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ABSTRACT 

S o l a r  h e a t ,  as a p o t e n t i a l  source  of c l e a n  energy, i s  

Extens ive  R & D e f f o r t s  are  being a v a i l a b l e  t o  a l l  of us .  

made t o  e f f e c t i v e l y  u t i l i z e  t h i s  renewable energy source .  

A variety of d i f f e r e n t  technologies  f o r  u t i l i z i n g  s o l a r  en- 

e rgy  have been proven t o  b e  t e c h n i c a l l y  f e a s i b l e .  Here, 

some of t h e  most promising technologies  and their a p p l i c a -  

t i o n s  are b r i e f l y  desc r ibed .  These are: So la r  Heat ing 

and Cooling of Bui ld ings  (SHACOB), S o l a r  Thermal Energy 

Conversion (STC), Wind Energy Conversion (WECS) , Bioconver- 

s i o n  t o  Fuels  (BCF), Ocean Thermal Energy Conversion (OTEC), 

Photovol ta ic  E l e c t r i c  Power Systems (PEPS). S p e c i a l  em- 

phas i s  i s  placed on t h e  d i s c u s s i o n  of the SHACOB technolo- 

g i e s ,  s i n c e  the technologies  are being e x p e d i t i o u s l y  de- 

veloped f o r  t h e  n e a r  commercial izat ion.  
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1. Direct Thermal Conversion and S to rage  

a )  S o l a r  C o l l e c t o r s  

This  is a mechanical dev ice  which c a p t u r e s  t h e  r a d i a n t  s o l a r  energy 

and conve r t s  i t  t o  u s e f u l  thermal energy. I n  gene ra l ,  two types  of c o l -  

l e c t o r s  ex is t .  They are t h e  non-concentrat ing types  such as f l a t  p l a t e  co l -  

l e c t o r s ,  evacuated tube  c o l l e c t o r s ,  e tc . ,  and t h e  concen t r a t ing  types  which 

inc lude  t r a c k i n g  mi r ro r  o r  l e n s  c o n c e n t r a t o r s ,  non-tracking m i r r o r  o r  lens 

concen t r a to r s ,  evacuated tube  c o l l e c t o r s  w i t h  r e f l e c t o r s ,  e tc .  

F igure  1 shows v a r i o u s  des igns  of s o l a r  water and a i r  c o l l e c t o r s .  The 

r a d i a n t  s o l a r  energy passes through t h e  cover  g l a s s e s  ( u s u a l l y  1-2) and is  

absorbed on t h e  s u r f a c e  of t he  b lack  p l a t e  (or  abso rbe r  p l a t e ) .  

m a l  energy i n  t h e  absorber  p l a t e  i s  c a r r i e d  away by t h e  coo lan t ,  which i s  

e i t h e r  l i q u i d  o r  a i r .  Heat l o s s e s  from t h e  c o l l e c t o r  i t s e l f  are minimized 

by i n s u l a t i n g  the  bottom and edge of t h e  c o l l e c t o r  and by proper  number of  g l az ings .  

Converted t h e r -  

I n  F igure  2 t h e  c r o s s  s e c t i o n  of a vacuum t u b e  c o l l e c t o r  i s  shown. Here, 

t h e  convec t ion  h e a t  loss i s  minimized by provid ing  a vacuum between the  i n n e r  

s u r f a c e  of t h e  o u t e r  g l a s s  tube  and t h e  o u t e r  s u r f a c e  of t h e  inne r  g l a s s  tube  

(or  abso rbe r ) .  Shown schemat i ca l ly  i n  F igure  3 i s  an  example of a p a r a b o l i c  

t rough concen t r a to r .  Here, s u n l i g h t  i s  concen t r a t ed  on t h e  small abso rbe r  

area by t h e  pa rabo l i c  t rough shaped m i r r o r .  

Table 1, below, g ives  t h e  examples, ope ra t ing  temperature  ranges,  and 

e f f i c i e n c y  ranges  o f  t h r e e  c a t e g o r i e s  of c o l l e c t o r s .  

Table  1 

C l a s s i f i c a t i o n  of S o l a r  C o l l e c t o r s  2 

Category Example Temperature E f f i c i e n c y  
Range 

No Concentrat ion F l a t e  P l a t e  150- 300°F 30-50% 

Medium Concent ra t ion  Pa rabo l i c  Cyl inder  500-1200°F 50-70% 

High Concent ra t ion  Parabodia l  1000-4000°F 60-75% 

1 



drs Some of t h e  important  a p p l i c a t i o n s  of s o l a r  c o l l e c t o r s  are l i s t e d  he re  

based on t h e  tempera ture  level  of t h e  c o l l e c t e d  energy. 
0 - Low temperature  c o l l e c t o r s  (60 F - 140°F) 

- swimming pool h e a t e r s  

s o l a r  a s s i s t e d  h e a t  pumps 

- Medium temperature  c o l l e c t o r s  (140°F - 250°F) 

abso rp t ion  c h i l l e r  

space  h e a t i n g  and domestic h o t  water h e a t i n g  

- High temperature  c o l l e c t o r s  (> 250°F) 

s o l a r  thermal  electric convers ion  

- i n d u s t r i a l  and a g r i c u l t u r a l  p rocesses  

- pho tovo l t a i c  ce l l s  
hea t  engine /vapor compress ion  c h i 1  l e  r 

3 Materials g e n e r a l l y  used i n  c o l l e c t o r  c o n s t r u c t i o n  are: 

- Copper, aluminum, steel ,  p l a s t i c s ,  ceramic, g l a s s ,  e tc .  f o r  

abso rbe r  p l a t e  

- Glass, p l a s t i c  s h e e t s  o r  f i l m s  (Tedlar ,  Mylar, Lexan, e t c . )  

f o r  cover  g l a z i n g  

- F i b e r g l a s s  w i t h  o r  w i thou t  o rgan ic  b inde r ,  ceramic f i b e r  b l anke t ,  

mine ra l  f i b e r  b l anke t ,  calcium s i l i c a t e ,  Urea-formaldehyde foam, 

u r e t h a n e  foam, e t c .  f o r  i n s u l a t i o n  

- F l a t  b l ack  p a i n t ,  b l ack  chrome, n i c k e l  b lack ,  e tc .  f o r  absorber  

coa t ing  

The key f a c t o r s  f o r  t h e  s e l e c t i o n  of good c o l l e c t o r s  could be:  

- Good performance o r  e f f i c i e n c y  f o r  a given a p p l i c a t i o n  

- Long .durab i l i t y  a g a i n s t  co r ros ion ,  s t a g n a t i o n ,  thermal  

expansion, e tc .  

- Cost -ef fec t iveness  i n  both  c o l l e c t o r  c o s t  and i n s t a l l a t i o n  

c o s t  

Represen ta t ive  c o l l e c t o r  p r i c e s  of some manufacturers  are shown i n  Table  

2 ,  f o r  your r e fe rence .  

2 



Table 2 

Represen ta t ive  C o l l e c t o r  Prices, 1977 4 

Supp l i e r  Type Unit  S e l l i n g  P r i c e  
( $ / s q *  f t . 1  

Sunwo rks 

Nor thrup  

Revere 

Liquid , copper 
s i n g l e  g lazed  
f o r  commercial sale $8.50 t o  $10.00 
f o r  re ta i l  sale $12.00 t o  $14.00 

Liquid ,  aluminum $8.00 t o  $10.00 
commercial sale 

Liquid ,  copper $11.50 
double  glazed 
f o r  r e t a i l  sale 

S o l a r  Energy Liquid , aluminum $10.00 t o  $12.00 
Products  , s i n g l e  g lazed  
G a i n e s v i l l e ,  F l a .  

Solaron 
(Ener s o l )  

A i r ,  s teel  
f o r  d e a l e r s  

$12.05 

b) Solar Therma l  Energy Storage 

Sto r ing  of t h e  s o l a r  energy is o f t e n  necessary  s i n c e  t h e  a v a i l a b i l i t y  i s  

i n t e r m i t t e n t .  

s igned  f o r  1-3 days.  

a t i o n :  s e n s i b l e  h e a t  type  such as water, rocks ,  e tc . ,  and l a t e n t  h e a t  type  

o r  phase changing materials (pcm) such as  salts, wax, e t c .  Table  3 l i s ts  t h e  

thermal s t o r a g e  of 1 MBtu w i t h  20 F temperature  swing. 

The thermal c a p a c i t y  of t h e  s t o r a g e  subsystem i s  u s u a l l y  de- 

Two types  of s t o r a g e  materials have been under cons ider -  

0 
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Table 3 

Thermal S to rage  of One Mi l l ion  BTU wi th  20°F Temperature Change 2 

Water Rocks Phase Change Material 

S p e c i f i c  Heat (BTU/lb°F) 1 . 0  0.2 0.5 

Heat of Fusion (BTLT/lb) - - 100 

Weight ( l b )  50,000 250,000 10,000 

62 1 4  0 100 3 Densi ty  ( l b / f t  ) 

1,000 2,150 125 3 Volume ( f t  ) with  25% passage 

Glauber ' s  salt  (sodium s u l f a t e  dekahydrate)  and i t s  e u t e c t i c s  have been 

suggested f o r  u s e  as a l a t e n t  type  h e a t  s t o r a g e  material i n  t h e  space  h e a t i n g  

and coo l ing  a p p l i c a t i o n s .  

seeding  (Borax) t o  avoid supercool ing  and a l s o  r e q u i r e s  a th i cken ing  agent  

( t h i x o t r o p i c  a d d i t i v e )  t o  prevent  s eg rega t ion  among t h e  unmelted c r y s t a l s ,  

t h e  melted c r y s t a l ,  t h e  borax c r y s t a l  s eeds  and t h e  anhydrous sodium s u l f a t e .  

5 The sal t  hydra t e ,  however, needs c r y s t a l l i z a t i o n  

The c o n t a i n e r  materials f o r  t h e  thermal  s t o r a g e  subsystems are u s u a l l y  

steel ,  conc re t e ,  r e in fo rced  Concrete ,  f i b e r g l a s s - r e i n f o r c e d  p l a s t i c ,  aluminum, 

etc. 

Shown i n  Table  4 are  t h e  c o s t  estimates f o r  several thermal  s t o r a g e  sub- 
0 systems with 35 F temperature s w i n g .  

4 



Table 4 

Cost E s t i m a t e s  f o r  Seve ra l  Thermal S torage  Systems 
wi th  35F Temperature Swing6 

(1976) 

0 

Sodium 
T h i o s u l f a t e  
Pentahydra te  P a r a f f i n  Water Rock 

Raw Material Cost (1) $ . l l / l b  $. 1 0 / l b  ( g l y c o l  $1.25/ $15/ t o n  
g a l ,  deion- 
i z e d  $0.02/ 
g a l )  

Material Cost 
($/250,000 Btu) 

Gross Required Volume 
(f  t3/250,000 Btu) 

Heat Exchanger Cost (2) 
($/250,000 Btu) 

Tank Cost (3) 
($/250,000 Btu) 

303 

35 

585 

200 

277 

75 

1200 

395 

70 

125 

90 

565 

290 

295 

none r equ i r ed  

980 

T o t a l  S to rage  Cost  1090 1870 725 1270 
($/250,000 Btu) 

(1) 
(2)  Calcu la ted  assuming a c o s t  of $1 .85 / f t  f o r  t h e  i n s t a l l e d  t u b u l a r  h e a t  

(3) Reference (1 ) .  

2 
Chemical Marketing and Drug Repor te r  

exchanger /conta iners .  
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2 .  S o l a r  Swimming Pool  Heat ing System 

crs One of t h e  economic and popular  a p p l i c a t i o n s  of s o l a r  energy is h e a t i n g  

a swimming pool  (about  80°F). Since  the  s o l a r  c o l l e c t o r  o p e r a t e s  a t  low t e m -  

p e r a t u r e s ,  s imple and inexpensive c o l l e c t o r s  can be used a t  a h igh  e f f i c i e n c y  

of 70-80%. The c o l l e c t o r  area needed f o r  a pool  h e a t i n g  system i s  approxi-  

mately from 1 / 2  t o  3 / 4  of t h e  t o t a l  s u r f a c e  area of t h e  pool .  

