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T h i s  paper g rov ides  an ove rv iew  o f  t h e  ongo ing work i n  d e s i c c a n t  c o o l i n g  under  t h e  n a t i o n a l  
s o l a r  h e a t i n g  and c o o l i n g  resea rch  program. Open c y c l e  a d s o r p t i o n  and a b s o r p t i o n  systems 
a r e  examined. The d i f f e r e n t  d e h u m i d i f i e r  bed c o n f i g u r a t i o n s  a r e  t h e  d i s t i n g u i s h i n g  fea tu res  
o f  these systems. The b a s i c  o p e r a t i n g  p r i n c i p l e s  o f  each d e h u m i d i f i e r  concept  a r e  e x p l a i n e d  
a long  w i t h  some d i s c u s s i o n  o f  t h e i r  ccmpara t i ve  f e a t u r e s .  Performance p r e d i c t i o n s  developed 
by SERI f o r  a  s o l a r  d e s i c c a n t  s o l a r  system employing an a x i a l - f l o w  d e s i c c a n t  wheel de- 
h u m i d i f i e r  a r e  presented.  I n  terms o f  l i f e - c y c l e  c o s t  and d i s p l a c e d  f o s s i l - f u e l  energy, 
t h e  r e s u l t s  i n d i c a t e  t h a t  i t  shou ld  be b e n e f i c i a l  t o  use s o l a r  d e s i c c a n t  c o o l e r s  i n  
r e s i d e n t i a l  a p p l i c a t i o n s .  A l t hough  no p r o t o t y p e  t e s t i n g  o f  any o f  t hese  concepts  i s  
c u r r e n t l y  underway, t e s t  r e s u l t s  a r e  expected and x i 1 1  be r e p o r t e d  w i t h i n  one y e a r .  

INTRCDUCTION 

Severa i  a i r - c o n d i t i o n i n g  c o n f i g u r a t i o n s  i n v o l v i n g  d i f f e r e n t  p h y s i c a l ,  chemica l ,  and e l e c t r i c a l  
9rocesses can be used t o  produce c o o l i n g  e f f ec t s  adequate f o r  r e s i d e n t i a l  b u i l d i n g s .  These 
systems a r e  summarized i n  Tab le  1 .  

TABLE 1 

POTENTIAL AIR-CONDITIONING PROCESSES 

Process Type Open Cyc le  C losed Cyc le  

Mecnanical  compression Rankine cycle 
Bray ton  

S t i r 1  i n g  

Abso rp t i on  Des iccant  A b s o r p t i o n  

A d s o r p t i o n  

E l e c t r o n i c  t r a n s p o r t  

Cesiccan t 

Thermion ic  emiss ion 

A d s o r p t i o n  

Pel  t i e r  e f f e c t  

The processes can be implemented i n  open o r  c l osed  cycles. The c l o s e d  c y c l e  i n v o l v e s  two 
sepa ra te  process l oops  coup led by  hea t  exchangers,  w i t h  one l o o p  f o r  t h e  r e f r i a e r a t i o n  process 
and :he o t h e r  f o r  t h e  t r a n s f e r  o f  hea t  f rom t h e  l o a d .  The open c y c l e  e l i m i n a t e s  t h e  i n t e r -  
f a c i n g  hea t  exchanger by combin ing t h e  process and hea t  t r a n s f e r  l o o p s .  

Benjamin C .  She1 puk, s e n i o r  Eng ineer ,  and Douglas !d. Hooker, Assoc ia te  Eng ineer ,  S o l a r  
Enerqy qesearch I n s t i t u t e ,  Golden, Co lorado.  



C o n t r a c t o r s  f o r  t h e  U.S. Department o f  Energy (DOE) a r e  pe r fo rm ing  resea rch  and 
development work on s o l a r  c o o l i n g  systems i n v o l v i n g  d e s i c c a t i o n  processes. I n  t h e  open 
c y c l e  a d s o r p t i o n  processss,  t h r e e  c o n t r a c t o r s  a r e  deve lop ing  s o l a r  c o o l i n g  systems w i t h  
d i f f e r e n t  d e h u m i d i f i e r  bed concepts .  These p r o j e c t s  a r e  i n  v a r i o u s  s tages o f  comple t ion ,  
r ang ing  f rom b a s i c  resea rch  and a n a l y s i s  t o  c o o l i n g  system development and c o m m e r c i a l i z a t i o n  
s t u d i e s .  Severa l  o t h e r  o r g a n i z a t i o n s  have s t u d i e d  t h e  open c y c l e  a b s o r p t i o n  process,  w i t h  
proposed d i f f e r e n c e s  i n  t h e  systems m a i n l y  i n  t h e  method o f  r e g e n e r a t i n g  t h e  d e s i c c a n t  
m a t e r i a l .  DOE has g i v e n  t h e  S o l a r  Energy Research ! n s t i t u t e  (SERI) program management 
r e s p o n s i b i l i t i e s  f o r  n a t i o n a l  s o l a r  c o o l i n g  programs u s i n g  d e s i c c a n t  processes, and SERI 
i s  c o n t i n u i n g  i t s  own resea rch  program i n  d e s i c c a n t  c o o l i n g .  

OPEN CYCLE ADSORPTION PROCESSES 

The open c y c l e  a d s o r p t i o n  d e s i c c a n t  processes i n  Tab le  1, when coup led t o  a  s o l a r  energy 
s u j p l y  system, r e p r e s e n t  a  p o t e n t i a l l y  a t t r a c t i v e  a l t e r n a t i v e  t o  conven t i ona l  a i r - c o n d i t i o n i n g  
systems. Most e x i s t i n g  r e f r i g e r a t i o n  and a i r - c o n d i t i o n i n g  equipment ope ra tes  on a  c l o s e d  
mechanical  compression c y c l e ,  s p e c i f i c a l l y  t h e  Rankine vapor compression c y c l e .  The m a j o r  
advantaaes o f  a  s o l a r  d e s i c c a n t  c o o l e r  based on a  r e c y c l a b l e  a i r  d e s i c c a t i o n  process i n c l u d e :  

e I t  uses i nexpens i ve  m a t e r i a l s  and has p o t e n t i a l l y  l o w  manu fac tu r i ng  c o s t .  

