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PERFORMANCE CHARACTERISTICS OF A COMBINATION SOLAR PHOTOVOLTAIC HEAT ENGINE E N E R G Y  CONVERTER 

Donald C .  Chubb 
N a t l o n a l  A e r o n a u t l c s  and Space A d m l n l s t r a t l o n  

LeWlS Research C e n t e r  
C l e v e l a n d ,  O h l o  44135 

A b s t r a c t  

A c o m b l n a t l o n  s o l a r  p h o t o v o l t a l c  h e a t  e n g l n e  
energy  c o n v e r t e r  1 s  proposed.  Such a sys tem IS 
s u l t a b l e  f o r  e l t h e r  t e r r e s t l a l  o r  space power 
a p p l l c a t l o n s .  The c o m b l n a t l o n  sys tem has a h l g h e r  
e f f l c l e n c y  t h a n  e l t h e r  t h e  p h o t o v o l t a l c  a r r a y  o r  
t h e  h e a t  e n g l n e  a l o n e  c a n  a t t a l n .  Advantages I n  
c o n c e n t r a t o r  and r a d j a t o r  a r e a  and r e c e l v e r  mass 
o f  t h e  p h o t o v o l t a l c  h e a t  e n g l n e  sys tem o v e r  a h e a t -  

compar lson  between t h e  proposed Space S t a t l o n  

PV-heat e n g l n e  sys tem I s  made. The c r l t l c a l  p r o b -  
lem f o r  t h e  proposed c o n v e r t e r  I s  t h e  n e c e s s l t y  
f o r  h l g h - t e m p e r a t u r e  p h o t o v o l t a l c  a r r a y  o p e r a t l o n .  
E s t l m a t e s  o f  t h e  r e q u l r e d  p h o t o v o l t a l c  t e m p e r a t u r e  
a r e  p r e s e n t e d .  

c e n g l n e - o n l y  s y s t e m  a r e  e s t l m a t e d .  A mass and a r e a  7 
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mass, k g  
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t e m p e r a t u r e  r l s e  between u o r k l n g  f l u t d  and 
PV a r r a y ,  Tpv - TB 

t l m e  sys tem 1 s  I n  shade 

t l m e  sys tem I s  l n  s u n l l g h t  

h e a t  t r a n s f e r  p a r a m e t e r  f o r  PV a r r a y  

a b s o r p t l v l t y  o f  PV a r r a y  

s p e c l f l c  energy  d e n s l t y  o f  e l e c t r l c a l  
energy  s t o r a g e  system, kWh/kg 

s p e c l f l c  m a s s  o f  r e c e l v e r .  kg/kW 

p a r a m e t e r  t h a t  compares e l e c t r l c a l  
energy  s t o r a g e  e f f l c l e n c y  t o  t h e r m a l  
energy  s t o r a g e  e f f l c l e n c y  (Eq.  ( 5 ) )  

p a r a m e t e r  t h a t  d e t e r m l n e s  e f f e c t l v e n e s s  o f  
e l e c t r l c a l  energy  s t o r a g e  (Eq.  ( 1 5 ) )  

e m l s s l v l t y  

e f f l c l e n c y  

t l m e  p a r a m e t e r  (Eq. ( 6 ) )  

r e f l e c t l v l t y  o f  PV a r r a y  

S t e f a n - B o l t z m a n n  c o n s t a n t ,  5.67x10-* U/m2K4 

t r a n s m i t t a n c e  o f  PV a r r a y  

(Eq.  ( C - 7 ) ) ,  1/K 

S u b s c r l p t s  

w o r k l n g  f l u l d  l o c a t l o n  a t  e n t r a n c e  t o  
P V  a r r a y  

e l e c t r l c a l  e n e r g y  s t o r a g e  sys tem 

c o n c e n t r a t o r  

e l e c t r l c a l  power o u t p u t  

h e a t  e n g l n e  

I n p u t  power 

P V  a r r a y  

r e c e l v e r  

h e a t  l e a v l n g  PV a r r a y  t o  u o r k l n g  f l u l d  o f  
sys tem 

s t o r e d  energy  or power 

PVHE sys tem 

h e a t - e n g l n e - o n l y  sys tem 
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super  s c  r 1- 

I P V  p o r t l o n  o r  PVHE sys tem 

I e l e c t r l c a l  energy or power s u p p l l e d  t o  l o a d  
f r o m  P V  p o r t l o n  o f  P V H E  sys tem 

I n t r o d u c t l o n  

The proposed energy c o n v e r t e r  comblnes a P V  
a r r a y  and a h e a t  englne t o  p roduce a h l g h e r  com- 
b l n e d  power sys tem e f f l c l e n c y  t h a n  e l t h e r  a P V  
a r r a y  o r  h e a t  e n g l n e  a l o n e  c a n  a t t a l n .  Improved 
e f f l c l e n c y  I s  ach leved b y  s p l l t t l n g  t h e  s o l a r  
spec t rum.  P a r t  I s  c o n v e r t e d  by t h e  PV a r r a y  and 
t h e  r e m a l n l n g  p a r t  c o n v e r t e d  t o  h e a t  f o r  u s e  I n  a 
h e a t  e2Gl.e. P h o t c v o l t a t c  s y s t e m s  t h a t  s p l i t  t h e  
s o l a r  s p e c t r u m  I n  o r d e r  t o  o b t a l n  b e t t e r  p e r f o r m -  
ance have been c o n ~ l d e r e d . l - ~  
w l t h  d l f f e r e n t  energy bandgaps a r e  used I n  t h e s e  
sys tems.  Each c e l l  I s  d e s l g n e d  t o  have maxlmum 
response t o  a d l f f e r e n t  p o r t l o n  o f  t h e  s o l a r  spec- 
t r u m .  Two approaches have been c o n s l d e r e d .  The 
f l r s t  approach a t t e m p t s  t o  c o n s t r u c t  a m u l t l p l e -  
bandgap c e l l  as a s l n g l e  s t r u c t u r e .  The o t h e r  
approach uses s e p a r a t e  P V  c e l l s  and s p l l t s  t h e  
s o l a r  s p e c t r u m  w l t h  beam splitters,? p r l s m s , 3  
o r  d l f f r a c t l o n  E a r l y  s t u d l e s 3 s 4  
u s l n g  p r l s m s  o r  d l f f r a c t l o n  g r a t l n g s  showed no 
lmprovements l n  per fo rmance when a l l  t h e  o p t l c a l  
l o s s e s  w e r e c o n s l d e r e d .  However, t h e  l a t t e r  s t u d y  
u s l n g  h l g h l y  e f f l c l e n t  beam s p l i t t e r s 2  p r e d l c t s  
an e f f l c l e n c y  g r e a t e r  t h a n  30 p e r c e n t  f o r  a t h r e e  
c e l l  system. 

H u l t l p l e  c e l l s  

For t h e  proposed PV-heat e n g l n e  ( P V H E )  con- 
v e r t e r  t o  be s u c c e s s f u l ,  t h e  P V  a r r a y  must absorb  
p h o t o n s  I n  t h e  energy range t h a t  can b e  e f f l c l e n t l y  
c o n v e r t e d  t o  e l e c t r l c a l  e n e r g y .  Photons o u t s l d e  
t h l s  energy  range must b e  e l t h e r  t r a n s m l t t e d  o r  
r e f l e c t e d  t o  a r e c e l v e r  w h l c h  c o n v e r t s  t h e  p h o t o n  
energy  t o  t h e r m a l  energy .  The t h e r m a l  energy  I s  
t h e n  c o n v e r t e d  t o  e l e c t r l c a l  energy  by  a h e a t  
eng lne .  

Improved e f f l c l e n c y  means t h a t  a s m a l l e r ,  
l e s s  mass lve  energy  c o n v e r t e r  c a n  be c o n s t r u c t e d .  
A s  a r e s u l t ,  t h e  PVHE c o n v e r t e r  I s  a p p l l c a b l e  t o  
b o t h  t e r r e s t r l a l  and space a p p l l c a t l o n s .  Bes ldes  
t h e  e f f l c l e n c y ,  s l z e  and mass Improvements,  t h e  
PVHE c o n v e r t e r  o f f e r s  a n o t h e r  I m p o r t a n t  advantage.  
S i n c e  t h e  PVHE c o n v e r t e r  c o n s l s t s  o f  two Independ-  
e n t  energy  c o n v e r t e r s  t h e r e  I s  sys tem redundancy .  
Shou ld  one o f  t h e s e  energy  c o n v e r t e r s  f a l l  t h e  
o t h e r  c o n v e r t e r  I s  a v a l l a b l e  t o  p r o d u c e  a p o r t l o n  
o f  t h e  e l e c t r l c a l  power r e q u i r e m e n t .  T h l s  sys tem 
redundancy 1 s  I n h e r e n t  I n  t h e  PVHE system. 