I n  F igu re  4 ,  t h e  schematic diagram of a swimming pool  s o l a r  h e a t i n g  sys- 

t e m  i s  shown. Here, when t h e  c o l l e c t o r  pane l  tempera ture  i s  equal  t o  o r  lower 

than  t h e  water temperature  a t  t h e  pool o u t l e t ,  t h e  c o l l e c t o r  i s  by-passed. 

Aux i l i a ry  h e a t e r s  may be  r equ i r ed  t o  provide h e a t  when t h e  s o l a r  energy i s  n o t  

a v a i l a b l e .  The average annual  (about a 3 month ope ra t ion )  e f f i c i e n c y  of a swimming 

pool  s o l a r  h e a t i n g  system i s  p r e s e n t l y  about  60%. 

An inexpens ive  and d u r a b l e  s o l a r  c o l l e c t o r  i s  t h e  key t o  t h e  c o s t - e f f e c t i v e  

pool  h e a t i n g  system. The i n s t a l l e d  c o s t  of a t y p i c a l  system may range  from 

$1,500 t o  $2,500 depending on t h e  pool  s i z e ,  c o n s t r u c t i o n  requi rements  and 

l o c a t i o n .  

3 .  S o l a r  Domestic Hot Water Heating System 

The technology f o r  t h e  s o l a r  h o t  water h e a t i n g  system i s  w e l l  developed, 

and v a r i o u s  systems are now commercially a v a i l a b l e .  Basic system types  are 

thermosyphon, self -dra inable / forced  convect ion,  and c losed  loop/ forced  con- 

vec t ion  types .  

a )  Thermo syphon Type 

The thermosyphon system, shown i n  F igure  5 ,  employs t h e  n a t u r a l  convect ion 

of t h e  h e a t  t r a n s f e r  f l u i d  and does  n o t  r e q u i r e  pumps and c o n t r o l s .  

t h e  s t o r a g e  tank  should b e  loca ted  above t h e  s o l a r  c o l l e c t o r s  s i n c e  s u f f i c i n e t  

p re s su re  head is necessary  f o r  g r a v i t y  f eed ing  of h e a t  t r a n s f e r  f l u i d  t o  t h e  

c o l l e c t o r s .  Cold water from t h e  bottom of t h e  s t o r a g e  tank e n t e r s  t h e  co l -  

l e c t o r  by g r a v i t y  and i s  hea ted  as  i t  rises slowly i n t o  t h e  s t o r a g e  tank where 

t h e  hea ted  water r e p l a c e s  co ld  water w i t h  h ighe r  d e n s i t y .  

h e a t e r  is  necessary  t o  provide a d d i t i o n a l  thermal  energy i n p u t  when t h e  so- 

l a r  energy is no t  a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t y .  

However, 

* conventional water 

.. - 
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This type  of system i s  adequate  f o r  t h e  areas where f r e e z e s  are i n f r e -  

quent .  

i s  expected.  

The c o l l e c t o r  f l u i d  must be d ra ined  manually when t h e  f r e e z i n g  weather  

b) Se l f -d ra inab le ,  Forced Convection Type 

Forced convec t ion  systems w i t h  t h e  p rov i s ion  of a drain-down f r e e z e  pro- 

t e c t i o n  i s  shown i n  F igu re  6. Here, a pump i s  employed t o  c i r c u l a t e  t h e  co l -  

l e c t o r  h e a t  t r a n s f e r  f l u i d .  A s  a f r e e z e  p r o t e c t i o n ,  a the rmos ta t  i s  used t o  

s ense  t h e  f l u i d  temperature  a t  t h e  c o l l e c t o r  i n l e t .  C o l l e c t o r  f l u i d  i s  auto-  

m a t i c a l l y  d ra ined  when t h e  c o l l e c t o r  i n l e t  t empera ture  approaches t h e  f r e e z i n g  

po in t  of t h e  f l u i d  (usua l ly  wa te r ) .  Th i s  system h a s  h igh  e f f i c i e n c y  and may 

be s u i t a b l e  f o r  most climates. The system was a l s o  shown t o  p r e s e n t  t h e  least 

amount Of system problems, a l though Long-term c o r r o s i o n  may s t i l l  e x i s t  due 

t o  t h e  f r e q u e n t  a i r  ( o r  02) i n f i l t r a t i o n  i n t o  t h e  system whenever i t  d r a i n s .  

e) Closed-loop, Forced Convection Type 

Also shown i n  F igure  7 is  a forced  convect ion type  s y s t e a  employing a 

which c i r c u l a t e s  t h e  h e a t  t r a n s f e r  f l u i d  i n  a c l o s e d  c o l l e c t o r  loop .  pump 
Here, a n t i - f r e e z e  s o l u t i o n  i s  used i n  a c o l l e c t o r  loop .  Th i s  t ype  of system 

may have a h ighe r  i n i t i a l  c o s t  w i t h  some dec rease  i n  e f f i c i e n c y  due t o  t h e  

h e a t  exchanger approach tempera tures ,  bu t  are s u i t a b l e  f o r  a l l  climates. 

A good s o l a r  h o t  water h e a t i n g  system should inc lude  proper  p r o t e c t i o n  
from f r e e z i n g ,  long-term c o r r o s i o n  c o n t r o l  and r e l i ab le  system c o n t r o l s .  

Average annual e f f i c i e n c y  of a t y p i c a l  s o l a r  domest ic  hot  w a t e r  h e a t i n g  system 

is about  40% a t  t h e  present time. 

The average  c o s t  of a n  i n s t a l l e d  s o l a r  domest ic  ho t  water system f o r  a 
4 t y p i c a l  r e s i d e n t i a l  house would b e  about  $1,200 (1977 e s t ima te )  , which in-  

c ludes  about  50 f t  of c o l l e c t o r ,  s t o r a g e ,  pumps and c o n t r o l s .  2 
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0 4 .  Active S o l a r  Space Heat ing and Cooling System 

The most p u b l i c i z e d  a p p l i c a t i o n  of s o l a r  energy so  f a r  i s  the  a c t i v e  

h e a t i n g  and/or  coo l ing  of b u i l d i n g s  (SHACOB). A s i m p l i f i e d  schematic  diagram 

of a t y p i c a l  l i q u i d  s o l a r  system i s  presented  i n  F igure  8. 

energy f low of t h e  system i s  convenient ly  d iv ided  i n t o  six s e p a r a t e  s e c t i o n s  

of v a r i o u s  f u n c t i o n s .  

I n  t h e  diagram, t h e  

9 

Brief  d e s c r i p t i o n s  of each  s e c t i o n  i n  sequence are made as fol lows:  

- Energy C o l l e c t i o n  

S o l a r  energy is  captured  by a c o l l e c t o r  

- Energy Trans fe r  (1) 

Col lec ted  s o l a r  energy is t r a n s f e r r e d  from t h e  c o l l e c t o r  t o  t h e  

energy s t o r a g e  (by two pumps) v ia  a h e a t  exchanger.  The c l o s e d  

c o l l e c t o r  l oop  u s u a l l y  c o n t a i n s  a n  a n t i - f r e e z e  s o l u t i o n  such a s  

e thy lene  glycol-water  (50/50%). 

- Energy Storage  

S o l a r  energy i s  s t o r e d  as  h o t  water i n  t h e  tank ,  which could be 

s i z e d  t o  provide thermal energy f o r  1-3 days of ope ra t ion .  

p o r t i o n  of t h e  s t o r e d  energy can a l s o  be  used f o r  p rehea t ing  t h e  

domestic ho t  water. 

- Energy Trans fe r  (2)  

A 

Thermal energy from t h e  s t o r a g e  i s  t r a n s f e r r e d  e i t h e r  t o  t h e  cool-  

i ng  dev ice  o r  d i r e c t l y  t o  t h e  h e a t i n g  c o i l ,  depending on t h e  kind 

of a p p l i c a t i o n s .  

- Energy Condit ioning 

A thermal ly  a c t i v a t e d  coo l ing  dev ice  ( a i r  c o n d i t i o n e r  o r  c h i l l e r )  

i s  employed du r ing  t h e  h o t  weather .  

i n s t a l l e d  as  a back-up energy source  f o r  t h e  coo l ing  dev ice  and 

f o r  t he  space  h e a t i n g  c o i l .  The coo l ing  dev ice  u s u a l l y  r e q u i r e s  

h e a t  r e j e c t i o n  t o  t h e  ambient,  and employs e i t h e r  a f a d c o i l  u n i t  

o r  a coo l ing  tower. 

Aux i l i a ry  h e a t e r s  must be 

- Space Condit ioning 

Thermal energy from t h e  s t o r a g e  and/or  from t h e  a u x i l i a r y  h e a t e r  

provides  h e a t  f o r  space  h e a t i n g .  

achieved when t h e  coo l ing  dev ice  is  i n  ope ra t ion .  

Space  coo l ing  can a l s o  be 
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Some of t h e  most f r equen t  problems of t h e  s o l a r  space  h e a t i n g  and coo l ing  

systems are: 

- Corros ion  

Provide  proper  c o r r o s i o n  p r o t e c t i o n  on t h e  s o l a r  system (such as 

a n a l y s i s  of water sample, d e i o n i z a t i o n  of water i f  needed, f r e e z e r  

p r o t e c t i o n  ( a n t i f r e e z e  s o l u t i o n ) ,  proper  l e v e l  of i n h i b i t o r s ,  u s e  

of b u f f e r i n g  a g e n t s ,  f low v e l o c i t y  c o n t r o l ,  u s e  of good f i l t e r  

systems, p e r i o d i c  check and replacement of h e a t  t r a n s f e r  f l u i d ,  

avoidance of d i r e c t  c o n t a c t  of d i s s i m i l a r  m e t a l ,  minimizat ion of 

0 i n f i l t r a t i o n ,  proper  p ip ing  -- avoid sharp  bends, e t c . )  2 
- Hydraul ic  Concerns 

A leak-proof p i p i n g  system, wi th  p rope r  p i p i n g  s i z e  and configura-  

t i o n ,  matched pump capac i ty ,  e t c .  i s  e s s e n t i a l .  

- Contro l  Systems 

R e l i a b l e  c o n t r o l  systems w i t h  e f f e c t i v e  c o n t r o l  s t r a t e g y  f o r  bo th  

h e a t i n g  and coo l ing  a p p l i c a t i o n s ,  i s  an  important  f a c t o r  s i n c e  i t  

d i r e c t l y  e f f e c t s  t h e  COP of t h e  t o t a l  system. 

- C o l l e c t o r  Support  S t r u c t u r e s  

The d e s i g n  of t h e  c o l l e c t o r  suppor t  s t r u c t u r e  should be such t h a t  

i t  would s tand  a g a i n s t  wind l o a d ,  snow load  and weather co r ros ion  

f o r  t h e  des ign  l i f e  per iod .  

Average annual  e f f i c i e n c y  of a s o l a r  space  h e a t i n g ,  coo l ing  and ho t  water 

system i s  about  40%, and t h a t  of a combined space hea t ing  and h o t  water system 

is  about  25%. 

The average  c o s t  of a space  h e a t i n g  system f o r  a new r e s i d e n t i a l  house of 
2 2 4 

about  1,500 f t  would be about  $6,000, which i n c l u d e s  about  300 f t  of c o l l e c t o r s .  

R e t r o f i t  i n s t a l l a t i o n s  may c o s t  more than  t h e  new i n s t a l l a t i o n s .  However, t h e  

c o s t  of a s o l a r  space hea t ing ,  s o l a r  coo l ing  and s o l a r  domestic h o t  water system 

could go up t o  about  $25,000 f o r  a r e s i d e n t i a l  a p p l i c a t i o n .  

a )  So la r  Ass i s t ed  Heat Pump 

The h e a t  pump is  an e l e c t r i c a l l y  a c t i v a t e d  mechanical dev ice  which can 

perform both  hea t ing  and coo l ing  f u n c t i o n s .  

diagrams of a n  advanced convent iona l  a i r - t o - a i r  h e a t  pump. 

