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T h i s  r e p o r t  documents t h e  p r o g r e s s  t o  d a t e  i n  t h e  development and a n a l y s i s  of 
computer s imul .a t ions  of solar-powered d e s i c c a n t  c o o l i n g  u s i n g  a n  a x i a l - f l o w  
d i s c - t y p e  d e h u m i d i f i e r  wheel ,  solar-powered space  heati.113, and. e l e c t r i c a l l y  
d r i v e n ,  s t a n d a r d  vapar-compression a i r - c o n d i t i o n i n g  sys tems f o r  r e s i d e n t i a l  
u s e .  Computer s i m u l a t i o n s  f o r  both  s o l a r  and C I > - ~ ~ v e a t i o n a l  h e a t i n g  and c o o l i n g  
sys tems were performed f o r  12-month h e a t i n g  and c o o l i n g  s e a s o n s .  Annual 
the rmal  performance and t h e  r e s u l t i n g  l i f e  c y c l e  c o s t s  f o r  bo th  t y p e s  of 
sys tems were ana lyzed  and compared. 

The h e a t i n g l c o o l i n g  s e a s o n  s i m u l a t i o n s  were  run  f o r  f i v e  U.S. c i t i e s  
r e p r e s e n t i n g  a  wide range . o f  c l i m a t i c  c o n d i t i o n s  and i n s o l a t i o n .  With t h e  
in fo rmat  i o n  r e s u l t i n g  from t h e s e  s i m u l a t i o n s ,  t h e  optimum a i r - c o n d i t i o n i n g  
system was chosen t o  maximize t h e  c o n s e r v a t i o n  of f o s s i l  f u e l s  and minimize 
o p e r a t i n g  c o s t s .  Because of t h e  i n c r e a s i n g  u s e  of 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  employi113 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 s ,  t h e  f i v e  
l o c a t i o n s  were s t u d i e d  t o  de te rmine  i f  i t  would be '  ? ) e n e f i c i a l  ( i n  terms of 
both  economics and f o s s i l  f u e l  d i s p l a c e m e n t )  t o  d i s p l a c e  foss i l - fue l -powered  
,vapor-compression c o o l e r s  and n a t u r a l  gas  space h e a t e r s  w i t h  solar-powered 
h e a t i n g  and d e s i c c a n t  c o o l i n g  sys tems .  

The o v e r a l l  c o n c l u s i o n s  i n c l u d e  t h e  f o l l o w i n g :  

s o l a r  h e a t i n g  and d e s i c c a n t  c o o l i n g  sys tems o p e r a t e  b e s t  i n  c l i m a t e s  
w i t h  n e a r l y  ba lanced  h e a t i n g  and c o o l i n g  l o a d s  ( S e c t i o n  3 .7 .3 ) ;  

s o l a r  d e s i c c a n t  c o o l e r s  o p e r a t e  p r e f e r e n t i a l l y  a s  d e h u m i d i f i e r s  
( S e c t i o n s  3.6.2 and 3 . 7 . 3 ) ;  

t h e  optimum d e s i c c a n t  c o o l e r  s i z e  f o r  Washington,  D.C., w i t h  
a u x i l i a r y  c o o l i n q  and Godge C i t y ,  Kans . ,  wi thou t  a u x i l i a r y  c o o l i n g  i s  
4 . 5  kW w i t h  35-m c o l l e c t o r  a r e a  ( S e c t i o n s  3 .7 .3  and 5 . 3 ) ;  

under t h e  c o s t  a s sumpt ions  of S e c t i o n  5 .2 ,  t h e  l i f e - c y c l e  c o s t  f o r  a  
20-year s o l a r  h e a t i n g / d e s i c c a n t  c o o l i n g  sys tem i s  n e a r l y  c o s t  
c o l n p e t i t i v e  w i t h  c o n v e n t i o n a l  r e s i d e n t i a l  h e a t i n g  and c o o l i n g  
( S e c t i o n  5 . 3 ) ;  and 

add ing  a  d e s i c c a n t  c o o l e r  ( w i t h  o r  wi thou t  a u x i l i a r y  c o o l i n g )  t o  a  
s o l a r  h e a t i n g  system can i n c r e a s e  f o s s i l  f u e l  d i sp lacement  ( S e c t i o n  
5 . 3 )  by a  f a c t o r  g r e a t e r  than  2 ,  depending on, t h e  l o c a t i o n .  
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SECTION 11.0 