I t  u s u a l l y  uses a i r  and i n e r t  i n o r g a n i c  m a t e r i a l s  and thus may n o t  p resen t  c o r r o s i o n  
o r  env i ronmenta l  problems. 

r I t  can t o l e r a t e  a i r  leakage and be s e r v i c e d  e a s i l y .  

e I t  can t o l e r a t e  a  wide range i n  s o l a r  i n p u t  and s t i l l  genera te  a  useab le  o u t p u t .  

i4ost of t h e  resea rch  and development work on t h e  a d s o r p t i o n  process f o r  s o l a r  c o o l i n g  
a o p l i c a t i o n s  has focused on t h e  d e s i c c a n t  c y c l e .  The e a r l y  worx was done i n  A u s t r a l i a  

, (Commonwealth S c i e n t i f i c  and I n d u s t r i a l  Research O r g a n i z a t i o n )  and t h e  U n i t e d  S t a t e s  
( I n s t i t u t e  o f  Gas Technology) on systems u s i n g  two open process a i r  streams t h e r m a l l y  
coup led through r o t a r y  regene ra to rs .  The b u i l d i n g  a i r  s t ream was d r i e d  i n  a  d e s i c c a n t  
bed, coo led  i n  a  r e a e n e r a t i v e  hea t  exchanger, and r e f r i g e r a t e d  Sy e v a p o r a t i v e  c o o l i n g .  
The a i r  d r y e r  was r e a c t i v a t e d  by an o u t s i d e  a i r  s t ream t h a t  was s o l a r  heated t o  supp l y  
t he  d e s o r p t i o n  energy.  I n  b o t h  cases, t h e  d e s i c c a n t  bed ope ra ted  i n  an a d i a b a t i c  process.  

A l though many d e s i c c a n t  m a t e r i a l s  can adsorb  wa te r  vapor f rom a i r ,  a t t e n t i o n  has 
focused on mo lecu la r  s i e v e  and s i l i c a  g e l .  The e q u i l i b r i u m  a d s o r p t i o n  curves f o r  mo lecu la r  
s i e v e  and s i l i c a  ge l  a r e  g i v e n  i n  F i g .  1  [I]. M o l e c u l a r  s i e v e  has b e t t e r  a d s o r p t i o n  
c h a r a c t e r i s t i c s  a t  low r e l a t i v e  h u m i d i t i e s  o r  . a t  h i g h  temperatures .  Thus, d e h u m i d i f i e r s  
u s i n g  m o l e c u l a r  s i eves  can o p e r a t e  s u c c e s s f u l l y  i n  t h e  a d i a b a t i c  mode where b o t h  t h e  
d e h u m i d i f i e d  a i r  and t h e  d e s i c c a n t  bed a r e  a t  h i g h  temgeratures .  Mo lecu la r  s i eves ,  however, 
r e q u i r e  r e l a t i v e l y  h i g h  r e g e n e r a t i o n  temperatures  (150 C) f o r  deso rb ing  which f o r  s o l a r  
energy a p p l i c a t i o n s  means u s i n g  h i g h  performance c o l l e c t o r s  o r  a  s o l a r  system c a m ~ i n e d  
w i t h  an a u x i l i a r y  hea t  source. 

S i l i c a  g e l ,  on t h e  o t h e r  hand, can be desorbed a t  r e l a t i v e l y  low temperatures .  F i g .  1  
snows t h z t  che e a u i l i b r i u m  water  c a p a c i t y  o f  s i l i c a  g e l  i s  v e r y  m a l l  a t  r e l a t i v e l y  low 
i rmpera tu res  (80%). which a1 lows s i l  i c a  ge l  dehumfd i f  i e r s  t o  u t i l  i z e  5 imple  f l a t - p l a t e  
c o l l e c t o r s  f o r  r e g e n e r a t i o n .  However, s i l  i c a  g e l  a1 so has good a d s o r p t i o n  c a p a c i t y  o n l y  
a t  iow temperatures,  and i t s  a d s o r p t i o n  c a p a c i t y  decreases r a p i d l y  as t h e  bed temperature  
increases.  The performance o f  a s i l i c a  ge l  bed i s  improved i f  t h e  adsorbent  i s  n a i n t a i n e d  
a t  a low temperature  d u r i n g  d e h u m i d i f i c a t i o n  by removal o f  t h e  hea t  o f  a d s o r p t i o n .  

Ces I,c$.ant .&stem A1 t e r n a t i  ves 

The ma jo r ,  un ique component i n  a l l  d e s i c c a n t  c o o l i n g  systems i s  t h e  d r y e r  bed, wh ich  
removes m o i s t u r e  f rom t h e  a i r  be ing  processed i n  t h e  system. I f  t h i s  s t e p  can be accompl ished 
w i t h o u t  a  s u b s t a n t i a l  f r a c t i o n  s f  t h e  nea t  o f  condensat ion  remain ing i n  t h e  process stream, 
a l l  o f  t h e  c o o l i n g  i n  t h e  c y c l e  i s  completed. The subsequent i soen tha lp i ' c  e v a p o r a t i v e  
process s imp ly  conve r t s  l a z e n t  c s ? a c i t y  i n t o  s e n s i b l e  c o o l i n p .  



The v a r i o u s  o n ~ o i n g  p r o j e c t s  i n  d e s i c c a n t  c o o l i n g  can be d e s c r i b e d  i n  terms o f  t h e  
approacn they take t o  t h e  d r y e r  bed des ign .  Four concepts a r e  d e p i c t e d  i n  F i g s .  2 t o  5 
and a r e  compared i n  Tab le  2 .  