D e s c r l p t l o n  o f  S o l a r  PV Heat Enq lne  (PVHE) S y s t e ?  

There  a r e  two p o s s l b l e  c o n f l g u r a t l o n s  f o r  t h e  
P V H E  c o n v e r t e r .  Both o f  t h e s e  c o n f l g u r a t l o n s  a r e  
shown I n  F l g .  1 .  I n  t h e  t r a n s m l t t l n g  sys tem 
( F l g .  l ( b ) ) ,  t h e  P V  a r r a y  absorbs  t h e  p o r t l o n  o f  
t h e  s p e c t r u m  t h a t  cav be e f f l c l e n t l y  c o n v e r t e d  t o  
e l e c t r l c a l  e n e r g y ,  P E L ,  and t r a n s m l t s  t h e  
r e m a l n l n g  s p e c t r u m  t o  t h e  r e c e l v e r .  I n  t h e  
r e f l e c t l n g  sys tem ( F l g .  l a )  t h e  P V  a r r a y  r e f l e c t s  
t h e  unused p o r t l o n  o f  t h e  s p e c t r u m  t o  t h e  r e c e l v e r .  
The p h o t o n  f l u x  l n c l d e n t  on t h e  r e c e l v e r  I s  con- 
v e r t e d  t o  t h e r m a l  energy .  Thls energy  t o g e t h e r  
w l t h  t h e  t h e r m a l  waste energy  o f  t h e  PV a r r a y ,  
P R E J ,  I s  t h e n  used by t h e  h e a t  e n g l n e  t o  p roduce 
e l e c t r l c a l  energy ,  P E L .  The w a s t e  h e a t ,  PRAD,  must 

t h e n  b e  r e j e c t e d .  F o r  a space sys tem t h e  w a s t e  
h e a t  must  b e  r e J e c t e d  as  t h e r m a l  r a d l a t l o n .  

F o r  a space s y s t e m  l n  E a r t h  o r b l t  s t o r a g e  o f  
e n e r g y  Is n e c e s s a r y  d u r l n g  t h e  p o r t l o n  o f  t h e  o r b l t  
t h a t  I s  I n  s u n l l g h t .  T h l s  energy  1s t h e n  used 
d u r l n g  t h e  shade p o r t l o n  o f  t h e  o r b l t .  I n  F l g .  1 
b o t h  e l e c t r l c a l  and t h e r m a l  e n e r g y  s t o r a g e  a r e  
l n d l c a t e d .  
p o r t l o n ,  $ t / n s t ,  o f  t h e  t o t a l  PV a r r a y  power 
oh l tpu t ,  PEL,  I s  s t o r e d  and t h e  r e m a l n l n g  p o r t l o n ,  
PEL,  I s  s u p p l l e d  t o  t h e  l o a d .  A p o r t l o n ,  Ps t /ns t ,  
o f  t h e  t h e r m a l  power o u t p u t  o f  t h e  r e c e l v e r  d u r l n g  
t h e  sun p o r t l o n  o f  t h e  o r b l t  I s  s t o r e d  f o r  use  by  
t h e  h e a t  e n g l n e  d u r l n g  t h e  shade p o r t l o n  o f  t h e  
o r b l t .  

Foy e l e c t r l c a l  energy  s t o r a g e  a 

The e f f l c l e n c y  r e l a t l o n s  f o r  t h e  two systems 
l n  F l g .  1 have s l m l l a r  f o r m s .  T h e r e f o r e ,  e f f l -  
c l e n c y ,  m a s s ,  and a r e a  Improvements  compared t o  a 
h e a t  e n g l n e  o n l y  c o n v e r t e r  w l l l  b e  s l m l l a r  f o r  
each system. D l f f e r e n t  d e s l g n  advantages  and d l s -  
advantages  e x l s t  be tween t h e  systems, however.  
F o r  t h e  t r a n s m l t t l n g  sys tem t h e r e  a r e  no d l f f l c u l t  
o p t l c a l  d e s l g n  prob lems f o r  t h e  PV a r r a y .  Whereas 
t h e  r e f l e c t l n g  sys tem r e q u l r e s  an a c c u r a t e  o p t l c a l  
s u r f a c e  on t h e  PV a r r a y  I n  o r d e r  t o  d l r e c t  t h e  
l n p u t  l l g h t  f l u x  t o  t h e  r e c e l v e r ,  I t  may a l s o  be 
p o s s l b l e  t o  d e s l g n  t h e  PV a r r a y  I n  t h e  t r a n s m l t t t n g  
s y s t e m  a s  a l e n s  t o  f o c u s  t h e  l n p u t  l l g h t  on t h e  
r e c e l v e r  a p e r t u r e .  Thus r a d l a t l o n  e m l s s l o n  l o s s e s  
o f  t h e  r e c e l v e r  w o u l d  b e  reduced.  

The p r l n c l p a l  d e s l g n  d l f f l c u l t y  f o r  t h e  PV 
a r r a y  o f  t h e  t r a n s m l t t l n g  sys tem I s  p r o v l d l n g  f o r  
t h e  remova l  o f  t h e  w a s t e  h e a t .  I f  c o o l l n g  c o l l s  
a r e  used w l t h l n  t h e  a r r a y  t h e n  t h e  l l g h t  l n t e r -  
c e p t e d  by  t h e  c o l l s  c a n n o t  b e  u t l l l z e d  b y  t h e  PV 
a r r a y .  I t  wou ld  b e  d e s l r a b l e  t o  l o c a t e  t h e  c o o l l n g  
c o l l s  on t h e  o u t e r  edge o f  t h e  P V  a r r a y  t o  e l l m l n -  
a t e  t h e  l l g h t  b l o c k a g e  p r o b l e m .  The r e f l e c t l n g  
sys tem does n o t  have t h l s  p r o b l e m .  The b a c k s l d e  
o f  t h e  P V  a r r a y  c a n  be c o v e r e d  w l t h  c o o l l n g  c o l l s  
w l t h o u t  c a u s i n g  any p e r f o r m a n c e  l o s s .  

S l n c e  t h e  r e f l e c t l n g  sys tem I s  a C a s s e g r a l n l a n  
d e s l g n  i t  has s t r u c t u r a l  advantages  o v e r  t h e  
t r a n s m l t t l n g  system. W l t h  t h e  c o n c e n t r a t o r  and 
r e c e l v e r  l o c a t e d  n e x t  t o  each o t h e r  p o l n t l n g  o f  
t h e  sys tem I s  s l m p l e r  t h a n  f o r  t h e  t r a n s m l t t l n g  
s ys tem. 

A l t h o u g h  t h e r e  a r e  d e s l g n  advantages  and d l s -  
advantages  f o r  b o t h  systems t h e  m a j o r  p r o b l e m  f o r  
e l t h e r  sys tem I s  t h e  n e c e s s l t y  f o r  t h e  P V  a r r a y  t o  
o p e r a t e  a t  h l g h  t e m p e r a t u r e .  I n  o r d e r  t o  make t h e  
PVHE c o n c e p t  f e a s l b l e  a h l g h  t e m p e r a t u r e  P V  c e l l  
must be d e v e l o p e d .  I n  a l a t e r  s e c t l o n  t h e  temper -  
a t u r e  r e q u l r e m f n t s  f o r  t h e  P V  a r r a y  w l l l  be 
d l  scussed.  

Three d l f f e r e n t  c o n f l g u r a t l o n s  o f  t h e  PVHE 
c o n v e r t e r  a r e  o f  I n t e r e s t .  F l r s t  o f  a l l ,  a sys tem 
w i t h o u t  e n e r g y  s t o r a g e ,  second a sys tem u l t h  a l l  
t h e r m a l  energy  s t o r a g e ,  and f l n a l l y  a sys tem 4 t h  
b o t h  e l e c t r l c a l  and t h e r m a l  e n e r g y  s t o r a g e .  A s  
shown I n  Ref .  5,  t h e  a l l  t h e r m a l  energy  s t o r a g e  
s y s t e m  has h l g h e r  e f f l c l e n c y  t h a n  t h e  c o m b l n a t l o n  
e l e c t r l c a l  and t h e r m a l  energy  s t o r a g e  system. 
However, I t  a l s o  r e q u l r e s  t h a t  t h e  h e a t  e n g l n e  
o p e r a t e  a t  two power l e v e l s .  I t  must p roduce e l e c -  
t r t c a l  power,  f " ~ .  d u r l n g  sun t l m e  and e l e c t r l c a l  
power,  PEL + PEL,  d u r l n g  shade t l m e .  T h l s  I s  a n  
added c o m p l l c a t l o n  t h a t  t h e  sys tem t h a t  uses b o t h  

2 
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e l e c t r l c a l  and t h e r m a l  energy  s t o r a g e  does n o t  OF FC&3 y g ~ ~ l n ,  
have. 
t h e  same power l e v e l ,  PEL, a l l  t h e  t l m e .  I n  
t h i s  s t u d y  o n l y  t h e  c o m b l n a t l o n  e l e c t r l c a l  and 
t h e r m a l  e n e r g y  s t o r a g e  PVHE sys tem w l l l  be 
c o n s l d e r e d .  