INTRODUCTION 

This s tudy  eva lua ted  r e s i d e n t i a l  s o l a r  de s i ccan t  coo l ing  p o t e n t i a l  i n  o rde r  t o  
i d e n t i f y  optimum system conf igu ra t i ons ,  c l i m a t i c  cond i t i ons ,  and economic 
parameters.  I n  a d d i t i o n ,  s i n c e  t h e  U.S. Department of Energy (DOE) has  g iven  
SERI t h e  r e s p o n s i b i l i t y  f o r  mnaging  t h e  n a t i o n a l  s o l a r  cool ing  programs us ing  
desfccant  p rocesses ,  t h e  system s imu la t i on  techniques  and a n a l y s i s  methods 
w i l l  be u s e f u l  i n  eva lua t ing  o t h e r  DOE c o n t r a c t o r  de s i ccan t  cool ing  systems. 

Seve ra l  a i r - cond i t i on ing  con f igu ra t i ons  i nvo lv ing  d i f f e r e n t  p h y s i c a l ,  
chemical,  and e l e c t r i c a l  processes  can be u t i l i z e d  t o  produce coo l ing  e f f e c t s  
t h a t  a r e  adequate f o r  r e s i d e n t i a l  bu i ld ings .  These processes  a r e  sumomrized 
i n  Table  1-1. 

Table  1-1. POTENTIAL AIR-CONDITIONING PROCESSES 

Process  Open Cycle Closed Cycle 

Mechanical compression A i r  cyc le  Rankine cyc l e  
Brayton 
S t i r l i n g  

Absorption Desiccant Absorpt ion 

Adsorption Desiccant  Adsorpt ion 

E l e c t r o n i c  t r a n s p o r t  Thermionic P e l t i e r  e f f e c t  
emission. 

The processes  can be implemented i n  open o r  c losed c y c 1 . e ~ .  The c losed  cyc l e  
involves  two s e p a r a t e  process  loops coupled by hea t  exchangers,  wi th  o n e . 1 0 0 ~  
f o r  t he  r e f r i g , e r a t i o n  process  and the  o t h e r  f o r  t he  t r a n s f e r  of hea t  from t h e  
1na.d. The open-cycle implementation e l i m i n a t e s  t he  need f o r  a n  i n t e r f a c i n g  
hea t  exchanger by combining the  re f  r i g e r a t i o n  and hea t  t r a n s f e r  loops.  

The open-cycle adso rp t ion  des i ccan t  process  r e p r e s e n t s  a n  a t t r a c t i v e ,  
a l t e r n a t i v e  t o  convent iona l  a i r - cond i t i on ing  systems when coupled wi th  a s o l a r  
energy supply system. 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 - cond i t i on ing  
equipment ope ra t e s  on a c losed mechanical compression cyc l e ,  s p e c i f i c a l l y  t h e  
Rankine vapnr-compression cyc le .  There a r e  s e v e r a l  major advantages of a 
s o l a r  de s i ccan t  coo le r  based on a r ecyc l ab l e  a i r  d e s i c c a t i o n  process:  

It uses  inexpensive m a t e r i a l s  and has  p o t e n t i a l  t o  be manufactured ac 
low cos t  . 
It uses  a i r  and i n e r t  i no rgan ic  m a t e r i a l s  and thus  w i l l  not p r e sen t  
co r ros ion  o r  environmental problems. 

It can t o l e r a t e  a i r  leakage and be e a s i l y  s e r v i c e d , .  thus  making i t s  
m a i n t a i n a b i l i t y  and r e l i a b i l i t y  ateracrive. 