TABLE 2 

DEHUMIDIFIER BE3 CONCEPTS 

Approach F i g .  M a t e r i a l  Advantages Concerns 

2 o t a r y  a x i a l  2 molecu la r  compact des ign  ; 
f l o w  s i e v e  p r o t o t y p e  model 

e x i s t s  

r e q u i r e s  gas boos t ;  
l a r g e  a u x i  1  i a r y  power; 
l a r g e  a i r  d u c t  system 

Ro ta ry  r a d i a l  a 3 s l l l c a  reduced a u x i l i a r y .  s i l i c a  g e l  w i t h c u t  
o u t f l o w  g e l  power ; c r o s s  c o o l i n g ;  l a r g e  

1  ow temperature  a i r  d u c t  system 
r e a c t i v a t i o n  

Cross-coo led 
f i x e d  bed 

l i q u i d  spray  5 

s i l i c a  l o w  temperature  
g e l  r e a c t i v a t i o n  ; 

compact s i z e  

added a u x i l  i a r y  
p o w e f i n  c o o l i n g ;  
l a r g e  a i r  d u c t  system 

l i t h i u m  minimum a u x i l  i a r y  mass t r a n s f e r  
c h l o r l d e  power; r a t e s ;  l o s s  o r  

p o t e n t i a l  f o r  con tam ina t i on  o f  
s i m p l e  c o l l e c t o r s  t h e  d e s i c c a n t  

Ro ta ry  A x i a l  Flow Systems. The I n s t i t u t e  o f  Gas Technology (.:GT! i s  d e v e l o ~ i n g  a  j o l a r  
d e s i c c a n t  c o o l i n g  sysiem t h a t  anp loys  a  mo lecu la r  s i e v e  d e h u m i d i f i e r  wheel and a  n a t u r a l - g a s -  
f i r e d  bu rne r  t o  supplement t h e  d e l i v e r e d  s o l a r  energy .  Other  components i n c l u d e  e v a p o r a t i v e  
c o o l e r s  and a  r o t a r y  r e g e n e r a t i v e  h e a t  exchanger between. t h e  process and r e a c t i v a t i o n  streams. 
A  s u b s t a n t i a l  amount o f  development work has been done on t h i s  concept ,  c u l m i n a t i n g  i n  f i e l d  
t e s t s  o f  p r o t o t y p e  systems [2] .  The performance o f  these p r o t o t y p e s  i n d i c a t e d  t h a t  re1  i a b l e  
c o o l i n g  i j  p o s s i b l e  b u t  t h a t  f u r t h e r  development work i s  necessary t o  reduce thermal and 
a u x i l i a r y  power requ i rements .  

The ma jo r  component o f  t h e  system i s  t h e  d e s i c c a n t  wheel, wh ich  conve r t s  warm, m o i s t  
a i r  t o  d r y  a i r .  Rather  than employing s t a t i o n a r y  beds and s w i t c h i n g  a i r  streams as i n  a  
c r o s s - c o o l e i  d e h u m i d i f i e r ,  t h e  d e s i c c a n t  wheel keeps t h e  process and r e a c t i v a t i o n  a i r  streams 
s t a t i o n a r y  and moves t h e  d e s i c c a n t  bed a1 t e r n a t e l y  between t h e  two streams. The d e s i c c a n t  
s:~heel i s  c o n s t r u c t e d  f rom a  s p e c i a l  compos i te  paper c o n t a i n i n g  asbestos f i b e r s  and mo lecu la r  
s j eve .  P a r t  o f  t h e  c u r r e n t  work e f f o r t  i s  seek ing a  rep lacement  m a t e r i a l  f o r  t h e  asbestos 
m a t r i x .  

As shown i n  F i g .  23 [3] ,  a  r o t a r y  d e s i c c a n t  wheel i s  d i v i d e d  by  a  p a r t i t i o n  i n t o  two 
ba lanced - f l ow  segments, one f o r  m o i s t u r e  removal and t h e  o t h e r  f o r  t h e  passage o f  t h e  h i g h  
teqpe ra tu re  (app rox ima te l y  1  2S0C) r e a c t i v a t i o n  a i r  stream. These two streams f l o w  i n  
o p p o s i t e  d i r e c r i o n s .  F i g .  23 shows t h e  s i m p l e s t  d e s i c c a n t  wheel c o n f i g u r a t i o n .  

F i g .  2 b  [3] shows :WO des ign  improvements c u r r e n t l y  i n  development:  a  purge s e c t i o n  
l n d  a  two-stage r e a c t i v a t i o n  temperature .  

As t h e  d e s i c c 3 n t  wheel c r ssses  t h e  t r a n s i t i o n  from t h e  r e a c t i v a t i o n  zone t o  t h e  process 
zone, t h e  d e s i c c a n t  m a t e r i a l  i s  h o t  and d r y .  Thus, l i t t l e  o r  no d e h u m i d i f i c a t i o n  occurs  i n  
t he  f i r s t  p o r z i o n  o f  t h e  process zone ( l o 0  t o  15') u n t i l  t h e  d e s i c c a n t  i s  coo led  s u f f i c i e n t l y  
The purge z5ne removes heat  f rom che i n i t i a l  process s e c t i o n  o f  t h e  wheel f o r  r e c y c l e  t o  t h e  
r e a c t i v a t i c n  stream. The n e t  r e s u l t  i s  a  lower  p r i m a r y  ~ n e r o y  requ i remen t  f o r  t h e  r e -  
activation stream and lower  zverage process s t ream h u m i d i t y  and temperature .  