Shown i n  F igure  9 are  t h e  schematic  

_ -  
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I n  a h e a t i n g  mode, as shown i n  F igure  9 ( a ) ,  h o t  and high-pressure r e f r i g -  

e r a n t  gas  from t h e  compressor is  l i q u i f i e d  i n  t h e  indoor  c o i l  ( a s  a condenser) ,  

p rovid ing  h e a t  t o  t h e  load .  Condensed and high-pressure r e f r i g e r a n t  from t h e  

indoor  c o i l  pas ses  through t h e  accumulator h e a t  exchanger and expands a c r o s s  

t h e  subcool ing c o n t r o l  va lve  ( o r  expansion v a l v e ) ,  from which low p res su re ,  

l i qu id /vapor  mix tu re  i s  s e n t  t o  t h e  outdoor  c o i l .  R e f r i g e r a n t  mixture  evap- 

o r a t e s  i n  t h e  outdoor  c o i l ,  absorb ing  h e a t  from t h e  ambient.  Cold and low- 

p res su re  r e f r i g e r a n t  mixture  from t h e  outdoor  c o i l  s e p a r a t e s  i n t o  vapor  and 

l i q u i d  phases  i n  t h e  accumulator .  Low-pressure r e f r i g e r a n t  vapor from t h e  

accumulator r e t u r n s  t o  t h e  s u c t i o n  s i d e  of t h e  compressor.  

F igure  9(b)  shows t h e  schematic  diagram of t h e  same h e a t  pump ope ra t ing  

i n  a coo l ing  mode. With a s imple manipula t ion  of a r e v e r s i n g  va lve ,  t h e  

outdoor  c o i l  i s  now used as a condenser f o r  h e a t  d i s s i p a t i o n  t o  t h e  ambient.  

The indoor  c o i l  becomes a n  evapora tor ,  which abso rbs  h e a t  from t h e  space t o  

be condi t ioned .  

So la r  energy as a h e a t  source  t o  t h e  evapora tor  component of a h e a t  pump, 

can improve t h e  h e a t i n g  performance ( o r  h e a t i n g  COP) of a h e a t  pump s i g n i f -  

i c a n t l y ,  t hus  less electr ical  energy i n p u t  i s  r equ i r ed  f o r  t h e  h e a t  pump t o  

meet a g iven  load .  I n  F igure  10,  t h e  hea t ing  COP of a h e a t  pump as a f u n c t i o n  

of t h e  evapora tor  temperature  i s  p l o t t e d  a t  t h e  condenser tempera ture  of 135 F. 

So la r  c o n t r i b u t i o n  t o  t h e  evapora tor  temperature  may, perhaps,  l e a d  t o  about  

100°F, and t h e  improvement i n  COP is  q u i t e  l a r g e  (compared wi th  t h e  COP a t  
50 F evaporator temperature) as shown in the figure. 

0 10 

0 

The COP ( t h e  r a t i o  of h e a t  o u t p u t  over  t h e  equ iva len t  h e a t  i npu t )  of a 

s o l a r  a s s i s t e d  h e a t  pump is  expected t o  be  about  7-10, compared wi th  about  

3-4 of t h e  convent iona l  h e a t  pump. 

A s i m p l i f i e d  schematic  diagram of a s o l a r  a s s i s t e d  h e a t  pump system i s  

represented  i n  F igure  11. In o r d e r  t o  develop a c o s t - e f f e c t i v e  s o l a r  a s s i s t e d  

h e a t  pump system, t h e  fo l lowing  t a s k s  should be performed. 
- Development of a new h e a t  pump whose COP would be  h ighe r  a t  increased  

evapora tor  temperature .  Opera t ion  of t h e  p r e s e n t l y  a v a i l a b l e  h e a t  

pumps i s  l i m i t e d  by t h e  evapora tor  temperature  a t  about  50 F. 
0 

- Development of a low-cost, low temperature  s o l a r  c o l l e c t o r ,  and 

a n  inexpens ive  energy s t o r a g e  subsystem. 
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b) Absorption C h i l l e r  

The abso rp t ion  c h i l l e r  is a mechanical dev ice  b u i l t  on t h e  p r i n c i p l e s  of 

one of t h e  thermodynamic a b s o r p t i o n  coo l ing  c y c l e s .  The abso rp t ion  c h i l l e r s  

can  b e  d i r e c t l y  a c t i v a t e d  by t h e  s o l a r  thermal  energy a t  170°F - 400°F. 

Two types  of abso rp t ion  c h i l l e r s  have been commercially a v a i l a b l e ,  i . e . ,  

ammonia-water and water - l i th ium bromide u n i t s .  Ammonia-water c h i l l e r s  were 

o r i g i n a l l y  developed as gas  f i r e d ,  r e q u i r i n g  a gene ra to r  i n p u t  tempera ture  

of over  350°F. 

COP v a l u e  is  about  0.4-0.5. Water-l i thium bromide u n i t s  have a l s o  been avail-  

a b l e  as gas - f i r ed  o r  s team-fired,  r e q u i r i n g  a gene ra to r  i n p u t  temperature  o f  

about  245'F. 

t o  t h e  c r y s t a l l i z a t i o n  problem of l i t h i u m  bromide. The t y p i c a l  COP va lue  of 

t h e s e  u n i t s  is  about  0.5-0.6. 

The condenser /absorber  components are a i r - coo led ,  and t h e  t y p i c a l  

Water-cooling of t h e  condenser /absorber  components i s  a must due 

Shown i n  F igu re  1 2  is  a s i m p l i f i e d  schematic  diagram of a s t anda rd  H 0-LiBr 
2 

abso rp t ion  cyc le .  

l i t h i u m  bromide d i s so lved  i n  water.  
Here, water i s  t h e  r e f r i g e r a n t  and t h e  s o l u t i o n  con ta ins  

Refe r r ing  t o  t h e  diagram, h e a t  i s  a p p l i e d  t o  t h e  gene ra to r  t o  v a p o r i z e  

water ( r e f r i g e r a n t )  from t h e  mixture  of H 0-LiBr s o l u t i o n .  Water vapor  from 

t h e  gene ra to r  then  passes  t o  t h e  condenser,  where i t  condenses t o  l i q u i d  water, 

l i b e r a t i n g  t h e  h e a t  of condensat ion.  Cooling tower w a t e r  i s  g e n e r a l l y  used f o r  

t h e  d i s s i p a t i o n  of condenser h e a t .  

through t h e  expansion va lve  and i t  immediately vapor i zes  i n  t h e  evapora tor  due 

to  t h e  sudden p res su re  drop a c r o s s  t h e  expansion va lve .  

evapora t ion  hea t  of water i n  t h e  evapora to r  t h u s  produces the  coo l ing  e f f e c t .  

2 

Liquid water from t h e  condenser pas ses  

The r equ i r ed  

A t  t he  abso rbe r ,  water vapor from t h e  evapora tor  is  absorbed i n  t h e  water- 

poor s o l u t i o n  coming from t h e  gene ra to r  via t h e  s o l u t i o n  h e a t  exchanger (SHX). 
Here, h e a t  of  abso rp t ion  is a l s o  d i s s i p a t e d  t o  t h e  coo l ing  tower water. Resul t -  

ing water - r ich  s o l u t i o n  from t h e  absorber  is  then  pumped back t o  t h e  gene ra to r  

v i a  t h e  s o l u t i o n  h e a t  exchanger.  The s o l u t i o n  h e a t  exchanger (SHX) i s  employed 

t o  reduce the  genera tor  h e a t  i n p u t  and t o  dec rease  t h e  amount of absorber  h e a t  

d i s s i p a t i o n ,  t hus  improving t h e  c y c l e  COP. The p r e s s u r e  reducing va lve  is a l s o  

necessary  between t h e  s o l u t i o n  h e a t  exchanger and t h e  absorber  t o  main ta in  t h e  

h igh  and low p res su re  s i d e s  of t h e  abso rp t ion  c y c l e .  
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For t h e  adap ta t ion  of convent iona l  u n i t s  f o r  s o l a r  a p p l i c a t i o n s ,  t h e  gen- 

e r a t o r  temperature  must be  decreased  a s  p r a c t i c a l l y  as p o s s i b l e  t o  accommodate 

t h e  low tempera ture  i n p u t  a v a i l a b l e  from s o l a r  c o l l e c t o r s .  Modi f ica t ion  of t h e  

abso rp t ion  u n i t  r e q u i r e s  changes i n  t h e  gene ra to r  h e a t  exchanger,  r e f r i g e r a n t -  

absorbent  concen t r a t ion ,  h e a t  exchanger s u r f a c e  areas (condenser,  abso rbe r  and/ 

o r  evapora tor )  and s o l u t i o n  pump c a p a c i t y .  

A t  t h e  g e n e r a t o r  temperature  of 200-250°F, ammonia-water c h i l l e r s  should 

be water-cooled. Air-cooling i s  a l s o  p o s s i b l e  a t  t h e  gene ra to r  temperature  

of 250-350'F. 

type s o l a r  c o l l e c t o r s  is e v i d e n t .  For water - l i th ium bromide u n i t s ,  t h e  gene ra to r  

temperature  could be  anywhere between 180 and 245'F, and t h e  condenser /absorber  

components should always be  water-cooled. 

0.6-0.8 could be expected.  

u s u a l l y  employed. 

A COP of about 0.5-0.7 i s  a t t a i n a b l e  and t h e  need f o r  concen t r a t ing -  

The a t t a i n a b l e  COP v a l u e  of about  

F l a t  p l a t e  s o l a r  c o l l e c t o r s  and coo l ing  towers  are 

Direct u s e  of  l a r g e  i n d u s t r i a l  H 0-LiBr u n i t s  f o r  s o l a r  a p p l i c a t i o n  i s  2 
p o s s i b l e  wi thout  any hardware mod i f i ca t ion  o r  on ly  s l i g h t  mod i f i ca t ion  i n  t h e  gen- 

e r a t o r  h e a t  t r a n s f e r  s u r f a c e .  The consequence i s  a dec rease  i n  u n i t  capac i ty .  

The maximum performance of  a s i n g l e - e f f e c t  abso rp t ion  u n i t  can be  es t imated  

f o r  r ea l i s t i c  o p e r a t i n g  cond i t ions  i n  s o l a r  a p p l i c a t i o n s .  

o r  Carnot c y c l e ,  t h e  COP va lue  may range  anywhere from 0.5-3.0. The maximum 

t h e o r e t i c a l  COP of t h e  abso rp t ion  u n i t  u s ing  p r e s e n t l y  a v a i l a b l e  working f l u i d  

could n o t  exceed 1 .0  and t h e  p r a c t i c a l  COP of t h e  commercially a v a i l a b l e  s ing le -  

e f f e c t  u n i t s  could range from 0.5 t o  0.8, depending mainly on t h e  type  of ab- 

s o r p t i o n  c y c l e  employed, a i r - coo l ing  o r  water coo l ing  of absorber /condenser  

components, and t h e  kind of working f l u i d s  used. 

A s  a n  i d e a l  c y c l e ,  

Absorption c h i l l e r s ,  optimized f o r  s o l a r  a p p l i c a t i o n s ,  are now commercially 

a v a i l a b l e  i n  l i m i t e d  q u a n t i t i e s .  

Arkla I n d u s t r i e s ,  Incorpora ted .  For t h e  r e s i d e n t i a l  a p p l i c a t i o n ,  a 3 ton  - 
S o l a i r e  36 (Model WF 36) is  a v a i l a b l e ,  whose r a t e d  COP i s  0.72 a t  t h e  gene ra to r  

i n p u t  temperature  of 195  F ,  and t h e  condenser i n p u t  temperature  of  85 F .  

These are  t h e  water-cooled H20-LiBr u n i t s  by 

0 0 

The schematic  diagram of t h e  Arkla S o l a i r e  36 i s  shown i n  F igure  13. I n  

a d d i t i o n ,  F igures  1 4  and 15 show, r e s p e c t i v e l y ,  t h e  c a p a c i t y  and t h e  COP of 

t h e  c h i l l e r  as a func t ion  of gene ra to r  i n l e t  h o t  water temperature  w i t h  t h e  0 
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crs condenser in le t  coo l ing  water tempera tures  as parameter .  

t h e  u n i t  i s  $2880 (5/1/77) and t h e  coo l ing  tower c o s t  of $400-500 i s  a d d i t i o n a l .  

Also in t roduced  w a s  t h e  25 ton  - S o l a i r e  300 (Model WFB 300) f o r  commercial 

a p p l i c a t i o n s .  The r a t e d  COP i s  0.69 a t  t h e  same c o n d i t i o n s  a s  above, and t h e  

t r a d e  p r i c e  of t h e  u n i t  is $15,200 (5/1/77)  wi th  t h e  extra cool ing  tower c o s t  

of about  $3100. 