It can t o l e r a t e  a wide range i n  s o l a r  i npu t  and s t i l . 1  gene ra t e  a 
usable  ou tput  



The p o t e n t i a l  f o r  r e s i d e n t i a l  use of a  s o l a r  d e s i c c a n t  c o o l e r  ( u s i n g  a  s i l i c a  
g e l  d e s i c c a n t  ) i n s t e a d  of a n  e l e c t r i c a l l y  d r i v e n , .  Rankine vapor-compression 
c y c l e  u n i t  was i n v e s t i g a t e d  i n  t h i s  s t u d y .  

1-1 USE OF RESIDENTIAL AIR CONDITIONING IN TEE UNITED STATES 

According t o  t h e  Federal .  Energy A d m i n i s t r a t i o n  (FEA)  " P r o j e c t  Independence 
R e p o r t " ,  r e s i d e n t i a l  b u i l d i n g s  used approximately 70% of the  18 .1  quads of 
e n e r g y  consumed i n  t h e  Househo.lti and Commercial S e c t o r  i n  1972 ( a s  d e f i n e d  by 
FEA, t h i s  s e c t o r  a c c o u n t s  f o r  32% of a l l  energy used i n  t h e  Uni ted  S t a t e s )  
[ I ] .  O f  t h e  r o u g h l y  12.7  quads  used i n  r e s i d e n t i a l  b u i l d i n g s ,  abou t  724 (9 .0  
quads  j was used f o r  h e a t i n g ,  c o o l i n g ,  and v e n t i l a t i o n .  T a b i e  1-2 shows tile 
growth i n  r e s i d e n t i a l  consumption of n a t u r a l  g a s  and e l e c t r i c i t y  by end use  
For t h e  pe r iod  1960-1968 [ 2 ] .  

F i g u r e  1-1 i l l u s t r a t e s  FEA p r o j e c t i o n s  f o r  growth i n  e n e r g y  demand i n  t h e  
r e s i d e n t i a l  s e c t o r  through 1990 by t h e  major end u s e s .  Although space  h e a t i n g  
domina tes  the  e n e r g y  used i n  r e s i d e n t i a l .  h ~ ~ i  ld i .ngs ,  a i r  c o n d i t i o n i n g  is  
p r o j e c t e d  t o  i n c r e a s e  i n  energy  use  a t  a n  annual. compound growth r a t e  l a r g e r  
t h a n  f o r  any o t h e r  use .  It i s  p r o j e c t e d  t h a t  by 1990 r e s i d e n t i a l  space  
h e a t i n g  and a i r  c o n d i t i o n i n g  w i l l  consume over  11 quads of energy,  most of  
which w i l l  be o b t a i n e d  from f o s s i l  f u e l s .  FEA s t a t e d  t h a t  energy c o n s e r v a t i o n  
measures t o  i ~ n p r o v e  . t h e  the rmal  e f f i c i e n c y  of bo th  new and e x i s t i n g  hous ing  
w i l l  be r e q u i r e d  t o  r e d u c e  r e s i d e n t i a l  ene rgy '  de~nan,d [I. 1. The use  of  s o l a r  
e n e r g y  i n  r e s i d e n t i a l  s p a c e  h e a t i n g  and a i r  c o n d i t i o n i n g  cou ld  have a 
s i g n i f i c a n t  impact o.n the. d i sp lacement  o.f f o s s i l  f u e l  i n  r e s i d e n t i a l  use .  

1-2 OBJECTIVES 

T h i s  s t u d y  was i n i t i a t e d  t o  e v a l u a t e  t h e  p o t e n t i a l  f o r  s o l a r  d e s i c c a n t  a i r  
c o n d i t i o n i n g  i n  terms of sys tem performance and p o t e n t i a l  f o s s i l  f u e l  
d i s p l a c e m e n t .  Al though some work i n  t h e  development of d e s i c c a n t  c o o l i n g  has  
been performed,  t h e  i n t e r a c ' t i o n  of t h e  sys tem components and t h e i , r  s e a s o n a l  
o p e r a t i o n  s t i l l  r e q u i r e  s t u d y ,  p a r t i c u l a r l y  when a d d i t i o n a l  system o p e r a t i n g  
c o m p l e x i t i e s  a r e  i n t r o d u c e d  w i t h  s o l a r  power. 