The tuo -s tage  r e a c t i v a t i o n  temperature  scheme can r e s u l t  i n  a  s i g n i f i c a n t l y  d r i e r  
process stream a t  t h e  expense of  a  s l i g h t l y  h i g h e r  process s t ream temperature .  The p o r t i o n  
o f  t h e  wheel moving f rom t h e  process s i d e  t o  t h e  r e a c t i v a t i o n  s i d e  i s  wet and warm. Thus, 
t h e  r e a c t i v a t i o n  stream temperature  i n  t h e  f i r s t  p a r t  o f  t h e  r e a c t i v a t i o n  zone need n o t  
be as severe  as i n  t h e  l a t e r  s tages o f  r e a c t i v a t i o n  when t h e  wtieel i s  r e l a t i v e l y  h o t  and d r y .  

These d e s l g n ~ m o d l f f c a t l o n s  have t h e  p o t e n t l a 1  t o  s t c j n i f i c a n t l y  improve t h e  c a p a c i t y  and 
e f f i c i e n c y  o f  t h e  s t a t e - o f - t h e - a r t  a x i a l  f l ow  'vheels. I n  a d d i t i o n ,  two-speed fan o p e r a t i o n  
shou ld  reduce a u x i l i a r y  power requ i rements  by r e d u c i n g  t t i e  p a r t - l o a d  power draw. 

P ro to t ypes  employing a x i a l - f l o w ,  d e s i c c a n t  wheel d e f i u m i d i f i e r s  have been f i e l d - t e s t e d .  
The c u r r e n t  progr*am i n c l u d e s  t h e  l a b o r a t o r y  t a s t i n g  o f  a d e s i c c a n t  c o o l e r  w i t h  improved 
des iqn  f e a t u r e s  r e s u l t i n q  f rom t h e  ongo ing development e f f o r t .  Tes t  r e s u l t s  shou ld  be 
a v a i l a b l e  i n  t h e  F a l l  o f  1979. 

Rotary  Rad ia l  Ou t f l ow  Systern. AiResearch Manu fac tu r i ng  Cornpany i s  deve lop ing  a  s o l a r  
d e s i c c a n t  c o o l e r  f e a t u r i n g  a  r o t a r y  r a d i a l  o u t f l o w  c o n f i g u r a t i o n  w i t h  a  g r a n u l a r  s i l i c a  g e l  
d r y e r  bed and a  regene ra to r .  The des ign  i s  c o n f i g u r e d  t o  reduce a u x i l i a r y  power r e q u i r e -  
ments o f  t h e  d r y e r  and hea t  exchanger components by  i n c r e a s i n g  t h e i r  f ace  area and r e d u c i n g  
t h e  a i r f l o w  l e n g t h .  

F i g s .  3a and b  [4 ]  i l l u s t r a t e  t h e  a i r  c o n d i t i o n e r  schematic ( w i t h  p r o j e c t e d  j e r f o rmance  
parameters)  and t h e  d e h u m i d i f i e r  arrangement.  The d e s i c c a n t  bed and t h e  r e g e n e r a t o r  a r e  two 
c o u n t e r - r o t a t i n g  c o n c e n t r i c  drums. The d e s i c c a n t  m a t e r i a l  i s  g r a n u l a r  s i l i c a  ge l  and t h e  
regene ra to r  m a t r i x  i s  a  f i n e  screen o f  g a l v a n i z e d  s t e e i .  

A  t o p  v iew o f  t h e  d e h u m i d i f i e r  a l ong  t h e  a x i s  o f  r o t a t i o n  i s  shown i n  Fi'g. 3b. The 
s o l a r  h e a t e r  i s  l o c a t e d  between t h e  d r y e r  and regene ra to r .  Warm, humid a i r  f rom t h e  
res idence  i s  d i r e c t e d  t o  t h e  adsorb ing s i d e  o f  t h e  r o t a r y  d r y e r .  Water i s  adsorbed from 
t h e  a i r  stream, wh ich  i s  heated i n  t h e  process.  The a i r  i s  t hen  coo led  i n  t h e  r o t a r y  
r e g e n e r a t o r .  The s p e c i f i c  h u m i d i t y  o f  t h i s  a i r  s t ream i s  s u f f i c i e n t l y  l ow  t h a t  i t s  d r y -  
b u l b  temperature  can be lowered by  a d i a b a t i c  h u m i d i f i c a t i o n  t o  l e v e l s  adequate f o r  s e n s i b l e  
c o o l i n g  w h i l e  r e t a i n i n g  reasonab le  l a t e n t  c o o l i n g  c a p a c i t y .  

Ambient o u t s i d e  a i r  i s  used t o  regene ra te  t h e  so rben t  bed and coo l  t h e  r o t a r y  r e g e n e r a t o r .  
F i r s t ,  t h e  o u t s i d e  stream i s  h u m i d i f i e d  a d f a b a t i c a l l y  and c i r c u l a t e d  through t h e  r o t a r y  r e -  
gene ra to r .  About one -ha l f  o f  t h e  s t ream i s  then exhausted f rom t h e  d e h u m i d i f i e r  w i t h o u t  
f l o w i n g  through t h e  d r y e r .  The remainder  i s  heated i n  a  f i xed-Soundary  hea t  exchanger by  
s o l a r  thermal  energy and passed th rough  t h e  d r y e r  t o  desort i  t h e  des i ccan t .  

g. m ino r  amount o f  a i r  d i r e c t l y  f rom t h e  ambient s t ream i s  c i r c u l a t e d  through t h e  h o t  
p o r t i o n  o f  t h e  so rben t  bed as i t  r o t a t e s  f rom t n e  deso rh ing  zone t o  t h e  adso rb ing  zone. I n  
t h i s  way, t h e  bed i s  coo led  t o  a  temperature  l e v e l  a t  which i t  can adsorb  m o i s t u r e  f rom t h e  
r e t u r n  a i r  f rom t h e  res jdence .  The p r e c o n d i t f o n i n g  a i r  f l o w  i s  then used t o  p rehea t  t h e  
bed p r i o r  t o  deso rp t i on ,  thus  reduc i r l q  t h e  s o l a r  t h e n a l  energy neCes$ary f o r  t h i s  purpose. 