The t r a d e  pr ice  of 

Other a b s o r p t i o n  c h i l l e r s  are a l s o  a v a i l a b l e  f o r  s o l a r  coo l ing  experiments  

o r  demonstrat ions.  

(101-1660 nominal tons)  w i th  minor mod i f i ca t ion  of  t h e  gene ra to r ,  and York 's  

H 0-LiBr u n i t s  (110-1377 nominal t ons )  w i t h  no hardware mod i f i ca t ion .  

These may i n c l u d e  Trane ' s  s i n g l e  e f f e c t  H 0-LiBr u n i t s  2 

2 

c )  Heat Engine/Vapor Compression C h i l l e r  

The h e a t  engine  i s  a mechanical dev ice  which can conver t  thermal energy 

i n t o  sha f t -d r iven  mechanical power. Th i s  energy can be even tua l ly  u t i l i z e d  

t o  d r i v e  t h e  gene ra to r  f o r  e l e c t r i c i t y  product ion ,  pumps f o r  v a r i o u s  purposes ,  and 

vapor  compression c y c l e s  f o r  h e a t i n g  and cool ing .  For t h e  s o l a r  a p p l i c a t i o n s ,  

t h e  Rankine h e a t  engine  is be l i eved  t o  perform a t  h ighe r  a t t a i n a b l e  c y c l e  

e f f i c i e n c y  a t  low temperatures  (< 300 F) than  o t h e r  h e a t  engine  c y c l e s  such as 

Brayton, S t i r l i n g ,  e tc .  

0 

The choice  of a working f l u i d  f o r  t h e  Rankine h e a t  engine  depends on many 

f a c t o r s  such as i n p u t  temperature ,  r e l i a b i l i t y  ( s t a b i l i t y ) ,  f i r s t  c o s t ,  ope ra t ing  

cos t  (pumping power) and acceptance ( t o x i c i t y )  The b e s t  sugges ted  working f l u i d s  

i n  the  d i f f e r e n t  temperature  ranges are: 

- Water f o r  700 < T < 1,100"F 

- Toluene f o r  500 < T < 700°F 
- Fluorocarbon r e f r i g e r a n t s  f o r  T < 300'F 

(R-11 and R-113 are p r e f e r r e d  t o  o t h e r s )  

F igure  16 r e p r e s e n t s  t h e  schematic  diagram of a fuel-superheated Rankine 

h e a t  engine/vapor  compression c h i l l e r .  

s e n t s  a s tandard  Rankine h e a t  engine/vapor  compression c h i l l e r .  

Without a supe rhea te r  i t  a l s o  repre-  

I n  t h e  hea t  engine c y c l e ,  t he  r e f r i g e r a n t  i s  vapor ized  i n  t h e  b o i l e r  by t h e  

h e a t  i npu t  from s o l a r  hea ted  water. 

from t h e  b o i l e r  d r i v e s  t h e  t u r b i n e  

The h o t ,  high p res su re  r e f r i g e r a n t  vapor 

which powers t h e  vapor compression c h i l l e r .  
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Exhausted, low p r e s s u r e  r e f r i g e r a n t  vapor from t h e  t u r b i n e  i s  l i q u i f i e d  i n  

t h e  condenser,  d i s s i p a t i n g  h e a t  t o  t h e  ambient.  Liquid r e f r i g e r a n t  from t h e  

condenser i s  pumped back t o  t h e  b o i l e r  v i a  a r e g e n e r a t o r .  

a hea t  recovery device  used t o  i n c r e a s e  t h e  cyc le  e f f i c i e n c y ,  
The r egene ra to r  i s  

The o t h e r  ha l f  of t h e  c h i l l e r  o r  t h e  vapor  compression c y c l e  works j u s t  

t h e  same a s  t h e  e l e c t r i c a l l y  d r i v e n  h e a t  pump i n  a coo l ing  mode, which w a s  

mentioned earlier.  

u s u a l l y  employ p i s t o n  compressors w i th  R-12 r e f r i g e r a n t .  

Conventional vapor  compression c h i l l e r s  i n  small c a p a c i t i e s  

Cycle s h a f t  e f f i c i e n c i e s  of va r ious  small h e a t  engines  are p l o t t e d  i n  

F igure  1 7  as  a f u n c t i o n  of t h e  m a x i m u m  c y c l e  temperature  ( i . e . ,  b o i l e r  temp- 

e r a t u r e ) .  

l i m i t e d  by about  17% a t  400°F, as shown i n  t h e  f i g u r e .  

For most s o l a r  coo l ing  a p p l i c a t i o n s ,  t h e  c y c l e  s h a f t  e f f i c i e n c y  i s  

The Rankine c y c l e  s h a f t  e f f i c i e n c y  of a fuel-superheated h e a t  engine,  

as shown i n  F igure  16 ,  i s  s u p e r i o r  (approximately double) t o  t h a t  o f  a 

s tandard  Rankine h e a t  engine.  F igu re  18 g i v e s  the  performance comparison 

between t h e  two. 

The COP of a coo l ing  u n i t  may be  def ined13 as fo l lows .  

{cool ing Unit  COP ] = b e a t  Engine Cycle Sha f t  

E f f i c i e n c y  (CSE) X Vapor Compression Cycle 

Energy E f f i c i e n c y  Rat io  (EER) 
I t  

S h a f t  Energy Output ] 
Thermal Energy Inpu t  

Cooling Output 
Shaf t Energy Inpu t  { Cooling Output 

Thermal Energy Inpu t  

0 For example, assuming a water-cooled system a t  300 F h e a t  i n p u t ,  

CSE i 0.14 from F igure  16  

EER i 5 - 6 ( t y p i c a l  v a l u e  ) 

Therefore ,  COP = (CSE) X (EER) = 0.7 - 0.8 

A s  a summary, t h e  performance (COP) of v a r i o u s  s o l a r  powered, water-cooled 

c h i l l e r s  as a func t ion  of gene ra to r  i npu t  temperature  i s  p l o t t e d  i n  F igure  19 .  

Shown i n  F igure  20 i s  an  a r t i s t ' s  concept ion  of a s o l a r  powered Rankine 

h e a t  engine/Vapor Compression C h i l l e r  (o r  h e a t  pump) system. Gs 
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. ’  

The c o s t s  of small c a p a c i t y  Rankine h e a t  engine/vapor  compression c h i l l e r s  

are  n o t  known, b u t  were roughly e s t ima ted ,  and are compared w i t h  those  of o t h e r  

c h i l l e r s  i n  Table  5 below. 

0 

Table 5 

Cost Comparisons of Small Capaci ty  C h i l l e r s  

$ / t o n  (1977) 

3 ton  u n i t  25 ton  u n i t  Cooling Unit  

Conventional Electr ic  A i r  Condi t ioner  300 250 

Solar-Powered L i B r  Absorpt ion C h i l l e r  1,000 500 

Solar-Powered Rankine H.E . /V .C .  C h i l l e r  3,000 2,000 

d )  Others  

Other a c t i v e  coo l ing  concepts  may inc lude  d e s i c c a n t  c h i l l e r s ,  chemical  

abso rp t ion  c y c l e  ( z e o l i t e  and s a l t  hydra t e  systems) ,  metal hydr ide  chemical  

h e a t  pump, N i t i n o l  h e a t  engine c y c l e ,  vapor j e t  coo l ing  c y c l e ,  e tc .  

The b a s i c  p r i n c i p l e s  of t h e  des i ccan t  c h i l l e r  are as fol lows.  A i r  from 

t h e  room i s  dehumidif ied (and a l s o  hea ted)  wi th  a s o l i d  o r  l i q u i d  d e s i c c a n t ,  

then  i t  i s  s e n s i b l y  and evapora t ive ly  cooled.  The r e s u l t i n g  low-temperature 

a i r  r e t u r n s  t o  t h e  room, The des i ccan t  i s  regenera ted  by the  s o l a r  thermal  energy 

f o r  the  subsequent  cycle. S o l i d  desiccants inc lude  s i l i c a  g e l  and molecular 

sieves; l i q u i d  d e s i c c a n t s  are t r i e t h y l e n e  g l y c o l  and l i t h i u m  c h l o r i d e .  

The p ro jec t ed  COP of t h e  d e s i c c a n t  c h i l l e r  system ( e i t h e r  a r o t a t i n g  

The major problem of drum type  o r  s t a t i o n a r y  bed type)  i s  about  0.5-0.7. 

a l l  d e s i c c a n t  systems is  t h e  h igh  p a r a s i t i c  power loss i n  a d d i t i o n  t o  t h e  h igh  

i n i t i a l  c o s t .  The above mentioned coo l ing  concepts ,  except  perhaps d e s i c c a n t  

c h i l l e r s ,  a r e  e i t h e r  i n  a conceptua l  stage o r  n o t  p r a c t i c a l  f o r  s o l a r  a p p l i -  

c a t i o n  a t  t h e  p re sen t  t ime. 
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5 .  Pass ive  S o l a r  Space Heat ing and Cooling Systems 

Pass ive  s o l a r  systems are ones i n  which e i t h e r  t h e  h e a t i n g  o r  coo l ing  

f u n c t i o n  can be achieved by t h e  n a t u r a l l y  induced h e a t  t r a n s f e r  mode(s) w i t h  

no need of ( o r  t h e  least amount o f )  external energy f o r  i t s  ope ra t ion .  A 

l a r g e  v a r i e t y  of d i f f e r e n t  p a s s i v e  des igns  are p o s s i b l e ,  and any number of 

des ign  combinations may be incorpora ted  i n t o  t h e  pas s ive  systems of new con- 

s t r u c t i o n s .  

1 4 .  The p a s s i v e  s o l a r  systems can  b e  b road ly  c l a s s i f i e d  as . 
- Direct Gain Systems 

The b u i l d i n g  s t r u c t u r e  i t s e l f  i s  u t i l i z e d  t o  c o l l e c t  and s t o r e  

t h e  s o l a r  energy as  shown in Figure  21. 

- I n d i r e c t  G a i n  Systems 

Incorpora ted  i n  t h i s  type  of system can  be  t h e  ex t ra  i n t e r i o r  

s t r u c t u r a l  mass such as  conc re t e  wa l l15  o r  t h e  phase changing 

materials such as Glauber salts16 f o r  t h e  c o l l e c t i o n  and/or  

s t o r a g e  of t h e  s o l a r  energy. 

F igu re  22 shows t h e  concept  of i n d i r e c t  g a i n  systems. 

s o l a r  hea ted  w a l l  h e a t s  t h e  a i r  and a l s o  induces  t h e  n a t u r a l  

convec t ion  of t h e  room a i r .  

a t  t h e  top  of t h e  w a l l  t o  prevent  h e a t  l o s s  by reverse thermo- 

syphoning. 

a s o l a r  hea ted  w a l l  can  a l s o  b e  u t i l i z e d  t o  induce w a r m  room 
a i r  t o  t h e  o u t s i d e  and coo l  o u t s i d e  a i r  i n t o  t h e  room. 

Here, t h e  

During t h e  n i g h t ,  a damper i s  used 

For t h e  coo l ing  o p e r a t i o n  du r ing  t h e  h o t  weather ,  

The i n d i r e c t  g a i n  system wi th  a roof pond, shown i n  F igure  23 ,  

is  an i n t e r e s t i n g  p a s s i v e  system concept ,  which may have a g r e a t  

p o t e n t i a l  f o r  t h e  p r a c t i c a l  a p p l i c a t i o n s  i n  t h e  Southwest,  United 

S t a t e s .  