The p o r t i o n  of  t h e  t a s k  t h a t  . i s  covered by t h i s  r e p o r t  involved t h e  
e x a m i n a t i o n  of one p a r t i c u l a r  s o l a r  d e s i c c a n t  sys tem c o n f i g u r a t i o n  ( s e e  
S e c t i o n  2 . 2 )  i n  s e v e r a l  d i f f e r e n t  g e o g r a p h i c a l .  l o c a t i o n s .  The o v e r a l l  
o b j e c t i v e s  were: 

a t o  d e t e r m i n e  t h e  optimum u s e  of s o l a r  d e s i c c a n t  c o o l e r s  f o r  
p a r t i c u l a r  c l i m a t e s  ( i . .  , optimum c o o l e r  s i z e ,  c o l l e c t o r  a r e a ,  
e t c . ) ;  

a t o  de te rmine  t h e  optimum s i z e  combinat ion of a  s o l a r  d e s i c c a n t  c o o l e r  
ant1 a u x i l i a r y  vapor-compression c o o l e r ;  

a t o  de te rmine  t h e  t o t a l  c o s t  of a s o l a r '  d e s i c c a n t  c o o l e r  v e r s u s  a  
vapor-compression c o o l e r ;  



T a b l e  1-2. RESIDENTIAL CONSUMPTION OF NATDML GAS AND ELECTRICITY 
BY END USE ( T r i l l i o n s  of B t u )  1960-196€ [2] 

N a t u r a l  gas 

Space  hea t i n g  2 ,185  2,316 2,666 2 ,589 2 ,755 2 ,816 3 ,000 3,157 3 ,236 
;dater  h e a t i n g  650 677 719 753 791 847 902 923 979 
Cooking 316 314 318 318 319 32 1 323 323 325 
C l o t h e s  d r y i n g  2  5 2  9 3  2  36 . 39 44 4  9  53  5  8 
R e f r i g e r a t i o n  3  2  2  6  2  1 16 12 9 7  6  5  
Air c o n d i t i o n i n g  - - - - -- 1 1 1 2  2  3  

~ l e c z r i c i t ~ ~  
Re F r i ~ e r a  t i o n  
Wa Zer h e a t i n g  
Space  h e a t i n g  
A i r  c o n d i t i o n i n g  
T e l e v i s i o n  
Coolcing 
F o ~ d  f r e e z e r  
C l 3 t h e s  d ry i ' ng  
O t h e r  h 

T o t a l  742 785 84 7  910 . 988 1 ,062 1 ,155  1 ,274  1 , 3 9 0  
. . I 

a ~ t  3,413 Btu/k\.Jh 
b ~ i s h w a s h e r s ,  washing machines ,  m i s c e l l a n e o u s  smal.1 a p p l i a n c e s ,  and l i g h t i n g  

1-3 

? 



Compound 
Rate (%I 

F i g u r e  1-1.. FEA-PROJECTED GROWTH I N  RESIDENTIAL ENERGY DEMAND (1970-1990) 
B Y  END USE [ I 1  (Note: E l e c t r i c i t y  measured a t  p o i n t - o f - e n t r y )  



t o  de te rmine  t h e  p o t e n t i a l  f o r  d i sp lacement  of f o s s i l  f u e l  e n e r g y  
w i t h  a  s o l a r  h e a t i n g  and d e s i c c a n t  c o o l i n g  system; and 

t o  compare t h e  c o s t  and f o s s i l  f u e l  d i sp lacement  of s o l a r  h e a t i n g  
sys tems v e r s u s  combined so lar -hea t ing ldess iccant -cool ing  sys tems.  