Th i s  program w i l l  i n c l u d e  t h e  l a b o r a t o r y  t e s t i n g  o f  a  d e h u m i d i f i e r  bed and a  5.4 kW 
p r o t o t y p e  c o o i i n g  system. The t e s t s  a r e  scheduled f o r  comp le t i on  i n  t h e  F a l l  of  i97Q.. 

Cross-Cooled F i x e d  8ed System 

The I l l i n o i s  I n s t i t u t e  o f  Technology ( I I T )  i s  deve lop ing  a s o l a r  d e s i c c a n t  c o o l i n g  
syst5m t h a t  uses s i l i c a  g e l  i n  a  c ross -coo led  d e h u m i d i f i e r .  The p resen t  system c o n s i s t s  
o f  a  c ross -coo led  d e h u m i d i f i e r  c o n s t r u c t e d  o f  p a p e r - l i k e  sheets  o f  s i l i c a  g e l  i n  a  T e f l o n  
m a t r i x .  T h i s  concept  i s  rep resen ted  s c h e m a t i c a l l y  i n  F i g .  4 [5]  

The c o o l i n g  system c o n s i s t s  o f  two c ross -coo led  d e h u m i d i f i e r s  c f  equal  i i z e  i n  c o n j u n c t i o n  
w i t h  e v a p o r a t i v e  c o o l e r s . '  One d e h u m i d i f i e r  removes m o i s t u r e  f r cm t h e  process a i r  w h i l e  t h e  
o t h e r  i s  be ing  regenera ted w i t h  s o l a r  energy .  The process a i r  l e a v i n g  t h e  c ross -coo led  
d e h u m i d i f i e r  i n  t h e  d e h u m i d i f i c a t i o n  mode i.s d r y  and o n l y  modera te l y  w a n .  Coo l i ng  i s  
ach ieved by evaporation o f  wa te r .  I n  t h e  adso rb ing  c y c l e ,  t h e  a i r  f r om t h e  c o n d i t i o n e d  
space i s  passed through t h e  process channels o f  t h e  d e h u m i d i f i e r ,  w i t h  t h e  c r o s s - c o o l i n g  
accompl i s h e d  e i t h e r  by ambient a i r  o r  by room a i r .  I n  t h e  deso rb ing  c y c l e ,  t h e  s a t u r a t e d  
bed i s  r e g e n e r a x d  by h o t  a i r  f r om f l a t - p l a t e  s o l a r  c o l l e c t o r s .  .\ rock-bed s t a r a g e  system 
i j  3 r o v i d e i  f o r  s c o r i n g  t h e  excess c o l l e c t e d  energy .  There i s  a l s o  t h e  p o s s i b i l i t y  of  
s t o r i n g  excess c o o l i n g  c a p a c i t y  i n  rock-bed s to rage .  



The system can ooe ra te  i n  a r e c i r c u l a t i n g  o r  v e n t i l a t i n g  mode. I n  t h e  r e c i r c u l a t i n g  
mode, t he  a i r  f rom t h e  room i s  passed through t h e  process channels,  wh ich  a r e  l i n e d  a i t h  
s i l i c a  g e l  sheets,  t o  ach ieve t h e  r e q u i r e d  . !ehumidi f iczt i 'on.  The process s t ream l e a v i n g  
the  d e h u m i d i f i e r  i s  sprayed w i t h  wa te r  b e f o r e  i t  e n t e r s  t h e  c o n d i t i o n i n g  space. The c r o s s -  
c o o l i n g  stream i s  e v a p o r a t i v e l y  coo led  ambient a i r .  i n  t h e  v e n t i l a t i n g  mode, ambient a i r  
i s  passed through t h e  process channe ls  and e v a p o r a t i v e l y  coo led  room a i r  i s  passed th rough  
t h e  c ross -coo l  i n g  channels.  

Much o f  t h e  c u r r e n t  work on t h i s  concept  i s  s t i l l  b a s i c  resea rch  and development, i n c l u d -  
i n g  development o f  mathemat ica l  a n a l y s i s  methods and t e s t i n g  o f  s i l i c a  ge l  sheets  and sma l l  
models o f  t h e  i so the rma l  d e h u m i d i f i e r  bed. However, a  2 . 7  kW p r o t o t y p e  c o o l i n g  system w i l l  
be b u i l t  and t e s t e d  under t h e  c u r r e n t  program. 

L i q u i d  Des i ccan t  ( A b s o r p t i o n  Process). Systems 

A s o l a r  c o o l i n g  concept  wh ich  i s  ~ a t n f n g  i n t e r e s t  i s  t h e  con t i nuous  open c y c l e  a b s o r p t i o n  
c o o l e r .  T h i s  concept ,  i n i t i a l l y  developed o v e r  40 y e a r s  ago, has r e c e i v e d  r e c e n t  a t t e n t i o n  
from resea rche rs  i n  t h e  U.S.S.R. [6, 7 1 .  The a b s o r p t i o n  c y c l e  i s  s i m i l a r  t o  i t s  c l o s e d  
c y c l e  c o u n t e r p a r t  excep t  t h a t  t h e  weak absorbent  s o l u t i o n  regene ra tes  by l o s i n g  r e f r i g e r a n t  
t o  t h e  e a r t h ' s  atmosphere i n s t e a d  o f  be ing  recovered i n  t h e  condenser.  Coo l i ng  i s  accompl ished 
by evapo ra t i ng  r e f r i g e r a n t  f r om an e x t e r n a l  source i n  t h e  evapo ra to r  r a t h e r  t han  by o b t a i n i n g  
r e f r i g e r a n t  f rom t h e  condenser.  Thus t h e  condenser i s  e l i m i n a t e d  i n  t h e  open c y c l e ;  however, 
an e x t e r n a l  source o f  r e f r i g e r a n t  must be a v a i l a b l e .  Whenever t h e  r e f r i g e r a n t  i s  water ,  t h e  
open c y c l e  becomes v e r y  f e a s i b l e .  