I n  t h a t  case t h e  h e a t - e n g l n e  o p e r a t e s  a t  

Per fo rmance A n a l v s l s  

I n  o r d e r  t o  d e t e r m l n e  t h e  p e r f o r m a n c e  o f  t h e  
P V H E  systems a model f o r  t h e  o p t l c a l  p r o p e r t l e s  o f  
t h e  P V  a r r a y  1s r e q u l r e d .  !t I s  assumed t h a t  t h e  
P V  a r r a y  I s  made up o f  a c t l v e  P V  c e l l s  s e p a r a t e d  
by s t r u c t u r a l  m a t e r l a l .  One o f  t h e  purposes  o f  
t h e  s t r u c t u r a l  m a t e r l a l s  1s t o  p r o v l d e  c o o l l n g  o f  
t h e  PV c e l l s .  I t  I s  assumed t h a t  t h e  PV c e l l s  and 
t h e  s t r u c t u r a l  m a t e r l a l  can  be c h a r a c t e r i z e d  by  
u n l f o r m  t o t a l  o p t l c a l  p r o p e r t l e s  ( t r a n s m l t t a n c e ,  
T a b s o r p t l v l t y .  a, and r e f l e c t l v l t y ,  p ) .  Then 
If t h e  PV a r r a y  I s  I l l u m l n a t e d  b y  a u n l f o r m  f l u x ,  
t h e  o p t l c a l  p r o p e r t l e s  o f  t h e  a r r a y  p r e  j u s t  a v e r -  
ages o f  t h e  P V  c e l l  and s t r u c t u r a l  m a t e r l a l  o p t l c a l  
p y o p e r t l e s .  
P E L ,  o f  t h e  PV a r r a y  i s  g l v e n  I n  te rms o f  t h e  
power f r o m  t h e  c o n c e n t r a t o r  r e a c h l n g  t h e  P V  a r r a y ,  
P c .  t h e  P V  e f f l c l e n c y ,  “pv,  and t h e  f r a c t l o n  o f  
a c t l v e  P V  a r e a ,  f p v .  

A l s o ,  t h e  e l e c t r l c a l  power o u t p u t ,  

P;L = f P V “ P V P c  

A l s o ,  f o r  c o n s e r v a t l o n  o f  energy ,  t h e  f o l l o w l n g  
r e l a t l o n  h o l d s  f o r  t h e  P V  a r r a y .  

a + p + T t f p v n p v  = 1 ( 2 )  

Us tng  t h e  d e s c r l b e d  o p t l c a l  p r o p e r t l e s  and e l e c -  
t r i c a l  e f f l c l e n c y  t h e  p e r f o r m a n c e  o f  t h e  PV a r r a y  
can be c a l c u l a t e d .  

E f f l c t e n c y .  Of p r l m a r y  I m p o r t a n c e  f o r  a n  
energy  c o n v e r t e r  I s  t h e  o v e r a l l  e f f l c l e n c y ,  Q T .  

Thls e f f l c l e n c y  I s  d e f l n e d  as f o l l o w s .  

I, 

( 3 )  

The n u m e r a t o r  o f  Eq. ( 3 )  l s  t h e  t o t a l  e l e c t r l c a l  
energy  p r o d u c e d  and t h e  d e n o m l n a t o r  1s t h e  t o t a l  
I n p i i t  e n e i g y .  Where tsun l s  t h e  t l m e  t h e  sys tem 
l s  I n  t h e  sun and tSH I s  t h e  t l m e  t h e  sys tem 1s I n  
t h e  shade. F o r  a sys tem I n  e a r t h  o r b l t  t H t tSun 
Is t h e  o r b l t  p e r t o d .  
TIT f o r  t h e  v a r i o u s  PVHE systems I s  p r e s e n t e d .  The 
f o r m  o f  t h e  e x p r e s s l o n  f o r  ‘IT I s  t h e  same f o r  
b o t h  t h e  t r a n s m l t t l n g  and r e f l e c t l n g  sys tems.  F o r  
a t r a n s m l t t l n g  sys tem t h a t  uses b o t h  e l e c t r l c a l  and 
t h e r m a l  e n e r g y  s t o r a g e  t h e  o v e r a l l  e f f l c l e n c y  l s  
t h e  f o l l o w l n g  

I n  R e f .  5 t h e  derivation o f  

A p p e a r l n g  I n  t h e  e x p r e s s l o n  a r e  t h e  concen- 
t r a t o r  e f f l c l e n c y ,  qc. t h e  P V  e f f l c l e n c y ,  ~p t h e  
h e a t  e n g l n e  e f f l c l e n c y .  “HE, t h e  r e c e l v e r  e f Y ; -  
c l e n c y ,  Q R E C ,  t h e  f r a c t l o n  o f  a c t l v e  PV a r e a ,  
f p V ,  t h e  P V  a r r a y  t r a n s m l t t a n c e .  T ,  and r e f l e c -  
t l v l t y ,  p .  and t h e  parameters’ ,  rgAT and v .  

t c , ,  3 n  1 + -  
t S U N “ s t  

‘BAT tSH I +  I 

(5) 

The I m p o r t a n t  a p p r o x l m a t l o n s  made I n  o b t a l n l n g  n~ 
a r e  t h e  f o l l o w l n g .  

1 .  R a d l a t l o n  loss  f r o m  P V  a r r a y  n e g l l g l b l e  
compared t o  r a d l a t l o n  l o s s  f r o m  r e c e t v e r .  

2 .  R a d l a t l o n  f r o m  r e c e l v e r  l m p l n g l n g  on P V  
a r r a y  I s  n e g l e c t e d .  

E q u a t l o n  ( 4 )  I s  f o r  a t r a n s m l t t l n g  system. 
By l n t e r c h a n g l n g  T and p t h e  r e s u l t s  f o r  a 
r e f l e c t l n g  sys tem a r e  o b t a l n e d .  The p a r a m e t e r ,  
rBAT, compares t h e  e l e c t r l c a l  s t o r a g e  e f f l c l e n c y  
t o  t h e r m a l  s t o r a g e  e f f l c l e n c y .  / f  e l e c t r l c a l  
energy  s t o r a g e  e f f l c l e n c y  ( I I B A T ~ ~ ~  where  BAT 
l s  t h e  e f f l c l e n c y  t h e  s t o r e d  energy  I s  d e l l v e r e d  t o  
t h e  l o a d  and 1s t h e  e f f l c l e n c y  t h e  e n e r g y  
f r o m  t h e  P V  a r r a y  l s  s t o r e d )  1s g r e a t e r  t h a n  t h e  
t h e r m a l  e n e r g y  s t o r a g e  e f f l c l e n c y .  n s t .  t h e n  
rgAT 1 .  The more l l k e l y  S l t U a t l O n  \S t h a t  
q g ~ ~ q ~ t  < q s t .  A S  a r e s u l t  rBAT < 1 .  

Now c o n s l d e r  a compar lson between t h e  PVHE 
sys tem and a h e a t  e n g l n e  o n l y  system. To o b t a l n  
t h e  e f f l c l e n c y ,  no, o f  t h e  h e a t  e n g l n e  o n l y  
sys tem l e t  f p v Q p v  + 0 ,  T + 1 and p + 0 I n  Eq. ( 4 )  

‘10 PqcnREC“HE ( 7 )  

T h e r e f o r e ,  f r o m  E q s .  ( 4 )  and ( 7 )  f o r  t h e  case where  
p ,  ~ R E C ,  nC and “HE a r e  t h e  same f o r  b o t h  t h e  
PVHE and h e a t  e n g l n e  o n l y  systems t h e  f o l l o u l n g  I s  
ob t a  1 ned . 

Thls r e s u l t  a p p l l e s  f o r  a t r a n s m l t t l n g  system, b u t  
by  l n t e r c h a n g l n g  T and p r e s u l t s  f o r  a 
r e f l e c t l n g  sys tem a r e  o b t a l n e d .  