For t h e  w i n t e r  h e a t i n g ,  t h e  roof pond c o l l e c t s  t h e  s o l a r  energy 

dur ing  t h e  day and provides  h e a t  f o r  t h e  room. Proper  i n s u l a t i o n  

of t h e  roof pond can prevent  h e a t  l o s s  dur ing  the n i g h t .  In a 

coo l ing  mode, t h e  roof pond c o l l e c t s  hea t  from t h e  l i v i n g  space 

dur ing  t h e  day and d i s s i p a t e s  i t  i n t o  t h e  sky during t h e  n i g h t .  
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- I s o l a t e d  Gain System 

Th i s  system employs e i t h e r  a t t a c h e d  greenhouses o r  passive- type 

c o l l e c t o r s  w i t h  no c i r c u l a t i o n  pump. S o l a r  energy captured  i n  t h e  

greenhouse can be  e a s i l y  r e g u l a t e d  and a l s o  b e  s t o r e d  accord ing  

t o  t h e  needs of t h e  l i v i n g  space.  For t h e  system wi th  a passive-  

type  c o l l e c t o r ,  an  energy s t o r a g e  o r  a pebble  bed should be lo -  

c a t e d  above t h e  c o l l e c t o r  so that t h e  hea ted  a i r  from t h e  co l -  

l e c t o r  can c i r c u l a t e  n a t u r a l l y  through t h e  system by the  a i r  

d e n s i t y  d i f f e r e n c e .  

L ike  any o t h e r  s o l a r  system, t h e  pas s ive  system needs an  a u x i l i a r y  en- 

e rgy  back-up. Other l i m i t a t i o n s  of t h e  passive systems may inc lude :  

- Geographical l i m i t a t i o n s ,  f o r  example, n o t  a p p l i c a b l e  i n  humid 

areas 

- D i f f i c u l t  r e t r o f i t  a p p l i c a t i o n s  

- Less c o n t r o l l a b l e  than  a c t i v e  systems 

However, t h e  p rospec t s  f o r  t h e  r e l i a b i l i t y  and t h e  c o s t  (bo th  i n i t i a l  and 

ope ra t ing )  of t h e  p a s s i v e  system seems ve ry  b r i g h t .  

t he  c o s t  of a r e s i d e n t i a l  pas s ive  s o l a r  h e a t i n g  and coo l ing  system may range  

from $500 t o  about  $5,000 depending on t h e  kind of  system employed, t h e  sys-  

tem des ign  c a p a c i t y  (usua l ly  anywhere between 25 and 75% of t h e  t o t a l  h e a t i n g  

o r  coo l ing  l o a d ) ,  geographica l  l o c a t i o n ,  etc.  

It w a s  repor ted14 t h a t  

6 .  A g r i c u l t u r a l  and I n d u s t r i a l  App l i ca t ions  

a) A g r i c u l t u r a l  App l i ca t ions  

Direct s o l a r  , thermal  a p p l i c a t i o n s  f o r  a g r i c u l t u r a l  purposes  may be c l a s s i -  
17  f i e d  i n t o  t h e  fo l lowing  ca t egor i e s .  

- Space h e a t i n g  of greenhouses 

- Space hea t ing  of animal s h e l t e r s  (such as p o u l t r y  houses ,  swine 

farrowing and growing houses,  and o t h e r  farm b u i l d i n g s ) .  An 

example of a pass ive  type  space  h e a t i n g  system f o r  an animal  

s h e l t e r  i s  schemat i ca l ly  shown i n  F igure  24 .  
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- Drying and c u r i n g  of a v a r i e t y  of g r a i n s  and c r o p s  (such as r ice ,  

soybean, po ta to ,  co rn ,  tobacco,  fo rage ,  wheat, peanuts ,  and c o f f e e  

beans) .  

Shown i n  F igu re  25 i s  a b lock  diagram of t h e  3-s tage a g r i c u l t u r a l  

p rocess  f o r  t h e  dehydra t ion  of d i ced  po ta toes .  Here, s o l a r  en- 

e rgy  is  u t i l i z e d  i n  i n t e r m e d i a t e  and f i n a l  s t a g e s  where t h e  

moi s tu re  con ten t  of t h e  d iced  p o t a t o e s  reduces  from 30% t o  7 % .  

One of t h e  popular  a p p l i c a t i o n s  of  s o l a r  energy i s  t o  employ act ive so- 

lar  dev ices  f o r  t h e  a g r i c u l t u r a l  p rocesses .  For example, Rankine h e a t  engine ,  

teamed w i t h  t h e  concen t r a t ing  c o l l e c t o r s  can provide  mechanical energy f o r  i r-  

r i g a t i o n  pumps19 and f o r  f e e d m i l l s .  F igu re  26 shows t h e  schematic  diagram of 

a solar-powered Rankine h e a t  engine  system mechanical ly  coupled 

r i g a t i o n  pump. 

w i t h  an  ir- 

b) I n d u s t r i a l  Process  Heat 

S o l a r  energy f o r  i n d u s t r i a l  p rocess  h e a t  can be,  i n  gene ra l ,  provided 

i n  t h e  form2' o f :  
- 
- 
- 

Hot water up t o  212'F 

Steam between 212'F and 350°F 
Hot a i r  up t o  350°F 

According t o  U .  S .  Department of Energy c l a s s i f i c a t i o n ,  s o l a r  energy 

a p p l i c a t i o n  f o r  i n d u s t r i a l  p rocess  h e a t  i s  c l a s s i f i e d  by t h r e e  d i f f e r e n t  
temperature ranges. Listed below are the three temperature ranges and their 

corresponding a p p l i c a t i o n s .  

- Low temperature  (< 212'F) 

Low temperature  a p p l i c a t i o n s  are i n  t h e  areas of food products  

process ing  such as dehydra t ionof  food on a n  i n d u s t r i a l  scale. 

In t e rmed ia t e  temperature  (212 - 350°F) 

In t e rmed ia t e  tempera ture  a p p l i c a t i o n s  may i nc lude  t h e  gene ra t ion  

of low p res su re  steam f o r  v a r i o u s  p rocesses ,  and of h o t  a i r  f o r  

a v a r i e t y  of dry ing  p rocesses  i n  t h e  food,  t e x t i l e ,  and paper and 

pulp i n d u s t r i e s .  A s  a n  example, a s i m p l i f i e d  schematic diagram 

f o r  t h e  product ion  of i n d u s t r i a l  p rocess  steam i n  t e x t i l e  dry ing  

i s  included as Figure  2 7 .  

- 
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- High temperature  (> 350°F) 

High temperature  a p p l i c a t i o n s  may inc lude  t h e  product ion  of high 
p r e s s u r e  steam and h e a t  f o r  a number of chemical processes .  

So la r  energy can  provide a l a r g e  f r a c t i o n  ( i . e . ,  up t o  about  35% i n  t h e  

U .  S.20) of t h e  t o t a l  i n d u s t r i a l  p rocess  h e a t  requi rements .  

cess of a n  i n d u s t r i a l  s o l a r  energy system s t r o n g l y  depends on i t s  economics. 

Roughly, a 3-5 year  payback per iod  could  b e  adequate .  

However, t h e  suc- 

7 .  S o l a r  Thermal Electr ic  Conversion (STC) 

Sun l igh t  can be concent ra ted  t o  y i e l d  a h igh  grade energy,  and t h i s  h igh  
temperature  energy can  be used t o  a c t i v a t e  a h e a t  eng ine / tu rbogene ra to r  f o r  

t h e  gene ra t ion  of e l e c t r i c i t y .  

A s i m p l i f i e d  schematic  diagram of a s o l a r  thermal  e lectr ic  convers ion  

system i s  shown i n  F igure  28. Here, a s o l a r  r a y  is focused by a f i e l d  of 

t r ack ing  h e l i o s t a t s  t o  a n  e l eva ted  receiver on top  of t h e  tower. F igu re  29 

is a n  example of such a n  arrangement a c t u a l l y  being used i n  France.  I n  t h e  

diagram, t h e  s o l a r  r a y  i s  r e f l e c t e d  toward t h e  p a r a b o l i c  concen t r a to r  by a 

bank of h e l i o s t a t s .  A concent ra ted  s o l a r  r a y  from t h e  pa rabo l i c  concen t r a to r  

e n t e r s  t h e  c a v i t y  of t h e  tower receiver. Another method i s  t o  u s e  a f i e l d  of 

d i s t r i b u t e d  c o l l e c t o r s  (such as  pa rabo l i c  t rough types)  and r e c e i v e r  p ipes  

con ta in ing  t h e  working f l u i d .  

Co l l ec t ed  high-grade s o l a r  energy i n  t h e  absorber  can  be t r anspor t ed  by 

a working f l u i d  t o  a thermal  s t o r a g e  o r  can  b e  d i r e c t l y  used t o  d r i v e  t h e  turbo-  

gene ra to r  f o r  t h e  product ion  of e l e c t r i c i t y .  The low-pressure working f l u i d ,  

expanded from t h e  tu rb ine ,  i s  l i q u i f i e d  i n  t h e  condenser ( o r  coo l ing  tower) and 

i s  pumped back t o  e i t h e r  t h e  receiver ( o r  abso rbe r )  d i r e c t l y  o r  t o  t h e  thermal  

s t o r a g e ,  depending on t h e  energy a v a i l a b i l i t y .  

A s  d i scussed  i n  Sec t ion  4 ( c ) ,  t h e  e f f i c i e n c y  of a Rankine h e a t  engine i s  

only  l i m i t e d  by themaximum pe rmis s ib l e  c y c l e  temperature  of t h e  working f l u i d .  

Using water as a working f l u i d ,  t h e  c y c l e  s h a f t  e f f i c i e n c i e s  of about  21-25% 

could be obta ined  a t  t h e  b o i l e r  h e a t  i npu t  temperature  of about  800-1200°F 
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( s e e  F igure  17 ,  Water-cooled Condenser) . 
h e a t  engine  and t h e  turbogenera tor  i s ,  then ,  about  19-23% based on t h e  gener- 

a t o r  e f f i c i e n c y  of about  92% a t  f u l l  l oad .  

Combined e f f i c i e n c y  of t h e  Rankine 

The s t a t e -o f - the -a r t  i s  i n  developing a p i l o t  p l a n t  of small c a p a c i t y  

(about  10  MW). Before  an  e x t e n s i v e  demonstrat ion of t h e  l a r g e  capac i ty  sys- 

t e m s ,  e x t e n s i v e  R 6 D work needs t o  proceed t o  so lve  many p o t e n t i a l  problems, 

some of which may i nc lude :  

- High c a p i t a l  c o s t s  f o r  system components 

- Waste h e a t  d i sposab le  problem 
- 
- 
- Thermal c y c l e  f a t i g u e  of b o i l e r  s u r f a c e s  

- Need of l a r g e  l and  area 

- Need of e f f e c t i v e  energy s t o r a g e  (pcm o r  sens ib le - rocks)  

Wind l o a d  problem on h e l i o s t a t s  

Foul ing and c o n t r o l  problems of h e l i o s t a t s  (+ - 0.2  ) 
0 

The e s t ima ted  c o s t  of e l e c t r i c i t y  of a s o l a r  thermal  e lectr ic  convers ion  

system would be  about  $4,00O/KW i n  198122 based on t h e  p l a n t  c a p a c i t y  of about  

10 Mw. 

For comparison purposes ,  t h e  es t imated  s o l a r  e lec t r ic  c o s t s  (1977 - 2020), 

by va r ious  s o l a r  t echno log ie s ,  are shown i n  Table  6 below. 
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Table 6 

Estimated Solar Electric Costs by Various 
Solar Technologies (1977 - 2020)22 

SYSTEMS CURRENT OR P~LOT SYST~M URLV COMYERCIAL SYSTEM uLnuiE m u  
DESCRlPTlON 

PhOlWMaics 2% 
MW% Slorage 
c l  =03 Semc 
Penk Thin Film 
Calk 

R w t w l i a s a  2% 
U W M  Storage 
C I  r C 3  Ssmh 
Peak Shcon CUI5 

BlOmaU E l e 3 t l C  
CI = 80 ease 

OTEC, C I  = O E  
Base 

I S U w l  

la, Mw 

1981 

1971 

1979 

1978 

r m w  

N-A 

187WRW 

lO.MOS%N 

im uw 

rm MW 

io0 u w  

im MW 

1.5 uw 

imuw 

lmuw 

imuw 

46 U W  

Z X  MIV 

imuw 

rm uw 

imuw 

im uw 

1 5 u w  

im uw 

imuw 

tm uw 

4euw 

2% M 

sources: Sdar  Ene-gy-A Compomtive Annlysis to  the Year 2020, MITRE Teqhnical 
Report, MTR-7579, March 1978, The MITRE Corp., METREK Division, McLean, V a  
Systems Descriptions and Engineering Costs for Solar-Related Technologies, Volume I, 
Summary,  MTR-7485. June 1977, The MITRE Carp., METREK Division, McLesn. Va. 
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/ \  8. Pho tovo l t a i c  Energy Conversion (PEPS) 

a )  Pho tovo l t a i c  Cells 

Direct convers ion  of t h e  s o l a r  energy i n t o  e l e c t r i c i t y  can b e  obta ined  

by t h e  i n t e r n a l  p h o t o e l e c t r i c e f f e c t  of t h e  s o l a r  c e l l s ,  made of v a r i o u s  s e m i -  

conductors .  The semiconductor materials may i n c l u d e  s i n g l e  c r y s t a l  s i l i c o n  