A  schematic diagram o f  an open c y c l e  a b s o r p t i o n  c o o l i n g  system s i m i l a r  t o  t h a t  b u i l t  
and opera ted by Russian i n v e s t i q a t o r s  i s  shown i n  F i g .  5 [8]. The weak absorbent  s o l u t i o n  
i s  heated and then concen t ra ted  i n  t h e  s o l a r  c o l l e c t o r ,  wh ich  i s  open t o  t h e  atmosphere. 
The s t r o n g  regene ra ted  s o l u t i o n  l eaves  t h e  c o l l e c t o r  and passes th rough  a  l i q u i d  column i n  
wh ich  p ressu re  i s  reduced i r o m  atmospher ic  l e v e l s .  The s t r o n g  s o l u t i o n  then passes through 
a  r e g e n e r a t i v e  hea t  exchanger and then  t o  t h e  absorber ,  where t h e  s t r o n g  s o l u t i o n  absorbs 
wa te r  f rom t h e  evapo ra to r ,  m a i n t a i n i n g  t h e  reduced p ressu re  r e q u i r e d  by t h e  evapo ra to r .  
The hea t  of  a b s o r p t i o n  f o r  t h e  water -absorber  s o l u t i o n  i s  removed by hea t  t r a n s f e r  t o  a  
c o o l i n g  tower loop.  I n  t h e  evapo ra to r ,  wa te r  f rom an e x t e r n a l  source i s  evapora ted a t  
reduced p ressu re  w i t h  t h e  energy s u p p l i e d  by h e a t  f r om t h e  coo led  space. Tiie r e s u l t i n g  
weak s o l u t i o n  i s  pumped f rom t h e  absorber  back t o  a'mospheric p ressu re  t h rough  t h e  
r e g e n e r a t i v e  hea t  exchanger and t o  t h e  c o l l e c t o r ,  comp le t i ng  t h e  c y c l e .  The vacuum pump 
shown i s  necessary t o  deae ra te  t h e  s o l u t i o n  a f t e r  i t  has been exposed t o  t h e  atmosphere. 

An i m p o r t a n t  aspcc t  o f  t h e  open c y c l e  r e f r i g e r a t i o n  system i n  F i g .  5 i s  t h e  un ique  
r e l a t i o n s h i p  between c o l l e c t o r  performance and system performance. The u s e f u l  energy 
o u t p u t  o f  b o t h  t h e  c o l l e c t o r  and t h e  c o o l i n g  system i s  t h e  e v a p o r a t i o n  o f  w a t e r .  Fo r  
eve ry  pound o f  ,water evapora ted i n  t h e  c o l l e c t o r ,  one pound o f  wa te r  can be evapora ted 
i n  t he  evapo ra to r  and absorbed i n  t h e  absorber .  Thus, t h e  wa te r  evapo ra t i on  r a t e  from 
the c o l l e c e o r  d c t c n i n e s  c o o l i n q  systom performance. 

A n a j o r  advantage o f  t h i s  system as compared t o  a  conven t i ona l  c l o s e d  c y c l e  a b s o r p t i o n  
system i s  t he  s i m p l i c i t y  o f  t h e  c o l l e c t o r .  The s o l a r  c o l l e c t o r  f o r  t h e  open c y c l e  can be 
s imp ly  a  t i 1  ted ,  f l a t ,  b lackened'  sur face ove r  wh ich  absorbent  s o l u t i o n  f lo ivs  as a  f l u i d  
f i l m .  No g l a z i n g s ,  f i u i d  f l o w  channe ls ,  s e l e c t i v e  su r faces ,  e t c . ,  a r e  r e q u i r e d .  The 
s o i u t i o n ,  i s  heated by c o n t a c t  w i t h  t h e  so la r -ene rgy -abso rb ing  r o o f .  I t s  temperature  i s  
r a i s e d  t o  a  p o i n f  a t  wh ich  t h e  s o l u t i o n  wa te r  vapor p ressu re  exceeds t h a t  of  t h e  atmosphere, 
a t  wh ich  t ime  an enersy  and mass t r a n s f e r  process beg ins .  

Other  system c o n f i g u r a t i o n s  f o r  an open c y c l e  a b s o r p t i o n  c o o l e r  a r e  p o s s i b l e .  Cne 
p o s s i b i l i t y  i s  a  mass t r a n s f e r  o f  wa te r  vapor i r o m  t h e  d i l u t e  s o l u t i o n  u s i n g  a  c l o s e d  a i r -  
h e a t i n g  c o l l e c t o r  w i t h  some g a s / l i q u i d  c o n t a c t i n g  d e v i c e  such as a  packed bed. The packed 
bed i s  s u p p l i e d  a i t h  so la r -hea ted  a i r  wh ich  d r i v e s  o f f  t h e  r e f r i g e r a n t  vapor .  Thts  concept  
c o u l d  broaden the  a p p l i c a t i o n  o f  t h e  open c y c l e  system t o  more humid l o c a t i o n s  and e l i m i n a t e s  
a problem i n h e r e n t  i n  t he  open c o l l e c t o r  des ign,  namely, f o r e i g n  p a r t i c l e s  and r a i n  e n t e r i n g  
t h e  system. 

S E R I  i s  e v a i u a t i n g  t h e  cpen c y c l e  a b s o r p t i o n  process t o  de te rm ine  i t s  p o t e n t i a l  f o r  s o l a r  
c o o l i n g  and t o  e s t a b l i s h  resea rch  g r i o r i t i e s  f o r  r e a c h i n g  t h a t  p o t e n t i a l .  A l thouah some 
research and deveiocment work has been done, much more e f f o r t  i s  r e q u i r e d  t o  develop a  v i a b l e  
r z s i d e n t i a l  c r  c m m e r c i a l  c o o l i n g  system. 