I n  a d d i t i o n ,  DOE h a s  g iven  SERI t h e  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  cooi.ltlg programs u s i n g  d e s i c c a n t  p r o c e s s e s .  The t e c h n i q u e s  
developed i n  t h i s  t a s k  w i l l  be u s e f u l  i n  e v a l u a t i n g  and comparing s o l a r  
d e s i c c a n t  c o o l i n g  s y s  t c ~ n s  developed by o t h e r  DOE c o n t r a c t o r s  . 

1.3 METHODOLOGY 

I n  o r d e r  t o  a c h i e v e  t h e  s t a t e d  o b j e c t i v e s ,  t h e  primary need was f o r  coinputer 
models t o  s i m u l a t e  t h e  annua l  o p e r a t i n g  performance of s o l a r  d e s i c c a n t  and 
vapor-compression c o o l e r s .  A computer program t o  perform t h e  economic 
a n a l y s i s  based on t h e  r e s u l t s  of t h e  s e a s o n a l  s i m u l a t i o n s  was a l s o  r e q u i r e d .  

For  t h e  s o l a r  d e s i c c a n t  c o o l e r  s i m u l a t i o n ,  i t  was decided t o  u t i l i z e  TRNSYS, a  
t r a n s i e n t  s i m u l a t i o n  computer program developed by t h e  U n i v e r s i t y  of Wisconsin  
a t  Nadison [ 3 ] .  The s t a n d a r d  TRNSYS r o u t i n e s  i n  c o n j u n c t i o n  w i t h  s e v e r a l  
s p e c i a l  r o u t i n e s  developed f o r  d e s i c c a n t  r-.ooler components [ 4 ]  e n a b l e d  
s e a s o n a l  s i m u l a t i o n s  t o  be performed. For t h i s  s t u d y ,  c e r t a i n  TRNSYS r o u t i n e s  
were modif ied  a s  d e s c r i b e d  i n  S e c t i o n  3.2.  

To perform t h e  vapor-compress io~l  c o o l e r  s e a s o n a l  s i m u l a t i o n  and t h e  economic 
a n a l y s e s  f o r  bo th  t y p e s  of c o o l e r s ,  some a d d i t i o n a l  computer programs 
( s e p a r a t e  from TRNSYS). were developed s p e c i f i c a l l y  f o r  t h i s  s t u d y .  

F i n a l l y ,  a p p r o p r i a t e  s i t e s  had t o  be chosen f o r  t h e  s i m u l a t i o n s .  SOLMET 
c i t i e s  were chosen f o r  s t u d y  because  of t h e  a v a i l a b i l i t y  of h o u r l y  
m e t e o r o l o g i c a l  d a t a  f o r  use  i n  t h e  computer models. From t h e  s i t e s  shown i n  
F i g u r e  1-2, t h e  f o l l o w i n g  f i v e  c i t i e s  were chosen: C h a r l e s t o n ,  S. C . ;  Dodge 
C i t y ,  Kans.; F t .  Worth, Tex.; Phoenix ,  A r i z . ;  and Washington, D . C .  These f i v e  
c i t i e s  r e p r e s e n t  a large v a r i a t i o n  i n  i n s o l a t i o n  and c l i m a t i c  c o n d i t i o n s .  The 
a n n u a l  i n s o l a t i o n  f o r  t h e  s i t e s  i s  shown i n  F i g u r e  1-3, wi th  c l i m a t i c  d e s i g n  
c o n d i t i o n s  shown i n  Tab le  1-3. 

Table 1-3. CLIhPATIC DESIGN CONDITIONS 

Normal Annual Degree Days [5 ]  
18.3"C Base Design [ 6 ]  Design [ 6 ]  

Dry-bulb Wet-bulb 
L o c a t i o n  Heat ing Cool lng  Temp. (OC) Temp. ("C) 

C h a r l e s t o n ,  S.C. 2146 2078 34 .4  27..2 

Dodge C i t y ,  Kans. 5046 1411 37.8 23.3 

2382 2587 38.3 .25 .6  F t .  Worth, Tex. 

