of magnitude as t h e  e a r t h  t o  GEO s p e c i f i c  launch 
cos t s .  [One must assume t h a t  a heavy l i f t  veh ic l e  (HLV) could l i f t  100 
metric tons  from e a r t h  t o  LEO f o r  a s p e c i f i c  cos t  c l o s e  t o  t h a t  of  t h e  
s h u t t l e . ]  Reference 16 p r o j e c t s  t h a t  HLV launch c o s t s  w i l l  he on the  
o r d e r  of $130-210 M per  f l i g h t .  Payload s i z e s  should be cons iderably  
l a r g e r  than the  s h u t t l e .  

T o t a l  Costs 

If launch and hardware c o s t s  are both included,  s p e c i f i c  c o s t s  f o r  
LEO based hardware would be $12 ,OOO--25,000/kg ($5,40+11,000/lb). For 
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GEO based hardware s p e c i f i c  c o s t s  would range from $15,00C--70,000/kg 
( $ 7 , 0 0 ~ 3 2 , O O O / l b ) ,  depending on the  t y p e  and c o s t  of OTV used, 

These c o s t s  a r e  f o r  hardware c o n s t r u c t l o n  and 'Launch only  and do 
not  i n e l u d e  development, maintenance, o r  decomniissioning c o s t s .  S ince  
t h e  deployment t i m e t a b l e  i s  s t i l l  unknown, t h e  e f f e c t s  of t h e  c o s t  of 
looney ( i n t e r e s t )  w a s  no t  inc luded  here ,  A l l  of t h e  above f a c t o r s  wLll 
have an o v e r a l l  e f f e c t  of i n c r e a s i n g  s p e c i f i c  c o s t s ,  
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