( S i ) ,  Cadmium s u l f i d e  (CdS)/Copper s u l f i d e  (Cu S ) ,  ga l l ium a r s e n i d e  (GaAs)/ 

ga l l ium aluminum a r s e n i d e  (GaAlAs), e tc .  
2 

F igu re  30 r e p r e s e n t s  a schematic  diagram of a s i l i c o n  s o l a r  c e l l .  It  

c o n s i s t s  of two types  of semiconductor s i l i c o n ;  P type  s i l i c o n  ( p o s i t i v e l y  
doped wi th  boron atoms) and N type  s i l i c o n  (nega t ive ly  doped w i t h  a r s e n i c  o r  

phosphorus atoms) .  

tween t h e  two d i f f e r e n t  types  of s i l i c o n  materials. When t h e  s i l i c o n  atoms 

absorb  photons from t h e  s o l a r  r a y  n e a r  t h e  P-N j u n c t i o n ,  e l ec t ron -ho le  p a i r s  

are c r e a t e d .  These l i b e r a t e d  e l e c t r o n s  move toward t h e  p o s i t i v e l y  charged N 

type s i l i c o n  and produce spontaneous photocurren t  when a n  e x t e r n a l  c i r c u i t  

is a t t a c h e d  t o  t h e  two s i d e s  of t h e  P-N junc t ion .  

An e lec t r ic  f i e l d  i s  c r e a t e d  by forming a P-N j u n c t i o n  be- 

S i l i c o n  s o l a r  ce l l s  produce about  0.45 v o l t s  pe r  c e l l  r e g a r d l e s s  of t h e i r  

s i z e  w i t h  t h e  m a x i m u m  Poweroutput of about  40 w a t t s  per  m2 on a 24 hour b a s i s  

The e f f i c i e n c i e s  of t h e  c u r r e n t  commercial s i l i c o n  s o l a r  cel ls  f a l l  w i t h i n  

about  10-12%, which i s  about  h a l f  of t h e  t h e o r e t i c a l  maximum e f f i c i e n c y  of 22- 

23%. 

The average conversion efficiencies of the cadmium sulfide/copper sulfide 

pho tovo l t a i c  ce l l s  are low, and are about  3-5% a t  t h e  p re sen t  t i m e ,  b u t  can 
be  improved t o  over  10%. Cadmium c e l l s  can be  f a b r i c a t e d  inexpens ive ly  us ing  

t h e  th in- f i lm technique.  A t  t h e  p r e s e n t  time, cadmium s u l f i d e  c e l l s  a re  a v a i l -  

a b l e  a t  about  $1  p e r  f t 2 ,  compared w i t h  about  $150 per  f t 2  s i l i c o n  cel ls .  

main problems of t h e  cadmium cells are t h e  deg rada t ion  i n  t h e  presence  of 

water vapor ,  and low t o l e r a n c e s  f o r  h igh  tempera ture  o p e r a t i o n .  

The 

Gallium a r s e n i d e  c e l l s  could be improved t o  conve r t  s o l a r  r a y s  t o  e lec t r ic -  
Combinations of ga l l ium a r s e n i d e  and o t h e r  metals may i t y  a t  17-22% e f f i c i e n c y .  

even double t h e  above e f f i c i e n c y .  
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crs Appl i ca t ions  of t h e  s o l a r  ce l l s  are wide-open. Some of  t h e  p re sen t  

a p p l i c a t i o n s  may inc lude  t h e  power sources  f o r :  

- S a t e l l i t e s  i n  space  program 

- Water pumps i n  a g r i c u l t u r a l  i r r i g a t i o n  

- Fan motors i n  g r a i n  d ry ing  

- Telev i s ion ,  buoys, r a i l r o a d / r o a d  s i g n a l s ,  emergency te lephones ,  

25 

25 

23 r e f r i g e r a t o r s ,  l i g h t s ,  r a d i o s ,  etc.  

- Water pumps f o r  s o l a r  space  and h o t  water h e a t i n g  system 

- Remote l o c a t i o n  usages 

The primary r a w  materials f o r  t h e  s o l a r  s i l i c o n  c e l l s  are abundant ly  

a v a i l a b l e  from sands,  and i s  inexpens ive .  However, t h e  c o s t s  of t h e  p re sen t  

s o l a r  ce l l s  are extremely h igh ,  mainly due t o  t h e  complicated manufactur ing 

processes .  Various advanced techniques  are under development t o  reduce t h e  

manufacturing c o s t s  . 
The c o s t  of t h e  s i l i c o n  c e l l  power p l a n t  (about  100 MW(e) i n  1978) i s  

compared w i t h  o t h e r  t y p i c a l  va lues  as fo l lows:  

- Pho tovo l t a i c  c e l l  power p l a n t  -- $15 , 000 - 18 , OOO/KW (e )  

( u l t i m a t e  g o a l  -- $1,20O/KW(e) ) 

- Coal power p l a n t  -- $400-500/KW(e) 

- O i l  power p l a n t  -- $300-400/KW(e) 

- Nuclear power p l a n t  -- $450-500/KW(e) 

So la r  c e l l  power i s  about  50 t i m e s  more expensive than  convent iona l  

power. I f  s o l a r  ce l l s  are t o  be compet i t ive  w i t h  o t h e r  convent iona l  power 

systems, a s o l a r  c e l l  system c o s t  of less than  about  $200 p e r  peak KW i s  

requi red .  

b) Hybrid Pho tovo l t a i c  Concept 

Recent ly  proposed i s  a hybr id  pho tovo l t a i c  system, which can provide elec- 

t r i c  energy a s  w e l l  as thermal  energy. The hybr id  pho tovo l t a i c  system i s  a 

combination of pho tovo l t a i c  c e l l s  and s o l a r  thermal  c o l l e c t o r s .  The pho tovo l t a i c  

c e l l  p o r t i o n  y i e l d s  bo th  e l e c t r i c i t y  and thermal  energy ( i . e . ,  excess photon 

energy t h a t  conve r t s  t o  thermal energy i n  t h e  c e l l ) .  The o t h e r  p o r t i o n  i s  a 

normal s o l a r  thermal c o l l e c t o r .  
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The hybr id  system may b e  i d e a l  f o r  t h e  a p p l i c a t i o n s  r e q u i r i n g  both  types  

of energy sources ,  f o r  example, e l e c t r i c i t y  f o r  t h e  home app l i ances ,  l i g h t s ,  

e tc .  and thermal  energy f o r  t h e  space  and h o t  water h e a t i n g  system i n  resi- 

d e n t i a l  dwel l ings .  The hybr id  systems are t o  be ope ra t ed  above t h e  optimum 

o p e r a t i n g  tempera ture  of t h e  pho tovo l t a i c  ce l l s  so t h a t  proper  grade  thermal  

energy can  b e  c o l l e c t e d  f o r  t h e  thermal. a p p l i c a t i o n s .  Th i s  may reduce  t h e  

e f f i c i e n c y  of t h e  pho tovo l t a i c  ce l l s  below i t s  optimum v a l u e .  

9 .  Wind Energy Conversion (WECS) 

Wind energy i s  cons idered  one form of  s o l a r  energy s i n c e  i t  i s  p r i m a r i l y  

genera ted  by t h e  d i f f e r e n c e  i n  thermal  g r a d i e n t  o f  t h e  e a r t h ' s  s u r f a c e  c r e a t e d  

by t h e  s o l a r  energy. 

Among many types  of wind energy col lectors ,machines  us ing  r o t o r s  are  con- 

mon and can be c l a s s i f i e d  i n  terms of t h e  o r i e n t a t i o n  of t h e i r  a x i s  of  r o t a t i o n  

w i t h  r e s p e c t  t o  t h e  wind d i r e c t i o n :  1 7  

- Horizontal-Axis Rotors 

The axis of  r o t a t i o n  i s  pa ra l l e l  t o  t h e  wind d i r e c t i o n ,  o r  i s  both 

h o r i z o n t a l  t o  t h e  e a r t h  s u r f a c e  and pe rdend icu la r  t o  t h e  wind d i -  

r e c t i o n .  

- Vertical-Axis Rotors 

The ax i s  of r o t a t i o n  i s  pe rpend icu la r  t o  bo th  t h e  e a r t h  s u r f a c e  

and t h e  wind d i r e c t i o n ,  Some examples of t he  wind energy co l l ec -  

t o r s  are shown schemat i ca l ly  i n  F igure  31. 

K i n e t i c  energy, cap tu red  by wind c o l l e c t o r s ,  could be used t o  produce e i t h e r  

u s e f u l  mechanical energy o r  e l e c t r i c i t y .  

The mechanical energy,  u s u a l l y  t h a t  of a r o t a t i n g  s h a f t ,  i s  produced by the  

k i n e t i c  energy of t h e  moving a i r  v i a  t h e  r o t a t i o n a l  motion of t h e  fan-blades o r  

t u rb ine .  The m a x i m u m  t h e o r e t i c a l  e f f i c i e n c y  of a wind t u r b i n e  is  about 59 %, 

where t h e  e f f i c i e n c y  is de f ined  as t h e  r a t i o  of t h e  e x t r a c t a b l e  power output  

over  t h e  k i n e t i c  energy f l u x  of  a wind stream. 

designed windmill  f a l l s  between 50 % and 7 5  % of  the  t h e o r e t i c a l  maximum. 

Average e f f i c i e n c y  o f  a w e l l -  
2 4  
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Figure 32 shows t h e  r e l a t i o n s h i p  between t h e  power output  of a wind t u r b i n e  

and t h e  wind speed. Note t h a t  t h e  system is  designed f o r  f u l l  ou tput  a t  t h e  

wind speed of Vm. Below t h e  speed,  Vm, t h e  power output  decreases  very  rapid-  

l y  s i n c e  i t  is  a s t r o n g  func t ion  of  t h e  wind speed t o  t h e  3rd power. 

u 

E l e c t r i c a l  energy from t h e  windmil ls  can be ob ta ined  by us ing  a DC genera- 

t o r  a t t a c h e d  t o  t h e  r o t a t i n g  s h a f t  v ia  a gea r  t r a i n .  

A p i c t u r e  of  a t y p i c a l ,  two-bladed wind t u r b i n e  system is  shown i n  Figure 

33. Also schemat i ca l ly  shown i n  Figure 34 i s  a newly proposed Vortex Tower 

wind t u r b i n e  system.27 

c a l  s t r u c t u r e ,  and a t u r b i n e  can be p l aced  i n  t h e  c e n t e r  where a v o r t e x  e x i s t s .  

Due t o  t h e  low p r e s s u r e  w i t h i n  t h e  v o r t e x  t h e  t u r b i n e  r o t o r  i s  no longe r  sus- 

c e p t i b l e  t o  t h e  stress c r e a t e d  by the  wind. Capacity of t h e  Vortex Tower wind 

system could be on t h e  o r d e r  o f  about 10 MW(e). 

A l a r g e  tu rbu lence  can be developed i n s i d e  t h e  c y l i n d r i -  

The wind t u r b i n e  systems usua l ly  need some type  of energy s t o r a g e  dev ices ,  

which should  be inexpens ive  and r e l i a b l e  f o r  t h e  long l i f e - t i m e  of t h e  system. 

A bank of b a t t e r i e s  are normally employed as an energy s t o r a g e  system. 

methods of s t o r i n g  t h e  produced energy may inc lude  motor-generator/flywheel, 

e l e v a t e d  water r e s e r v o i r ,  compressed a i r ,  e tc .  