F o r  a n  e f f l c l e n t  r e f l e c t l n g  s y s t e m  I t  Is 
r e q u l r e d  t h a t  T -+ 0, whereas f o r  an e f f l c l e n t  
t r a n s m l t t l n g  sys tem p -+ 0 I s  d e s l r e d .  F o r  t h e s e  
c o n d l t l o n s  s l n c e  0 5 p 5 1 and 0 5 T 5 1 t h e  t e r m s  
~/IIREC ( 1  - T - p )  t p f o r  a r e f l e c t i n g  sys tem and 
~ / ~ R E C  ( 1  - T - p )  + T f o r  a t r a n s m l t t l n g  s y s t e m  
u l l l  a l w a y s  b e  g r e a t e r  t h a n  1. A lso ,  I f  
rBAT/nHE > 1. t h e n  dS Eq.  ( 8 )  shows. n ~ / n o  > 1. 
I n  F l g .  2, IIT/IQ 1s p l o t t e d  as a f u n c t l o n  o f  
IIHE f o r  t h e  c a s e  rBAT - 1. T h l s  r e s u l t  a p p l l e s  
t o  b o t h  t h e  t r a n s m i t t i n g  and r e f l e c t i n g  systems f o r  
~ / ~ R E C  ( 1  - T - p )  + T = 1 l n  t h e  t r a n s m l t t l n g  c a s e  
and ~ / T I R E C  ( 1  - T - p )  t p = 1 I n  t h e  r e f l e c t l n g  
case.  S i n c e  t h e s e  te rms a r e  g r e a t e r  t h a n  1, as 
d l s c u s s e d  above, and f o r  most cases rBAT 2 0.9 t h e  
r e s u l t s  I n  F l g .  2 s h o u l d  be r e p r e s e n t a t l v e  o f  
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PVHE sys tems.  I t  i s  expected  t h a t  0.1 5 fpVnpV/nREc 
- < 0 . 2 5 .  A s  a r e s u l t  ~ T / I I ~  I s  p l o t t e d  as a 
function o f   HE f o r  fpVnpV/nREC = 0.1, 0.15. 
0 .2 ,  and 0 .25 .  

From F l g .  2 I t  can be seen t h a t  f o r  a h e a t  
e n g l n e  u l t h   HE z 0 .2  t h e  PVHE sys tem shows an 
lmprovement I n  e f f l c l e n c y  1 . 4  5 ~ T / O O  5 2 o v e r  t h e  
h e a t  e n g l n e  o n l y  system. F o r  'IHE zz 0.3,  1 . 2  5 
n ~ / n o  5 1 . 6  and f o r  QHE zz 0.4,  1 .1  5 ~ T / T I O  5 1 . 4 .  
T h e r e f o r e ,  t h e  PVHE sys tem o f f e r s  s l g n l f l c a n t  
Improvement I n  e f f l c l e n c y  over  a h e a t  e n g l n e  o n l y  
system. I n  t h e  nex t  s e c t i o n  an e s t l m a t e  o f  a r e a  
and mass s a v l n g s  f o r  t h e  PVHE sys tem u t 1 1  be made. 

C o n c e n t r a t o r  ? r e ?  ~ a v \ n g s  The ~ ~ n ~ e n t r d t o r  
a r e a  s a v l n g s  f o r  t h e  PVHE system compared t o  a 
h e a t  e n s l n e  o n l y  system a r e  g l v e n  by t h e  f o l l o u l n g  
r e s u l  t 5 .  

'T '0 
'0 - 'T 

Where C = A,/(PEL + P;L) I s  t h e  c o n c e n t r a t o r  
s p e c l f l c  a r e a  I n  t h e  P V H E  sys tem and C o  I s  con- 
c e n t r a t o  s p e c l f l c  a r e a  I n  t h e  h e a t  e n g l n e  o n l y  
system. Thus the  r e d u c t l o n  I n  c o n c e n t r a t o r  s p e c l f l c  
a r e a  I s  n v e r s e l y  p r o p o r t l o n a l  t o  t h e  e f f l c l e n c y  
Improvement.  F l g u r e  3 shows CT/C, as a 
f u n c t l o n  o f  t h e  heat e n g l n e  e f f l c l e n c y ,  QHE. f o r  
t h e  same c o n d l t l o n s  as F l g .  2. A s  can  be seen 
s l g n l f l c a n t  r e d u c t l o n s  I n  c o n c e n t r a t o r  s p e c l f l c  a rea  
a r e  p o s s l b l e  ulth t h e  PVHE system. 

Heat e n q l n e  r a d l a t o r  a rea  s a v l n q s .  I n  Ref .  5 
t h e  f o l l o w l n g  e x p r e s s i o n  f o r  t h e  r a t l o  o f  t h e  
r a d l a t o r  s p e c l f l c  a r e a ,  rT  = ARAo/ (PEL + P E L ) .  f o r  

f o r  t h e  PVHE s y s t e m  t o  r a d l a t o r  s p e c l f l c  a r e a  
ro ,  fo r  t h e  h e a t  e n g l n e  o n l y  sys tem I s  d e v e l o p e d .  

T h l s  r e s u l t  I s  f o r  a t r a n s m l t t l n g  system; r e p l a c e  
T by p t o  o b t a l n  t h e  r e s u l t  fo r  a r e f l e c t l n g  
system. I n  o b t a l n l n g  Eq. ( 1 0 )  I t  I s  assumed t h a t  
b o t h  s y s t e m s  o p e r a t e  u l t h  t h e  same r a d l a t o r  temper -  
a t u r e ,  e m l s s l v l t y  and h e a t  e n g l n e  e f f l c l e n c y .  A s  
w l l l  be d i s c u s s e d  l a t e r ,  I n  o r d e r  t o  have Tpv 
(PV a r r a y  t e m p e r a t u r e )  as l o w  a s  p o s s l b l e  the  
a b s o r p t l v l t y ,  a. must be s m a l l .  T h e r e f o r e .  t h e  
t e r m  I n  b r a c k e t s  I n  Eq. ( 1 0 )  w l l l  be l e s s  t h a n  one. 
I n  t h a t  case t h e  r e d u c t l o n  I n  r / r  w l l l  be g r e a t e r  
t h e n  t h e  c o n c e n t r a t o r  a r e a  r e d u c l l o 8 .  CT/C,. 

On ly  t h e  heat e n g l n e  r a d l a t o r  has been con- 
s l d e r e d  above. , I f  t h e  e l e c t r l c a l  energy  s t o r a g e  
e f f l c l e n c l e s  ( n s t  and  BAT) a r e  n o t  l a r g e  
t h e n  t h e  r a d l a t o r  a r e a  n e c e s s a r y  t o  r e j e c t  the 
waste  h e a t  f r o m  the  e l e c t r l c a l  energy  s t o r a g e  s y s -  
tem may be s l g n l f l c a n t .  

R e c e l v e r  mass s a v l n q s .  The r e c e l v e r  ( l n c l u d l n g  
t h e r m a l  s t o r a g e  m a t e r l a l )  I s  one o f  t h e  most mas- 
s l v e  components I n  a h e a t  e n g l n e  system. To e s t l -  
mate t h e  r e c e l v e r  mass assume t h e  mass, M R E C ,  I s  
p o r p o r t l o n a l  t o  the l n p u t  power. 

HREC = B R E C P R E C  

where O R ~ c  (kg/kW) 1 s  a c o n s t a n t  and P R E C  I s  
t h e  t o t a l  r e c e l v e r  power l n p u t  U5 lng  r e s u l t s  f r o m  

R e f .  5. t h e  f o l l o u l n g  1 s  o b t a l n e d  f o r  t h e  r a t l o  t f  
PVHE r e c e l v e r  s p e c l f l c  mass, (RT = HREC/(PEL + PEL 
t o  h e a t  e n g l n e  o n l y  r e c e l v e  s p e c l f l c  mass, R o .  

E q u a t i o n  ( 1 2 )  a p p l l e s  f o r  a t r a n s m l t t l n g  PVHE s y s -  
tem; r e p l a c e  p by T t o  o b t a l n  t h e  r e s u l t  f o r  a 
r e f l e c t l n g  system. I n  o b t a l n l n g  Eq. ( 1 2 )  I t  was 
assumed t h a t  b o t h  systems have t h e  same oC, 
 SUN^ ~ S H  and B R E C .  

I n  t h e  PVHE sys tpm p a r t  o f  t h e  energy  s t o r a g e  
Is done e l e c t r l c a l l y .  T h e r e f o r e ,  t o  make a v a l l d  
compar lson  o f  r e c e l v e r  mass s a v l n g s  between t h e  
PVHE and h e a t  e n g l n e  o n l y  systems t h e  e l e c t r l c a l  
energy  s t o r a g e  mass must be l n c l u d e d .  Assume the 
e l e c t r l c a l  energy  s t o r a g e  sys tem mass. M B A T .  I f ,  
p r o p o r t l o n a l  t o  t h e  amount o f  s t o r e d  energy ,  E s t ,  

I -__ SUN s t 

aBAT 'BAT = aBAT 

where OBAT (kWH/kg) 1 s  t h e  s p e c l f l c  energy  d e n s l t y  
o f  t h e  e l e c t r l c a l  energy  s t o r a g e  system. 