Dur ing  t h e  p a s t  seve r? l  months, SERI has begun deve lop ing  computer models f o r  use i n  
e v a l u a t i n g  t he  performance o f  t h e  v a r i o u s  d e s i c c a n t  c o o l i n g  systems. SERI has s t u d i e d  a  
so1a.r d e s i c c a n t  c o o l i n g  system employ ing an e a r l y  v e r s i o n  o f  an a x i a l  f l ow  d e s i c c a n t  wheel 
s i m i l a r  t o  t h a t  shown i n  F i g .  2a. The s tudy  eva lua ted  r e s i d e n t i a l  s o l a r  c o o l i n g  p o t e n t i a l  
t o  i d e n t i f y  optimum c o o l a r / c o l l e c t o r  system s i z e s ,  c l i m a t i c  c o n d i t i o n s ,  and economic 
parameTers. The s t e a d y - s t a t e  performance o f  t h e  d e s i c c a n t  c o o l i n g  system was analyzed,,and 
a  dynamic a n a l y s i s  was per formed f o r  f i v e  U.S. c i t i e s  u s i n g  h o u r l y  weather  d a t a  t o  determine 
seasonal s o l a r  d e s i c c a n t  c o o l e r  performance. T y p i c a l  r e s u l t s  p resen ted  he re  i l l u s t r a t e  
p o t e n t i a l  d e s i c c a n t  c o o l e r  performance. 

F igs .  6 and 7  [9] show t h e  s t e a d y - s t a t e  performance o f  a  nominal  9.0-kW-capaci t y  s o l a r  
d e s i c c a n t  c o o l e r .  These p l o t s  i l l u s t r a t e  t h e  e f f e c t  o f  ambient h u m i d i t y  and r e g e n e r a t i o n  
temperature  on c o o l e r  c a p a c i t y  and t h e  c o e f f i c i e n t  o f  performance (COP). !ncreas ing ambient 
h u m i d i t y  tends t o  decrease t h e  d e s i c c a n t  c o o l e r  c a p a c i t y  and COP, as shown i n  F i g .  6. How- 
eve r ,  t h e  d e s i c c a n t  c o o l e r  shows t h e  most s e n s i t i v i t y  t o  r e g e n e r a t i o n  temperature .  F i g .  7  
shows t h a t  t h e  c o o l e r  c a p a c i t y  v a r i e s  g r e a t l y  w i t h  r e g e n e r a t i o n  temperature  and t h a t  t h e  
system COP peaks around 75 t o  80oC. The des ign  c a p a c i t y  (9 .0  kW) r e q u i r e s  abou t  an 8 5 ' ~  
regenera t i o n  stream. 

The annual  performance o f  t h e  s o l a r  d e s i c c a n t  c o o l e r  i s  t h e  d e t e r m i n i n g  f a c t o r  i n  
whether t h e  c o o l e r  can be a p p l i e d  b e n e f i c i a l l y  t o  r e s i d e n t i a l  c o o l i n g .  Maximum c o s t -  
e f f e c t i v e n e s s  occurs  when a  system i s  s i z e d  f o r  s o l a r  h e a t i n g  and c o o l i n g  i s  added as a  
complementary summertime use o f  t h e  c o l l e c t e d  energy.  Thus, t h e  c h i l l e r  must  be s i z e d  t o  
ope ra te  e f f i c i e n t l y  w i t h  t h e  a v a i l a b l e  c o l l e c t o r  area,  and t h e  l o a d  must be reasonab ly  
c o n s i s t e n t  w i t h  t h e  r e s u l t i n g  c a p a c i t y .  The sunny p a r t s  o f  t h e  m i d d l e  U n i t e d  S ta tes  
g e n e r a l l y  meet these c o n s t r a i n t s .  Of t h e  f i v e  c i t i e s  s t u d i e d  by SERI,,Washington, D.C. 
rep resen ts  t h e  b e s t  c l i m a t e  f o r  s o l a r  d e s i c c a n t  c o o l e r s .  Fo r  a  s o l a r  d e s i c c a n t  c o o l e r  i n  
!dashington, D.C. w i t h  an e l e c t r i c a l l y - d r i v e n  vapor compression c o o l e r  as backup, a  
d e s i c c a n t  c o o l e r  o f  4.5 kW c a p a c i t y  c o u l d  be d r i v e n  f rom 35 m2 o f  s o l a r  c o l l e c t o r s .  The 
annual d e s i c c a n t  c o o l e r  COP would range f rom 0.5 t a  0.6,  and t h e  energy e f f i c i e n c y  r a t i o  
(EER) c o u l d  be i n  t h e  range f rom 13 t o  18 (EER i s  d e f i n e d  he re  as t h e  seasonal c o o l i n g  
c a p a c i t y  de l  i v e r e d  d i v i d e d .  by t h e  t o t a l  e l e c t r i c a l  energy i n p u t ) .  

These r e s u l t s ,  i n  terms o f  c o s t  and d i s p l a c e d  f o s s i l  f u e l  i n  F i g .  8, show t h a t  i t  
shou ld  be b e n e f i c i a l  t o  use s o l a r  d e s i c c a n t  c o o l e r s  combined w i t h  s o l a r  space hea te rs  i n  
r e s i d e n t i a l  a p p l i c a t i o n s .  F i g .  8  shows c o s t / b e n e f i t  ( d e f i n e d  as t h e  l i f e - c y c l e  c o s t  o f  
t h e  s o l a r  system d i v i d e d  by t h e  l i f e - c y c l e  c o s t  o f  a  conven t i ona l  system) and p e r c e n t  
f o s s i l  f u e l  energy d i s p l a c e d  f o r  s o l a r  space hea t i ng / vapo r  compression c o o l i n g  and s o l a r  
space n e a t i n g l s o l a r  d e s i c c a n t  c o o l i n g  systems. Adding a  s o l a r  d e s i c c a n t  c o o l e r  t o  a  
s o l a r  space h e a t e r  i nc reases  the  system c o s r  e f f e c t i v e n e s s  ( t h e  s o l a r  system i s  c o s t  
e f f e c t i v e  ~vhen c o s t / b e n e f i t  i s  l e s s  than o r  equal  t o  1 .0 ) .  I n  a d d i t i o n ,  f o s s i l  f ue l  
energy i s  conserved by employing s o l a r  d e s i c c a n t  c o o l i n g  i n  p l a c e  o f  conven t i ona l  vapor  
compression systems. 