Other  

The wind energy system needs a g r e a t  number of l a r g e  wind t u r b i n e s  f o r  a 

power output  comparable t o  t h e  convent iona l  systems. For example, an average 

1 GW wind energy system would r e q u i r e  ove r  5,000 wind t u r b i n e s  of 60 m-diameter. 24 

Some of t h e  present a p p l i c a t i o n s  of  t h e  wind energy  are t o :  

pump water mechanical ly  o r  e l e c t r i c a l l y  f o r  i r r i g a t i o n  

and f o r  hydro-s to rage  

produce e l e c t r i c i t y  f o r  power networks o r  d i r e c t  a p p l i c a t i o n s  

such as r e s i d e n t i a l  use  

produce e l e c t r i c i t y  i n  i s o l a t e d  r u r a l  r eg ions  such as 

i s l a n d s  and of f -shores .  

The c o s t  of t h e  wind energy system ( i n  1979) is  e s t ima ted  t o  be about  

small (9 1 KW) o r  $ 1,870 p e r  KW f o r  a power p l a n t  capac i ty  of 1.5 MW. 22 

medium ( + 15 KW) wind machines are p r e s e n t l y  a v a i l a b l e  a t  the  p r i c e  of  $ 2,300 

and $ 20,000 r e s p e c t i v e l y .  
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10. Ocean Thermal Ent>rgy Conversion (OTEC) 

U t i l i z i n g  t h e  t empera tu re  g r a d i e n t  of t h e  ocean  between t h e  s u r f a c e  

and t h e  d e p t h s ,  a h e a t  e n g i n e  can  be  e q l o y e d  t o  produce e lec t r ic  power. 

l'wo d i f f e r e n t  t y p e s  of power c y c l e s  a r e  p o s s i b l e ,  and are shown i n  F i g u r e s  

35 and 3 6 .  

I n  an  open c y c l e ,  t h e  sea wa te r  s e r v e s  as  t h e  working f l u i d .  I n  t h e  

boiler, s t e a m  i s  gene ra t ed  by  t h e  h e a t  i n p u t  from t h e  w a r m  s u r f a c e  w a t e r  

i in t ie r  a vacuum. A vacuum pump i s  used t o  expel  d i s s o l v e d  g a s e s  and t o  main- 

t n i n  suba tmospher ic  c o n d i t i o n s  i n  t h e  b o i l e r .  T h i s  low-pressure ,  h i g h  volume 

steam is ,  t h e n ,  expanded a c r o s s  t h e  t u r b i n e  t o  produce u s e f u l  work f o r  t h e  

gcne ra t ion  of e l e c t r i c  power. Expanded s t e a m  i s  l i q u i f i e d  i n  t h e  condenser  

by d i s s i p a t i n g  h e a t  t o  t h e  c o l d  w a t e r  from t h e  ocean dep th .  

An advantage  of an  open c y c l e  i s  i n  t h a t  t h e  h e a t  exchanger  approach 

temperature d i f f e r e n t i a l s  a re  no l o n g e r  necessa ry .  The major  d i s a d v a n t a g e  

is t h e  requi rement  of a v e r y  l a r g e  t u r b i n e  due t o  t h e  low e f f i c i e n c y  and 

l a r g e  s p e c i f i c  voluine of t h e  working f l u i d .  

I n  a c l o s e d  c y c l e ,  as  shown i n  F i g u r e  3 6 ,  a s e p a r a t e  working f l u i d  

(such as ammonia, propane o r  f r e o n )  could  b e  used .  The working f l u i d ,  now 

v a p o r i z e s  i n  t h e  b o i l e r ,  expands a c r o s s  t h e  t u r b i n e ,  l i q u i f i e s  i n  t h e  con- 

d e n s e r ,  and i s  pumped back  t o  t h e  b o i l e r  i n  a c l o s e d  loop .  

The advan tages  of t h e  c l o s e d  c y c l e s  are: 

- smaller t u r b i n e  s i z e  t h a n  t h a t  of a n  open c y c l e  

- h i g h e r  o p e r a t i n g  pressure & s m a l l e r  specific volume of working 

f l u i d  t h a n  that of  a n  open c y c l e  

However, l a r g e  h e a t  t r a n s f e r  areas o f  t h e  b o i l e r  and condenser  h e a t  exchangers  

. ~ r c  r e q u i r e d  t o  minimize the  heat exchanger  approach t empera tu re  d i f f e r e n t i a l s .  

A c l o s e d ,  Rankine h e a t  e n g i n e  sys tem w i t h  ammonia as a working f l u i d ,  

seems t h e  most promising o n  t h e  b a s i s  of i t s  h i g h e r  c y c l e  e f f i c i e n c y  than  

o t h e r s .  The e f f i c i e n c i e s  o f  t h e  OTEC power p l a n t  (<.e., c l o s e d ,  Rankine 

c y c l e )  i s  a b o u t  2-3% a~ the  t y p i c a l  o p e r a t i n g  c o n d i t i o n s  ( i . e . ,  s o u r c e  

tempera ture  of 77  F, and  s ink  t e m p e r a t u r e  of 59 F ) ,  compared w i t h  t h e  Carnot  

e f f i c i e n c y  of a b o u t  3 . 4 %  a t  the same c o n d i t i o n s .  

t o t a l  power o u t p u t  must b e  consumed t o  o p e r a t e  t h e  c i r c u l a t i o n  pumps f o r  t h e  

condenser  and b o i l e r  heat exchange r s .  

, 

0 0 

A s u b s t a n t i a l  f r a c t i o n  of  t h e  



u The major advantage of t h e  OTEC system is i n  t h a t  t h e  v i r t u a l l y  un- 

l i m i t e d  amount of energy i s  a v a i l a b l e  wi th  no i n t e r m i t t e n c y .  

d i sadvantages  o r  problem areas may i nc lude :  

Some of t h e  

- h igh  i n i t i a l  c o s t  

- geographica l  l i m i t a t i o n  (probably only  adequate  between t h e  

l a t i t u d e s ;  Tropic  of Cancer and Tropic  of Capricorn)  

need of s o p h i s t i c a t e d  and new h e a t  exchanger des ign  - 
- c o r r o s i o n  and b io fou l ing  problems 

- environmental  e f f e c t  on ocean 

- power t r ansmiss ion  problem 

1 7  An art ist 's  conceptua l  view of an  OTEC system i s  shown i n  F igure  37 .  

The p ro jec t ed  c o s t  of t h e  OTEC system w a s  e s t ima ted  t o  b e  about  $2,100 
28 pe r  i n s t a l l e d  KW(e). 

Although t o t a l l y  d i f f e r e n t  from t h e  OTEC p r i n c i p l e s ,  a new concept  of 

power gene ra t ion ,  u t i l i z i n g  t h e  k i n e t i c  energy of t h e  ocean c u r r e n t ,  h a s  

been suggested.  A huge t u r b i n e ,  r o t a t e d  by t h e  moving ocean c u r r e n t ,  d r i v e s  

t h e  motor /genera tor  assembly f o r  t h e  power gene ra t ion .  

11. E x t r a t e r r e s t r i a l  S o l a r  Energy C o l l e c t i o n  

S o l a r  energy can  be c o l l e c t e d  most e f f e c t i v e l y  i n  space  s i n c e  t h e  ter- 

res t r ia l  environmental  e f f e c t s  (such a s  c louds ,  wind, r a i n ,  snow, e t c . )  do 

n o t  e x i s t ,  and t h e  s o l a r  c o l l e c t i o n  t i m e  could b e  unl imi ted  i n  a synchronous 

o r b i t .  

Two d i f f e r e n t  types  of systems us ing  e a r t h - o r b i t i n g  sa te l l i t es  have been 

cons idered .  One system uses  p h o t o v o l t a i c  cells  t o  conve r t  s o l a r  r a y s  d i r e c t l y  

i n t o  e l e c t r i c i t y .  

sembly. Highly concent ra ted  s o l a r  energy,produced by t h e  f i e l d  of h e l i o s t a t s ,  

a c t i v a t e s  t h e  Rankine h e a t  engine / turbogenera tor  t o  produce e l e c t r i c i t y .  

The o t h e r  system employs a h e a t  engine / turbogenera tor  as- 

The e lec t r ica l  energy, t hus  produced, powers t h e  microwave g e n e r a t o r .  

Hicrowaves are then t r a n s m i t t e d  v i a  a microwave antenna on t h e  s a t e l l i t e  

through t h e  space t o  t h e  r e c e i v i n g  microwave an tenna  on Ear th .  Captured 

microwave energy a t  t h e  r e c e i v i n g  s t a t i o n  on Ea r th  can b e  reconver ted  t o  

e l e c t r i c i t y  f o r  t h e  end uses .  The schematic  diagram of such a scheme i s  il- 

l u s t r a t e d  i n  F igure  38. 
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Although t h e  microwave technology is a l r e a d y  w e l l  developed, some po- 

t e n t i a l  problems should be addressed ,  such as: 

- h igh  c o s t  of space  t r a n s p o r t a t i o n  

- environmental  e f f e c t s  on Ea r th  ( i . e . ,  microwave r a d i a t i o n ,  

Gus 

even tua l  thermal  P o l l u t i o n ,  e tc  ) 

The t o t a l  c o s t  of a s a t e l l i t e  s o l a r  power p l a n t  was r epor t ed  t o  be  i n  t h e  

range of $1,500-3,000 pe r  KW(e) (es t imated  i n  1972 and 1973).2 

t h e  system, us ing  t h e  pho tovo l t a i c  cel ls ,  w a s  e s t ima ted  t o  be s l i g h t l y  h i g h e r  

than  t h a t  of t h e  system employing a h e a t  eng ine / tu rbogene ra to r .  

The c o s t  of 

2 

1 2 .  Bioconversion t o  Foods and Fue l s  (BCF) 

a )  Terrestrial and Marine Biomass Product ion  and Conversion 

Photosynthes is  i s  a n  energy convers ion  process  i n  which s o l a r  energy is  

u t i l i z e d  t o  s y n t h e s i z e  o rgan ic  compounds from carbon d i o x i d e  and water. 

mentary chemical r e a c t i o n  of pho tosyn thes i s  can be  expressed  as,  

E l e -  

S o l a r  Energy (photons) , CH20 + O 2  “2 +- H2° Chlorophyl l  

where CH 0 is an  elementary molecule  from which v a r i o u s  carbohydra tes  are 

formed. Chlorophyl l ,  he re ,  a c t s  as  a c a t a l y s t .  
2 

The average convers ion  e f f i c i e n c y  of t h e  l i g h t  quanta  t o  biomass i s  low, 

and i s  about  1-2%, which can be compared w i t h  t h e  t h e o r e t i c a l  maximum of about  

5-8%. Seve ra l  methods of improving t h e  e f f i c i e n c y  of t h e  pho tosyn the t i c  pro- 

cesses have been app l i ed  as  follows. 29 

- a p p l i c a t i o n  of carbon d iox ide  

- b i o l o g i c  and g e n e t i c  mod i f i ca t ion  

- n i t r o g e n  f i x a t i o n  

- op t imiza t ion  of p l a n t  n u t r i e n t s  

Biomass o r  o rgan ic  matter can  be produced by c u l t i v a t i n g  terrestrial and/  

o r  marine c rops  v ia  the  n a t u r a l  photosynthes is  processes .  

i nc lude  a g r i c u l t u r a l  p roducts  (such as corn ,  g r a s s ,  sp inach ,  kenaf ,  sugar  b e e t s ,  

sugar  cane ,  sunflower,  e t c . )  and s i l v i c u l t u r e  products  (such as  a l d e r ,  pop la r ,  

euca lyptus ,  cottonwood, sycamore, e t c . )  Marine c rops  are  a l g a e ,  k e l p ,  water 

hyac in th  and so on) .  

Terrestrial c rops  
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Fresh  water a l g a e  i s  one of t h e  most promising c rops ,  which grows f a s t ,  

and i s  a l s o  r i c h  i n  p r o t e i n .  

and can be used e i t h e r  f o r  f eed ing  l i v e s t o c k  o r  f o r  producing methane. 

It  can y i e l d  up t o  70 t o n s  per  acre p e r  yea r ,  
29 

For ocean farming, seaweeds such as k e l p  can  be c u l t i v a t e d  i n  t h e  open 

ocean. The p roduc t s  can be converted t o  foods  f o r  animals  and humans, and t o  

a v a r i e t y  of f u e l s  (such as  methane o r  l i q u i d  f u e l s ) ,  chemicals ,  and r e l a t e d  

products .  

about  400 m i l l i o n  Btu p e r  acre p e r  year .  