Based on t h e  r e s u l t s  o f  R e f .  5, t h e  f o l l o w l n g  
1 s  o b t a l n e d .  

Where ET 1 s  f h e  e l e c t r l c a l  s t o r a g e  s p e c l f l c  m a s s ,  
(MBAT/ (PEL + P E L ) ) .  and t h e  p a r a m e t e r ,  YBAT. 
I s  a measure o f  e l e c t r l c a l  energy  s t o r a g e  e f f e c -  
t l v e n e s s .  The s m a l l e r  QAT 1 s .  t h e  more 
e f f e c t l v e  e l e c t r l c a l  energy  s t o r a g e  w l l l  be.  

I n  d e r l v l n g  Eq. ( 1 4 )  I t  was assumed t h a t  n c .  
t S U N ,  and t S H  a r e  t h e  same f o r  b o t h  t h e  PVHE 
and h e a t  e n g l n e  o n l y  s y s t e m .  

I f  Eqs. ( 1 2 )  and ( 1 4 )  a r e  added t h e  f o l l o u l n g  
r e s u l t s .  

T h l s  r e s u l t  a p p l l e s  t o  a t r a n s m l t t l n g  PVHE system. 
I f  p Is r e p l a c e d  by T t h e n  r e s u l t s  f o r  a 
r e f l e c t l n g  PVHE sys tem a r e  o b t a l n e d .  As Eq. ( 1 6 )  
shows, t h e  r e c e l v e r  m a s s  s a v l n g s  f o r  t h e  PVHE sys-  
t e m  a r e  s e n s l t l v e  t o  t h e  parameters  Y ~ A T  and 
rBAT ( d e t e r m l n e s  II~/IIT, Eq. ( a ) ) .  E v a l u a t l n g  
rBAT and YBAT r e q u l r e s  c h o o s l n g  a s p e c l f l c  
e l e c t r l c a l  energy  s t o r a g e  system. C o n s l d e r  t h r e e  
b a t t e r y  s t o r a g e  systems as b e l n g  r e p r e s e n t a t l v e  o f  
t h e  s t a t e  o f  development o f  e l e c t r l c a l  s t o r a g e  
sys tems.  F l r s t .  assume f o r  t h e  t h e  p r e s e n t l y  
a v a l l a b l e  n l c k e l - c a d m l u m  b a t t e r y 6  t h a t  aaAT = 
0.004 kWH/kg. n l t  m 0.E.  QBAT 1 0.9.  Second, 
assume f o r  t h e  soon t o  be a v a l l a b l e  n l c k e l - h y d r o g e n  
b a t t e r y 6  t h a t  U ~ A T  L 0.0139 kWH/kg. n l t  D) 0.8, 
'BAT E 0 . 9 ,  F l n a l l y .  f o r  a f u t u r e  sys tem c o n s l d e r  

n 



t b e  s o d i u m - s u l f u r  b a t t e r y 7  w l t h  QBAT m 0.077 kWH/kg. PV a r r a y .  
n s t  ~ 0 . 8 .  0 8 ~ ~  1. F o r  t h e  r e c e l v e r  assume 
O R E C  = 6 . 4  kg/kW and r l s t  = 0 . 9 .  w h i c h  l s  r e p r e -  
s e n t a t l v e  o f  t h e  r e c e l v e r  b e l n g  c o n s l d e r e d  f o r  t h e  

The p a r a m e t e r ,  u, I s  d e t e r m l n e d  by  t h e  
r a t l o  o f  t o t a l  P V  a r r a y  a r e a  t o  c o n c e n t r a t o r  a r e a ,  

Space S t a t l o n  Ranklne c y c l e  power system.8 There-  
f o r e ,  f o r  a sys tem I n  low e a r t h  o r b l t  w l t h  t S U N  = 
1 h r ,  t S H  E 38 m l n .  Eqs. ( 5 )  and ( 1 5 )  y l e l d  t h e  
f o l l o w l n g  r e s u l t s .  For  Nl-Cd; r B A T  = 0.91, 
Y B A T  z 1 4 . 6 ,  f o r  N l - H Z ;  r B A T  0 .91 ,  YBAT 4 . 2  
and finally f o r  Ma-S; r e A T  m 0.95, YBAT = 0 .72 .  
S l n c e  rgAT > 0.9 for  a l l  t h r e e  systems, t h e  e f f l -  
c l e n c y  r a t l o ,  n o / n ~ ,  w l l l  be n e a r l y  t h e  same f o r  
each system. However, t h e  w l d e  v a r l a t l o n  I n  YBAT 
means t h e r e  w l l l  a l s o  be a w l d e  v a r l a t l o n  I n  (RT t 
BT)/R,. I n  F i g .  4 (RT + BT)/RO 1 s  shown as a func-  
t l o n  o f  h e a t  e n g l n e  e f f l c l e n c y  f o r  t h e  same c o n d l -  

t h r e e  v a l u e s  o f  t h e  q u a n t l t y  1 + fpV(YgAT - 1 )  - p 
f o r  t h e  t r a n s m l t t l n g  PVHE sys tem o r  1 + f p v q p y  
(YeAT - 1 )  - T f o r  t h e  r e f l e c t l n g  PVHE system. A 
v a l u e  o f  3 I s  r e p r e s e n t a t l v e  o f  Nl-Cd, a v a l u e  o f  
1 . 5  I s  r e p r e s e n t a t l v e  o f  Nl-H2 and a v a l u e  o f  1 .0  
I s  r e p r e s e n t a t l v e  o f  Na-S. A s  F l g .  4 l n d l c a t e s  no 
r e c e l v e r  mass s a v l n g s  w l l l  o c c u r  I f  Nl-Cd b a t t e r l e s  
a r e  used.  I n  t h e  case o f  N l - H z  b a t t e r l e s  s a v l n g s  
w l l l  o c c u r  f o r  IIHE < 0.25 and f o r  Na-S b a t t e r l e s  
s a v l n g s  o c c u r  f o r  a l l  TIHE. A l a r g e  mass a d d l -  
t l o n  w l l l  r e s u l t  I f  a PVHE sys tem must use Nl-Cd 
b a t t e r l e s .  T h l s  l a r g e  mass p e n a l t y  makes a PVHE 
sys tem u s l n g  N1-Cd b a t t e r l e s  u n a t t r a c t l v e  f o r  a low 
e a r t h  o r b l t  power system. 

t lOnS as Fig. 2 w l t h  fpVrlpV/?REC = 0.15 and f o r  

P h o t o v o l t a i c  A r r a y  Temperature Reau l rements  

A s  a l r e a d y  ment loned.  t h e  major p r o b l e m  f o r  
t h e  PVHE systems I s  t h e  r e q u l r e m e n t  f o r  h l g h  tem- 
p e r a t u r e  o p e r a t l o n  o f  t h e  P V  a r r a y .  The PV a r r a y  
t e m p e r a t u r e ,  Tpv, must be g r e a t e r  t h a n  t h e  b o t -  
tom t e m p e r a t u r e  o f  t h e  h e a t  e n g l n e  r a d i a t o r .  T B ,  
I n  o r d e r  f o r  t h e  P V  a r r a y  t o  r e j e c t  I t s  was te  h e a t  
(ancPln) t o  t h e  h e a t  e n g l n e  w o r k l n g  f l u l d .  

a n a l y s l s  p r e s e n t e d  I n  R e f .  5 was c a r r l e d  o u t .  The 
assumpt lons  made I n  t h a t  a n a l y s l s  a r e  t h e  
f o l l o w l n g .  

T o  e s t l m a t e ,  Tpv, a s l m p l e  h e a t  t r a n s f e r  

1 .  P V  a r r a y  t e m p e r a t u r e ,  Tpv, Is c o n s t a n t  

2 .  h e a t  t r a n s f e r  c o e f f l c l e n t ,  h, I s  c o n s t a n t  

3. s p e c l f l c  h e a t ,  Cp, o f  w o r k l n g  f l u l d  
f l o w l n g  o v e r  PV a r r a y  I s  c o n s t a n t  

4 .  r a d l a t l o n  f r o m  PV a r r a y  n e g l e c t e d  

U s l n g  t h e s e  assumpt lons  t h e  f o l l o w l n g  r e s u l t  was 
o b t a l n e d  f o r  Ku >> 1 .  