Accord ing t o  e v a l u a t i o n s  made by t h e  DOE c o o l i n g  c o n t r a c t o r s ,  t h e  p o t e n t i a l  e x i s t s  f o r  
even more e f f i c i e n t  syscems w i t h  des igns o f  t h e  t y p e  desc r i bed  i n  t h e  f i ' r s t  p a r t  o f  t h i s  
?aper.  I t  i s  n o t  y e t  c l e a r  wh ich  des ign  can ach ieve t h e  most c o s t - e f f e c t i v e  a i r  c o n d i t i o n i n g  
system. The promise o f  an e f f i c i e n t  s o l a r  d e s i c c a n t  c o o l e r  t h a t  can conserve f o s s i l  f u e l  
and compete e f f e c t i v e l y  w i t h  conven t i ona l  a i r  c o n d i t i o n i n g  methods con t i nues  t o  be pursued 
a g g r e s s i v e l y  and suppor ted by a  t e s t  and a n a l y s i s  program. 

An advanced s o l a r  d e s i c c a n t  c o o l i n g  system w i t h  a  COP i n  t h e  range f rom 0.6  t o  0.8 can be 
ach ieved w i t h  s o l a r  c o l l e c t o r  o u t p u t  t e v p e r a t u r e s  o f  about  70°C t o  35oC. Nhen i n t e g r a t e d  
w i t h  3  c o l l e c t o r  system, t h i s  combinat ion  may be a b l e  t o  ach ieve a  h i g h e r  c o o l i n g  c a p a c i t y  
p e r  u n i t  of  i n p u t  s o l a r  energy than a l t e r n a t i v e  s o l a r  c o o l i n g  techn iques.  I t  may a l s o  be 
czpab le  o f  s i g n i f i c a n t l y  exceeding t h e  EER o f  conven t i ona l  a i r  c o n d i t i o n i n g  sources and 
r e s u l t  i n  t h e  d isp lacement  o f  l a r g e  amounts o f  f o s s i l  energy f rom b u i l d i n g  c o o l i n g  a p p l i c a t i o n s .  
To r e a l i z e  t h i s  p o t e n t i a l ,  however, seve ra l  d i f f i c u l t  eng inee r i ng  problems must be so l ved .  
i h e s e  i n c l u d e :  



ADVAtiCCD SYSTEFI DE\/ELOPr.ltg I' 

r Reduct ion  of  a u x i  1 i a r y  power requ i rements  f rom p resen t  l e v e l s  by 

- development o f  l ower  p ressu re - l oss  d e h u m i d i f i e r  bed d e s i ~ n  and 

- increased a i r  system e f f i c i e n c i e s .  

r Improve t h e  system c o s t  e f f e c t i v e n e s s  by 

- r e d u c t i o n  o f  bo th  t h e  t o t a l  equipment c o s t  and t h e  c o s t  o r  amount o f  adsorbent  
m a t e r i a l  used and 

- development o f  a more c o s t - e f f e c t i v e  r e g e n e r a t i v e  hea t  exchanger w i t h  h i g h  
h e a t  t r a n s f e r  e f f e c t i v e n e s s .  

IMPROVED APPLICAT!ONS ANALYSIS 

0 Development of o p t i m i z e d  system c o n t r o l  s t r a t e g y  and hardware. 

r I d e n t i f i c a t i o n  o f  p r e f e r r e d  system c o n f i g u r a t i o n s ,  a p p l i c a t i o n s ,  and backup 
energy s t r a t e g y .  

The p r e s e n t  program addresses a l l  o f  these prob lem a reas .  Y i t h i n  one yea r ,  enough system 
t z s t  d a t a  w i l l  be a v a i l a b l e  t o  assess p r e f e r r e d  d e h u m i d i f i e r  bed des igns and t h e  p o t e n t i a l  
f o r  approach ing p r e d i c t e d  system performance. Once t h e  ach ievab le  system hardware per formance 
i s  de f i ned ,  t h e  r e s u l  t i n g  economics and f o s s i l  f u e l  energy d isp lacement  w i l l  de te rm ine  t h e  
t x t e n t  t o  which t h e  techno logy can p e n e t r a t e  r h e  r e s i d e n t i a l  a i r  c o n d i t i o n i n g  marke t .  
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Figure 1 . DESICCANT/WATER-VAPOR E~~UIL IBRIUM CURVES [ 1 ] 
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F i g u r e  2 .  ROTARY AXIAL FLOW DEHUMIDIFIER 1 2 1 
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(a )  Schematic o f  A i r -Cond i t i oner  Employing Rotary 
Bed Dehumi d i  f i e r  [4]  

M O I S T  A I R  t E X H A U S T  

f RETURN AIR 
FROM R E S I D E N C E  
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F igure 3. ROTARY RADIAL OUTFLOW SYSTEF? [ 4 1 



F i g u r e  4.  SCHEMATIC OF  CROSS-COOLED DEHU!!IDIFIER [ 5 ] 
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F igure  5. OPEN CYCLE .ARSORPTION COOLING 'SYSTEM [ 8 1 
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F igu re  6. STEADY-STATE S E N S I T I V I T Y  TO AVBIENT  H U f l I D I T Y  [ 9 1 
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Figure 7. STEADY-STATE S E N S I T I V I T Y  TO REGENERATION TEMPERATURE [ 9 1 
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