It w a s  p red ic t ed  t h a t  t h e  annual  c rop  of seaweeds could y i e l d  
30 

Shown i n  F igu re  39 is  a process  diagram of t h e  k e l p  c u l t u r i n g  technique  

be fo re  be ing  s e n t  t o  a n  ocean farm, and Figure  40 i l l u s t r a t e s  t h e  conceptua l  

des ign  of a 1000 acre ocean food and energy farm u n i t .  

sea water can be provided t o  t h e  k e l p  by c o n s t a n t  upwell ing of t h e  f r e s h  sea 

water from t h e  ocean depths .  

Here, n u t r i e n t - r i c h  

b) A g r i c u l t u r a l  and F o r e s t r y  Residue Conversion 

Organic matter can  a l s o  b e  ob ta ined  from a g r i c u l t u r a l  wastes (such as 

animal  r e s i d u e ,  c r o p  r e s idue ,  etc.) , f o r e s t  r e s i d u e ,  and Urban was tes (such  

as s o l i d  r e f u s e ,  sewage, i n d u s t r i a l  wastes, e t c . ) .  

Product ion  of  t h e s e  biomass r e sources  and conversion t o  u s e f u l  f u e l s  

i nvo lve  a v a r i e t y  of phys i ca l ,  chemical o r  b i o l o g i c a l  p rocesses .  

F igure  4 1  i s  t h e  r e p r e s e n t a t i o n  of t h e  biomass r e sources  and v a r i o u s  o p t i o n s  

of t h e  convers ion  processes .  

of methane and o t h e r  products  from raw k e l p  is shown in F i g u r e  4 2 .  

Shown i n  

A s  an  example, a p rocess  c h a r t  f o r  t h e  product ion  
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. I  

CONCLUDING REMARKS 

6 I J  Energy from non-renewable r e sources  such as c o a l ,  n a t u r a l  gas ,  o i l  and 

uranium o r e s ,  i s  f a s t  d e p l e t i n g ;  f o r  i n s t a n c e ,  g a s / o i l  w i t h i n  decades  and c o a l  

w i t h i n  c e n t u r i e s .  The remedies t o  prevent  a forthcoming energy crisis a l l  over  

t h e  world may be  suggested as fo l lows .  

a> Conservat ion 

Every e f f o r t  should b e  made t o  reduce t h e  consumption of non-renewable 

energy r e sources  f o r  f u e l  i n  all r e s i d e n t i a l ,  commercial, a g r i c u l t u r a l  and 

i n d u s t r i a l  s e c t o r s .  

F igu re  4 3  i s  a comparison of t o t a l  energy consumption of t h e  U.S.A. from 1960 

t o  2000 (provided by t h e  U.S. House Science and Technology Committee). 31 

conse rva t ion  e f f o r t s ,  t h e  p ro jec t ed  t o t a l  energy consumption would be 84 m i l l i o n  

b a r r e l s  of o i l  per  day equ iva len t  i n  2000. With s t r o n g  conse rva t ion  e f f o r t s ,  

however, t h e  p ro jec t ed  consumption i s  shown t o  be 56 m i l l i o n  b a r r e l s  of o i l  per  

day equ iva len t  i n  2000, which is a s u b s t a n t i a l  r educ t ion  by 1 / 3  from t h e  previous  

t o t a l  energy consumption. 

Without 

b) Use of Renewable Energy Resources 

The renewable energy r e sources  f o r  f u e l  should be  e x p e d i t i o u s l y  e x p l o i t e d  

and t h e  u s e  should be inc reased .  So la r  energy, among a l l  o t h e r  cand ida te s ,  

appears  t o  be most a t t r a c t i v e  s i n c e  i t  i s  a v a i l a b l e  i n  l a r g e  q u a n t i t y  (a l though 

d i l u t e  and i n t e r m i t t e n t ) ,  and i s  non-pol lut ing . 
Most of t h e  s o l a r - r e l a t e d  technologies  and a p p l i c a t i o n s  have been b r i e f l y  

desc r ibed  i n  t h i s  paper .  Again, t h e s e  are: 

- S o l a r  C o l l e c t o r s  

- Sola r  Thermal Energy Sto rages  

- Sola r  Swimming Pool Heat ing Systems 

- S o l a r  Domestic Hot Water Heat ing Systems 

- Active S o l a r  Space Heat ing and Cooling Systems 

- Sola r  Ass i s t ed  Heat Pumps 

- S o l a r  Powered Absorption C h i l l e r s  
- 
- Passive So la r  Space Heat ing and Cooling Systems 
- 
- Sola r  Thermal E l e c t r i c  Conversior, 

I 
Sola r  Act iva ted  Heat Engine/Vapor Compression C h i l l e r s  and Others  

A g r i c u l t u r a l  and I n d u s t r i a l  Appl ica t ions  of So la r  Thermal Energy 
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- Pho tovo l t a i c  Energy Conversion 

- Wind Energy Conversion 

- Ocean Thermal Energy Conversion 

- E x t r a t e r r e s t r i a l  So la r  Energy C o l l e c t i o n  

- Bioconversion t o  Foods and F u e l s  

I n  t h e  U.S.A., i n t e n s i v e  R&D e f f o r t s  are being performed on a l l  t h e  above areas 

except  t h e  s o l a r  swimming pool h e a t i n g  systems whose technology h a s  been w e l l  

developed and has r e s u l t e d  i n  commercial izat ion.  

I n  Europe, R&D e f f o r t s  cover  a l l  l i s t e d  areas w i t h  less emphasis o r  none 
32 on swimming pool h e a t i n g  systems, wind energy convers ion ,  ocean thermal 

energy convers ion ,  and extraterrestrial s o l a r  energy c o l l e c t i o n .  However, t h e  s o l a r  

s t i l l  has been added to  t h e  R&D l i s t .  A Sola r  s t i l l  i s  a s imple device  which can 

be used t o  o b t a i n  f r e s h  d r ink ing  water by evapora t ion  from s a l t y  o r  p o l l u t e d  

water. 

For Korea, new R&D e f f o r t s  may b e  i n i t i a t e d  t o  cover  a l l  t h e  l i s t e d  areas 

except ,  perhaps,  swimming pool  h e a t i n g  systems,  ocean thermal energy convers ion ,  

and extraterrestrial  s o l a r  energy c o l l e c t i o n .  Carefu l  s t u d i e s  are needed f o r  

t h e  p lanning  of  e f f e c t i v e  R&D programs inc lud ing  t h e  p r i o r i t i z a t i o n  of t h e  l i s t e d  

areas and f o r  t h e  a p p r o p r i a t i o n  of t h e  proper  l e v e l  of funding according t o  t h e  

program needs.  

c )  Active Government Role 

Some of t h e  s o l a r  t echno log ie s  are i n  t h e  s t a g e  o f ,  o r  near  t o ,  commercial- 

i z a t i o n .  For example, t h e  SHACOB ( s o l a r  h e a t i n g  and coo l ing  of b u i l d i n g s )  

t echno log ie s  are i n  t h e  e a r l y  s t a g e s  of commercial izat ion.  

The success  of t h e  a c c e l e r a t e d  commerc ia l iza t ion ,  o r  wide spread  u s e  of 

s o l a r  energy, depends s t r o n g l y  ,on i t s  economics a g a i n s t  o t h e r  a l t e r n a t i v e s .  

o rde r  f o r  t h e  economics of t h e  s o l a r  systems t o  be compe t i t i ve  wi th  o t h e r  o p t i o n s ,  

s t r o n g  governmental suppor t  is  need.ed, i n i t i a l l y ,  t o  remove o r  ease economic, 

i n s t i t u t i o n a l ,  and l e g a l  b a r r i e r s ,  and to  provide  f i n a n c i a l  i n c e n t i v e s  f o r  t h e  

consumers. 

I n  
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Fig.1 Various Desigm of Solar Water and Air 
Collectors (1) 
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Fig.2 Cross-sectional View of GE Vacuum 
Tube Solar Collector 
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Fig.3 Schematic Diagram of 
Parabolic Trough Concentrator(2) 

32 



9 

Dln 
CONTRLX 

I I $  m 

t -t 
t I 
TO FROM 
POOL Rxx 

Fig.4 Schematic Diagram of 
Swimming P o o l  S o l a r  
Heat ing System ( 7 )  
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Fig.6 Schematic Diagram of S e l f -  

d r a i n a b l e ,  Forced Convection 
Type S o l a r  Domestic Hot 
Water Heat ing System (8) 

Fig.5 Schematic Diagram of 
Thermosyphon Type 
S o l a r  Domestic Hot 
Water Heat ing System (8) 
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Fig.7 Schematic Diagram of Closed- 
l o o p ,  Forced Convection 
Type S o l a r  Domestic Hot 
Water Heating System (8) 
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Fig.9a Schematic Diagram of an Advanced, 
Conventional Air-to-Air Heat Pump 
i n  a Heat ing Mode (Westinghouse) 

THERMAL 
STORAGGE 

Fig.9b Schematic Diagram of a n  Advanced, 
Conventional Air-to-Air Heat Pump 
i n  a Cooling Node (Westinghouse) 
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Fig.10 Heat ing COP of Heat Pump vs 
Evaporator Temperature a t  

= 1350F (10) Tcond 

Fig.11 S i m p l i f i e d  Schematic Diagram of 
S o l a r  Ass i s t ed  Heat Pump System 
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SOLAR STEAM AIR-CONCITIONER SCH'MATIC 

I i -  

Fig.16 Schematic Diagram of 
Fuel-superheated Rankine 
Heat Engine/Vapor Compres- 
s i o n  C h i l l e r  (ETI) 

Fig.18 Cycle S h a f t  E f f i c i e n c i e s  
f o r  S o l a r  Powered Fuel- 
superhea ted  Rankine Heat 
Engine and Basic So la r -  
Powered Rankine Heat 
Engine v s  Evap. Temp. (12) 

Fig.17 Cycle S h a f t  E f f i c i e n c i e s  of Various 
S m a l l  Heat Engines v s  Maximum Cycle 
Temperature ( o r  B o i l e r  Temperature)(/?) 

Fig.20 A r t i s t  Concept of Solar-Powered 
Rankine Heat Enginelvapor 
Compression C h i l l e r  System 
(United Technologies) 
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Fig.21 Schematic Diagram of 
Direct Gain P a s s i v e  
S o l a r  System(14) 

Rcvcrrc thcruwsiphoning c t ~ i l s  rhc r w n i  Added fan providcs heir cuntrd. 

‘ 

Dimpcr prcvcnrs rcvcrv thcrmu4phcminp. Chiniricy cffccr induct- niturzl vcmilirion 

Fig.22 Schematic Diagram of I n d i r e c t  Gain Pass ive  
S o l a r  System: Mass Wall (14 )  

INTER HEATING 

Fig.23 Schemtaic Diagram of  I n d i r e c t  Gain Passive 
S o l a r  System: Roof Pond ( 1 4 )  
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Fig.  26 Schematic Diagram of Solar-Powered 
Rankine Heat Engine System Coupled 
wi th  I r r i g a t i o n  Pump (19)  

Fig.27 Simpl i f ied  Schematic Diagram f o r  
Product ion  of  I n d u s t r i a l  Process  
Steam i n  T e x t i l e  Drying (21) 
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Fig.28 S i m p l i f i e d  Schematic 
Diagram of S o l a r  
Thermal E lec t r i c  Con- 
v e r s i o n  System( 1 7 )  
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Fig.29 Schematic Diagram of S o l a r  Energy Concen t r a to r  
f o r  S o l a r  Thermal E lec t r i c  Conversion System 
( i n  France) S o l a r  Eng., p .22,(7/77) .  
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Fig.33 A 200' Diameter Two- 
bladed Wind Turbine 
System (U.S . A . )  ( 2 6 )  
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Fig.34 Schematic Diagram of 
Vortex Tower f o r  
Omnidirectional Winds 
(Grumman Corp.) (27) 
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Fig.35 Simplified Schematic 
Diagram of Open Cycle 
Ocean Thermal Energy 
Conversion Sys tern( 2 4 )  

Fig.36 Simplified Schematic 
Diagram of Closed 
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Energy Conversion 
Sys tem(24) 
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