T h e r e f o r e ,  
t l v l t y  must 

A T  = TpV - T8 = aK 

n o r d e r  t o  m l n l m l z e  A T  t h e  a b s o r p -  
be l ow .  

The pa m e t e r ,  K. I s  d e t e r m l n e d  by t h e  PV 
a r r a y  o p t i c a l  p r o p e r t l e s  t h e  r a t l o  o f  shade tlrne 
t o  sun t l m e ,  t S H / t S U N ,  and a c h a r a c t e r l s t l c  
t e m p e r a t u r e  f o r  t h e  h e a t  e n g l n e .  T h l s  c h a r a c t e r -  
l s t l c  t e m p e r a t u r e  I s  A H / C p .  where AH I s  t h e  
e n t h a l p y  change o f  t h e  w o r k l n g  f l u l d  a c r o s s  t h e  
r e c e l v e r  I n  a h e a t  e n g l n e  o n l y  sys tem and C p  
I s  t h e  s p e c l f l c  h e a t  o f  t h e  w o r k l n g  f l u l d  a t  t h e  

A l / A c ,  and t h e  h e a t  t r a n s f e r  c o e f f l c l e n t  h .  
Thus u can be v a r l e d  by c h a n g l n g  t h e  l o c a t l o n  o f  
t h e  P V  a r r a y  w l t h  r e s p e c t  t o  t h e  c o n c e n t r a t o r  
( v a r y l n g  AT/A,). 

h 

A, 

The r a t l o  o f  P V  a r r a y  a r e a ,  A T ,  t o  t h e  h e a t  t r a n s -  
f e r  a r e a ,  Ah, I s  g l v e n  by t h e  p a r a m e t e r ,  a .  
S l n c e ,  t h e  h e a t  t r a n s f e r  a r e a  w l l l  be equa l  on 
l e s s  t h a n  t o t a l  a r r a y  a r e a ,  a 5 1 .  The e x p r e s s l o n  
f o r  K g l v e n  by Eq. ( 2 0 )  l s  f o r  a t r a n s m l t t l n g  
PVHE system. F o r  a r e f l e c t l n g  sys tem m e r e l y  
r e p l a c e  T by p I n  Eq. ( 2 0 ) .  

t l v e  o f  h e a t  e n g l n e s  b e l n g  s t u d l e d  f o r  t h e  Space 
S t a t l o n .  Two o f  t h e s e  a r e  t h e  t o l u e n e  Rank lneB 
h e a t  en l n e  (AH/C E 280 K )  and t h e  HE - Xe 
B r a y t o n 8  h e a t  engyne (AH/C = 180 K ) .  A l s o ,  
assume a l o w  e a r t h  o r b l t  (!SH/tS”NIIst = 2/31 and 
a + 1 9 R E C  = 0 .7  f o r  a t r a n s m l t t l n g  sys tem o r  o + 
~ ~ R E C  = 0 .7  f o r  a r e f l e c t l n g  system. 
B r a y t o n  c y c l e  under  t h e s e  c o n d l t l o n s  K a 430 K 
and f o r  t h e  Rank lne  c y c l e  K II 670 K .  I f  a < 0.3 
t h e n ,  a c c o r d l n g  t o  Eq. ( 1 7 ) ,  t h e  t e m p e r a t u r e  r l s e ,  
AT < 200 K ,  s h o u l d  be a t t a l t i a b l e .  For Q > 0.3. 
however.  t e m p e r a t u r e  r l s e s  g r e a t e r  t h a n  200 K w l l l  
r e s u l t .  I n  t h l s  case t h e  t e m p e r a t u r e  o f  t h e  PV 
a r r a y ,  T P V ,  may be t o o  h l g h  f o r  PV c o n v e r s \ o n .  
For  t h e  t o l u e n e  Rank lne  h e a t  e n g l n e 8  the b o t t o m  
t e m p e r a t u r e  o f  t h e  c y c l e  I s  T e  340 K .  The 
He - Xe B r a y t o n  h e a t  e n g l n e  system8 has a b o t t o m  
t e m p e r a t u r e  ~ 2 9 0  K .  However, t h e  w o r k l n g  f l u l d  
e n t e r s  t h e  compressor r a t h e r  t h a n  t h e  h e a t  s o u r c e  
a t  t h l s  t e m p e r a t u r e .  T h e r e f o r e ,  h e a t  a d d l t l o n  
o c c u r s  a f t e r  the compressor .  A t  t h l s  p o l n t  t h e  
t e m p e r a t u r e 8  I s  Tg r: 380 K .  
AT E 200 K t h e  PV a r r a y  t e m p e r a t u r e  wou ld  be 
TPV m 540 t o  580 K .  O p e r a t l o n  o f  g a l l l u m  
a r s e n l d e  (GaAs) PV c e l l s  a t  t e m p e r a t u r e s  >600 K 
a r e  d l s c u s s e d  I n  Ref .  1 .  The e f f l c l e n c y  IIPV, 
decreases  w l t h  l n c r e a s l n g  t e m p e r a t u r e . l  e 9  

e v e r ,  t h e  decrease I n  e f f l c l e n c y  can be p a r t l a l l y  
b a l a n c e d  by o p e r a t i n g  a t  h l g h  l n t e n s l t y ,  as I n  t h e  
proposed PVHE systems. E f f l c l e n c y  I n c r e a s e s  w i t h  
l n t e n s l t y l . 9  up t o  a b o u t  1000 PSUN. Two pos-  
s l b l e  c a n d l d a t e s  f o r  a h l g h  t e m p e r a t u r e ,  h l g h  
l n t e n s l t y  P V  c e l l  a r e  t h e  v e r t l c a l  m u l t l j u n c t l o n  
(VHJ) ce1110-12 and t h e  l n t e r d l g l t a t e d  back con- 
t a c t  P V  c e l l  c o n s l d e r e d  f o r  t h e r m o p h o t o v o l t a l c  
c o n v e r s i o n .  13.14 

C o n s l d e r  v a l u e s  f o r  K t h a t  a r e  r e p r e s e n t a -  

For t h e  

T h e r e f o r e ,  f o r  

How- 

Bes ldes  l o w  a b s o r p t l v l t y ,  a reduced v a l u e  o f  
t h e  p a r a m e t e r ,  K ,  w l l l  a l s o  r e s u l t  I n  l o w e r  a r r a y  
t e m p e r a t u r e ,  T P V .  A p o s s l b l e  method f o r  r e d u c l n g  K 
Is t o  reduce A H .  T h l s  can be done by l n c r e a s l n g  
t h e  mass f l o w  r a t e  I n  t h e  h e a t  e n g l n e  c y c l e .  How- 
e v e r ,  such a change w l l l  a l s o  a l t e r  t h e  h e a t  e n g i n e  

5 



c y c l e  per fo rmance.  I n  t h e  d e s i g n  o f  a PVHE sys tem 
l t  u l l l  be necessary  t o  v a r y  t h e  h e a t  e n g l n e  
o p e r a t l n g  c o n d l t l o n s  I n  o r d e r  t o  f l n d  t h e  optlmum. 

C O M P A R I S O N  O F  SPACE S T A T I O N  O R G A N I C  
RANKINE CYCLE AND PVHE 

E a r l l e r  I t  was  shown how t h e  PVHE sys tem can 
r e s u l t  I n  s l g n l f l c a n t  r e d u c t l o n s  l n  mass and a r e a  
compared t o  a heat e n g l n e  o n l y  system. Now con- 
s l d e r  a mass and area  compar lson between t h e  t o l -  
uene Ranklne c y c l e  (ORC) b e i n g  c o n s l d e r e d  f o r  t h e  
Space S t a t l o n e  and a PVHE sys tem t h a t  uses t h e  
same Rank lne  c y c l e .  The Space S t a t l o n  sys tem con-  
s l s t s  o f  t w o  modules t h a t  each produce 25 kWe. 
Tab le  I l l s t s  t he  O R C  p e r f o r m a n c e  parameters  f o r  a 
25 kWe modu le  t a k m  f r o m  R e f .  8 ,  a: we!! 2 5 ,  t h e  
assumed v a l u e s  used f o r  t h e  PVHE system. The 
assumed PVHE s y s t e m  1 s  e l t h e r  r e f l e c t l n g  ( p  = 0.5,  
T = 0 . 0 5 ,  a = 0 . 3 )  o r  t r a n s m l t t l n g  ( p  = 0 .05 ,  
T = 0 . 0 5 ,  a = 0 . 3 ) .  Us lng  Eq. ( 8 )  and t h e  param- 
e t e r s  I n  T a b l e  I ,  t h e  e f f l c l e n c y  r a t l o  Is t h e  
f o l l o w l n g .  

- _  ' - 1 . 3 9  
% 

The o v e r a l l  e f f l c l e n c y  o f  t h e  ORC sys tem l s  0.17, 
w h l c h  l n c l u d e s  the  power c o n d l t l o n l n g  e f f l c l e n c y  
and t h e  e l e c t r l c a l  power f o r  t h e  c o n c e n t r a t o r  con- 
t r o l s .  Assumlng t h e s e  l o s s e s  a r e  t h e  same f o r  t h e  
PVHE sys tem then t h e  e f f l c l e n c y  o f  t h e  PVHE sys tem 
Is t h e  f o l l o w l n g .  

' 1 ~  = 0 . 1 7 ( 1 . 3 9 )  = 0.23 

T a b l e  I 1  p r e s e n t s  t h e  r e s u l t s  o f  t h e  mass and 
area  compar lson.  The c o n c e n t r a t o r  and r a d l a t o r  
a reas  f o r  t h e  PVHE sys tem were c a l c u l a t e d  u s l n g  
Eqs. ( 9 )  and ( 1 0 ) .  The PVHE c o n c e n t r a t o r  and r a d l -  
a t o r  masses were o b t a l n e d  by assumlng t h e y  a r e  
p r o p o r t l o n a l  t o  t h e l r  r e s p e c t l v e  a r e a s .  R e c e l v e r  
and b a t t e r y  mass f o r  t h e  PVHE sys tem were c a l -  
c u l a t e d  u s l n g  E Q S .  ( 1 2 )  and ( 1 4 ) .  Two b a t t e r y  
masses a r e  shown I n  T a b l e  11; one based on b i p o l a r  
n l c k e l - h y d r o g e n  b a t t e r l e s 6  (OBAT E 0.139 kWH/kg) 
and t h e  o t h e r  on sodlum s u l f u r  b a t t e r l e s  

power c o n v e r s l o n  u n l t  f o r  t h e  PVHE sys tem was 
o b t a l n e d  by assumlng t h e  mass Is a l l n e a r  f u n c t l o n  
o f  power o u t p u t .  I n t e r f a c e  s t r u c t u r e  mass, 
( l n c l u d l n g  t h e  g lmbe l  j o l n t  f o r  t h e  c o n c e n t r a t o r , )  
f o r  t h e  PVHE system was o b t a l n e d  u s l n g  t h e  same 
f r a c t l o n  o f  t h e  t o t a l  mass as f o r  t h e  Rank lne  o n l y  
sys tem ( s t r u c t u r e  m a s s / t o t a l  m a s s  = 0 . 1 5 ) .  Mass 
o f  t h e  P V  a r r a y  I n  t h e  PVHE sys tem was c a l c u l a t e d  
assumlng t h e  same s p e c l f l c  mass as t h a t  o f  t h e  
c o n c e n t r a t o r  ( 6 . 6  kg/m2) and a c o n c e n t r a t o r  t o  a 
PV a r r a y  a r e a  r a t i o  of AC/Apv = 50. A r a d l a t o r  ls 
necessary  t o  r e j e c t  t h e  waste  h e a t  o f  t h e  e l e c t r l -  
c a l  s t o r a g e  system. An e s t l m a t e  o f  t h e  mass and 
a r e a  o f  t h l s  r a d l a t o r  was o b t a l n e d  by assumlng t h e  
waste h e a t  was r e j e c t e d  a t  a t e m p e r a t u r e  o f  30 O C  

and e m l s s l v l t y  of 0 . 9  w l t h  t h e  same mass/area as 
t h e  h e a t  e n g l n e  r a d l a t o r .  Not  I n c l u d e d  l n  T a b l e  I 1  
I s  t h e  m a s s  o f  the  power c o n d l t l o n l n g  equ lpment .  

S e v c r d l  l n t e r e s t l n g  r e s u l t s  a r e  p o l n t e d  o u t  
by Table 1 1 .  F l r s t  o f  a l l  t h e  t o t a l  PVHE s y s t e m  
mJss f o r  O B A T  = 0.0139 kWli/kg I s  n e a r l y  2 5  p e r c e n t  
l e s s  t h a n  the OAC sys tem.  The P V H E  c o n c e n t r a t o r  
a r e a  I s  30 p e r c e n t  l e s s  t h a n  t h e  O R C  sys tem con- 
c e n t r a t l o n  a r e a .  A l s o ,  t h e  P V H E  r a d l a t o r  a rea  I s  

(caBAT 0.077 kWti/kg). The I M S S  O f  t h e  Rank lne  

40 p e r c e n t  l e s s  t h a n  t h e  ORC sys tem r a d l a t o r  a r e a .  
The m a j o r  mass and a r e a  s a v l n g s  f o r  t h e  PVHE sys tem 
o c c u r  f o r  t h e  r a d l a t o r .  F l n a l l y ,  s l n c e  b a t t e r l e s  
a r e  n o t  a m a j o r  p o r t l o n  o f  t h e  t o t a l  mass. u s l n g  
t h e  o p t l m l s t l c  s o d l u m - s u l f u r  b a t t e r l e s  r a t h e r  t h a n  
n l c k e l - h y d r o g e n  b a t t e r l e s  does n o t  r e s u l t  I n  a 
m a j o r  r e d u c t l o n  l n  t h e  t o t a l  mass o f  a PVHE sys tem.  
For  an a l l  PV a r r a y  power sys tem t h e  b a t t e r l e s  a r e  
t h e  m a j o r  mass component.  T h e r e f o r e ,  I n  t h a t  case 
a l a r g e  energy  d e n s l t y  e l e c t r l c a l  s t o r a g e  component 
I s  c r l t l c a l  f o r  o b t a l n l n g  a l o w  mass sytem. Where- 
a s ,  t h e  PVHE sys tem mass I s  much l e s s  s e n s l t l v e  t o  
t h e  e l e c t r l c a l  s t o r a g e  m a s s .  

The l a r g e  r a d l a t o r  mass and a r e a  s a v l n g s  o f  
t h e  PVHE sys tem r e s u l t  because t h e  waste  h e a t  o f  
t he  P V  a r r a y  (PREJ I n  F l g  1 )  1 5  used by  t h e  
h e a t  e n g l n e  r a t h e r  t h a n  r e j e c t e d  t o  space. On ly  
by o p e r a t l n g  t h e  PV a r r a y  a t  h l g h  t e m p e r a t u r e  Is 
\ t  p o s s l b l e  t o  u t l l l z e  t h e  P V  a r r a y  w a s t e  h e a t  I n  
t h e  h e a t  e n g l n e  c y c l e .  I f  t h e  P V  a r r a y  can n o t  
o p e r a t e  a t  h l g h  t e m p e r a t u r e  t h e n  
have t o  be r e j e t e d  t o  space. T h l s  ow t e m p e r a t u r e  
h e a t  r e j e c t l o n  wou ld  r e q u l r e  a l a r g e  r a d l a t o r  a r e a .  

t u r e ,  T P V ,  r e q u l r e d  I n  t h e  above example.  Assumlng 
Ku >> 1 .  t h e n  Eq. ( 1 7 )  can be used t o  e s t l m a t e  
Tpv. From t h e  d a t a  l n  T a b l e  I .  K = b46  K .  There-  
f o r e ,  u s l n g  Eq. ( 1 7 )  and a b o t t o m  t e m p e r a t u r e 8 .  
TB = 60 C ,  t h e  f o l l o w l n g  1 s  o b t a l n e d ,  Tpv = 5 2 7  K .  
Reach lng  PV a r r a y  t e m p e r a t u r e s  t h l s  h l g h  I s  t h e  
c r l t l c a l  I s s u e  f o r  t h e  space PVHE system. W l t h o u t  
h l g h  t e m p e r a t u r e  PV a r r a y  o p e r a t i o n  t h e  l a r g e  a r e a  
and mass s a v l n g s  a r e  n o t  p o s s l b l e .  

P!EJ 

Cons lder  an e s t l m a t e  o f  t h e  PV a r r a y  tempera-  

C o n c l u s l o n  

B o t h  t r a n s m l t t l n g  and r e f l e c t l n g  PVHE systems 
r e s u l t  I n  s l g n l f l c a n t  e f f l c l e n c y  Improvements,  
o v e r  a h e a t  e n g l n e  o n l y  System ( 1 . 1  5 n ~ / ~ l ~  5 2 ) .  
Choos lng  between t h e  r e f l e c t l n g  and t r a n s m l t t l n g  
systems depends on s e v e r a l  t h l n g s .  One I m p o r t a n t  
c o n s l d e r a t l o n  l s  t h e  PV a r r a y  a b s o r p t l v l t y ,  a. I n  
o r d e r  t o  m a l n t a l n  t h e  P V  a r r a y  t e m p e r a t u r e ,  Tpv. 
as l o w  as p o s s l b l e  a must be s m a l l  (a < 0.3). 
A l s o ,  f o r  t h e  t r a n s m l t t l n g  sys tem t h e  r e f l e c t l v l t y ,  
p .  must be s m a l l .  Whereas f o r  t h e  r e f l e c t i n g  sys-  
tem t h e  t r a n s m l t t a n c e ,  T, must be s m a l l .  
Research  on r e f l e c t l n g  and t r a n s m l t t l n g  PV a r r a y s  
I s  n e c e s s a r y  t o  d e t e r m l n e  w h l c h  can b e s t  meet t h e s e  
r e q u l r e m e n t s .  However. t h e  c r l t l c a l  I s s u e  f o r  
b o t h  P V  a r r a y  t y p e s  I s  t h a t  o p e r a t l o n  a t  h l g h  
t e m p e r a t u r e  ( T p v  = 600 K )  I s  r e q u l r e d .  A s u l t a b l e  
PV c e l l  s t r u c t u r e  t h a t  w l l l  meet the h l g h  tempera- 
t u r e  r e q u l r e m e n t s  l s  t h e  e s s e n t l a l  l n g r e d l e n t  f o r  
a s u c c e s s f u l  PVHE system. 

As a r e s u l t  o f  improved e f f l c l e n c y  o v e r  a 
h e a t  e n g l n e  (nl/n0 > 1)  the PVHE systems w i l l  have 
c o r r e s p o n d l n g  s a v l n g s  I n  c o n c e n t r a t o r  a r e a  
(CT/C, = n , , / n ~ ) .  A l s o ,  t h e  PVHE sys tem w l l l  r e s u l t  
I n  h e a t  e n g l n e  r a d l a t o r  s a v l n g s  g r e a t e r  t h a n  con- 
c e n t r a t o r  a r e a  s a v l n g s .  R e c e l v e r  and energy  s t o r -  
age mass s a v l n g s  w l l l  o c c u r  f o r  t h e  PVHE sys tem l f  
h l g h  energy  d e n s l t y  e l e c t r l c a l  s t o r a g e  (YEAT < 1 )  
1s a v a l l a b l e .  A m a s s  p e n a l t y  w f 1 1  o c c u r  I f  low 
energy  d e n s l t y  e l e c t r l c a l  s t o r a g e .  such as n l c k e l -  
cadmlum b a t t e r l e s  a r e  used. 

A mass and a r e a  compar lson was made between 
t h e  Space S t a t l o n  o r g a n l c  Rank lne  c y c l e  power s y s -  
tem and a h y p o t h e t l c a l  PVHE sys tem u s l n g  t h e  same 
Rank lne  sys tem.  N e a r l y  a 25 p e r c e n t  r e d u c t l o n  I n  
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o v e r a l l  mass was c a l c u l a t e d ,  as w e l l  as a concen- 
t r a t o r  a r e a  r e d u c t l o n  o f  30 p e r c e n t  and a r a d l a t o r  
a r e a  s a v l n g s  o f  40 p e r c e n t  f o r  t h e  PVHE system. 

B e s l d e s  e f f l c l e n c y ,  a r e a  and mass s a v l n g s  t h e  
PVHE systems have a degree o f  I n h e r e n t  sys tem 
redundacy .  I f  t h e  PV a r r a y  s h o u l d  f a l l  w l t h o u t  
b l o c k l n g  t h e  I n p u t  s o l a r  f l u x  t h e  h e a t  e n g l n e  p a r t  
o f  t h e  sys tem w o u l d  s t l l l  be a b l e  t o  p r o v l d e  p a r t  
o f  t h e  e l e c t r l c a l  l o a d .  S l m l l a r l y ,  If t h e  h e a t  
e n g l n e  s h o u l d  f a l l  w l t h o u t  I n t e r r u p t l n g  t h e  f l o w  
of t h e  s y s t e m  f l u i d  t h e  PV a r r a y  wou ld  be a b l e  t o  
p roduce p a r t  o f  t h e  e l e c t r l c a l  l o a d .  
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I A t l L t  1. - I ' tKPUKPlANLt  I ' A K A P l t I t K b  Ut 3I'AL.t bIAIlUN 

25 kWe ORGANIC (TOLUENE) RANKINE CYCLE (ORC) 

POWER SYSTEM AND HYPOTHETICAL PVHE SYSTEM 

USING THE SAME ORC 

C o n c e n t r a t o r  
e f f i c i e n c y ,  nc 

Rece iver  e f f i c i e n c y  
e f f i c i e n c y ,  'IRec 

S t o r a g e  
E f f i c i e n c y  

Heat  e n g i n e  
E f f i c i e n c y  , 'IHE 

PV a r r a y  

SUN t i m e  

e f f i c i e n c y  , f pvnpv 

TSUNI min 

Shade t i m e ,  
TSH, min 

Rece iver  s p e c i f i c  
mass, PREC, kg/kW 

a b s o r p t i v i t y ,  Q 

PV a r r a y  

PV a r r a y  
r e f l e c t l v i t y ,  p 

PV a r r a y  
t r a n s m i t t a n c e ,  T 

ORC 

0.90 

.90 

' I s t  = .91 

.27 

54.7 

36.3 

6.35 

PVHE 

0.90 

.90 

.27 

.15 

54.7 

36.3 

6.35 

.30 

1.50 r e f l e c t i o n  
sys tern 

sys tern 
.05 t r a n s m i t t i n g  

3.50 r e f l e c t i o n  
sys tem 

sys tem 
.05 t r a n s m i t t i n g  



TABLE 11. - COMPARISON OF SPACE STATION ORC POWER SYSTEM AND 

Component 

Concent ra to r  

Mass f o r  Mass f o r  PVHE, kg 
ORC, kg  

1414 1018 21 3 153 

Rece iver  and 
thermal  s to rage  I 1426 I 

Heat eng ine  

PV a r r a y  

Heat eng ine  r a d i a t o r  

821 I 
567 340 

20 

21 82 1309 160 96 

E l e c t r l c a l  s to rage  I 

I n t e r f a c e  s t r u c t u r e  
and Beta Gimbel j o i n t  

7 5 6 ( a g ~ ~  = 0.0139 kWH/kg) 
982 6 6 8 ( a g ~ ~  = 0.077 kWH/kg) 

E l e c t r i c a l  s to rage  
r a d i a t o r  I 199 I '5 I 

T o t a l  

I I I I I 

ORC e f f i c i e n c y ,  no = 0.17 
O R C  s p e c i f i c  mass = 263 kg/kWe 

PVHE e f f i c i e n c y ,  TIT = 0.23; 
PVHE s p e c i f i c  mass = 203 kg/kWe (QBAT =0.0139 kWH/kg) 

- - 'FL = 0.78 

PVHE s p e c i f i c  mass = 179 kg/kWe (aBAT =0.077 kWH/kg) 

Power ou tpu t  o f  ORC 
- Power ou tpu t  o f  PV a r r a y  - 

Power r a t i o  f o r  - 
PVHE system 

'EL 
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PEL ---- Pin E ACPSUN 

PHOTOVOLTAIC 
ARRAY - CONCENTRATOR I 

RADIATOR L - I 

(a) Reflect ing system. 

P. = A in CPSUN 
PHOTOVOLTAIC 

/' 
L CONCENTRATOR 

I I  

P s t  - 

r------ 7 
I I r j  THERMAL ; 
1 STORAGE I 

I L,-7--,J 

P -+ EL 

t 

(b) Transmi t t i ng  system. 

FIGURE 1. - SCHEMATIC DIAGRAMS OF PHOTOVOLTAIC HEAT ENGINE (PVHE) SYSTEMS. 
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FIGURE 2. - EFFICIENCY IMPROVEMENT FOR PVHE SYSTEM 
OVER HEAT ENGINE WITH BOTH SYSTEMS OPERATING WITH 
S M E  CONCENTRATOR EFFICIENCY ‘IC AND RECEIVER EF- 
FICIENCY qREC. ALSO, FOR REFLECTING PVHE SYSTEM 
lmREc ( I - T - p >  + p = 1. AND FOR TRANSMITTING PVHE 
SYSTEM, ( 1 - T - P )  + ‘I = 1. FOR COMBINATION 
ELECTRICAL AND THERMAL ENERGY STORAGE rBAT = I .  
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(REFLECTING SYSTEM) 1 + fpflpv(yBAT-l) -T = 
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HEAT ENGINE EFFICIENCY, Q,, 
FIGURE 4 .  - RECEIVER HASS SAVINGS FOR PVHE SYSTEM 

OVER HEAT ENGINE ONLY SYSTEM WITH SAME CONDITIONS 
AS F I G .  2 .  I N  ADDITION, fpvqPv/qREC = . 1 5 .  
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