Phoenix ,  A r i z .  1552 3508 42.8 24.4' 

Washington,  D . C .  42 11 1415 33.9 25.6 
- - - 
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SECTION 2-0  

DESICCANT COOMR SYSTEM CHARACTERISTICS 

S e v e r a l  d e s i c c a n t  c o o l e r  system c o n f i g u r a t i o n s  have been proposed by , v a r i o u s  
o r g a n i z a t i o n s .  These sys tem c o n c e p t s  u t i l i z e  d i f f e r e n t  a i r f l o w  
c o n f i g u r a t i o n s ,  dehunii.;lifier d e s i g n s ,  d e s i c c a n t  m a t e r i a l s ,  and r e g e n e r a t i v e  
h e a t  exchangers .  Only d e s i c c a n t  c o o l e r  sys tems t h a t  cou ld  be s i m u l a t e d  w i t h  
e x i s t i n g  TXNSYS r o u t i n e s  were c o n s i d e r e d  i n  t h i s  i n i t i a l  s t u d y .  T h i s  s e c t i o n  
d e s c r i b e s  two open-cycle d e s i c c a n t  c o o l e r  c o n f i g u r a t i o n s  t h a t  could  he modeled 
u s i n g  e x i s t i n g  TRNSYS r o u t i n e s  and t h e n  d i s c ~ i s s e s  t h e  c h o i c e  f o r  Chis s t u d y .  

2-1 DESICCANT COOLER SYSTEMS 

Most of . t h e  r e s e a r c h  and development f o r  a p p l i c a t i o n  of the .  a d s o r p t i o n  p rocess  
t o  s o l a r  c o o l i n g  has  been wi th  t h e  open d e s i c c a n t  c y c l e .  The e a r l y  work was 
done i n  A u s t r a l i a  [ C o ~ ~ ~ ~ u o n w e a l t h  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  (CSIRO)] and t h e  Uni ted  S t a t e s  [ I n s t i t u t e  of Gas Technology 
( IGT)] .  The sys tems used two open p r o c e s s  a i r s t r e a m s  which -were t h e r m a l l y  
coupled through r o t a r y  r e g e n e r a t o r s .  The b u i l d i n g  a i r s t r e a m  was d r i e d  i n  a  
d e s i c c a n t  bed, cooled i n  a r e g e n e r a t i v e  h e a t  exchanger ,  and r e f r i g e r a t e d  by 
e v a p o r a t i v e  c o o l i n g .  The a i r  d r i e r  was r e a c t i v a t e d  by a n  o u t s i d e  a i r s t r e a m  
t h a t  was s o l a r  hea ted  t o  supp1.y t h e  d e s o r p t i o n  energy .  The IGT approach ,  
c a l l e d  Solar-MEC, r e q u i r e d  a  g a s - f i r e d  boost  t o  a c h i e v e  t h e  r e q u i r e d  l e v e l s  o f  
d e s o r p t i o n .  I n  both  sys tems ,  t h e  d e s i c c a n t  bed o p e r a t e d  a s  a n  a d i a b a t i c  
p r o c e s s .  

The two system c o n f i g u r a t i o n s  used f o r  t h i s  s t u d y  o p e r a t e  i n  t h e  v e n t i l a t i o n  
and r e c i r c u l a t i o n  modes. The v e n t i l a t i o n  mode i n t r o d u c e s  ambient a i r  i n t o  t h e  
c o n d i t i o n e d  space ,  w h i l e  t h e  r e c i r c u l a t i o n  node r e c i r c u l a t e s  a i r  from t h e  
c o n d i t i o n e d  space .  Both sys tems u s e  t h e  same components; t h e  on ly  d i f f e r e n c e s  
a r e  i n  t h e  d u c t i n g  and a i r f l o w  p a t h s .  

T l ~ e  v e n t i l a t i o n  system configur.3t:ion is  shown i n  F i g u r e  2-1. I n  t h e  supp ly  
s t r eam,  ambient a i r  i s  dehumid i f i ed ,  s e n s i b l y  c o o l e d ,  e v a p u r a l i v s l y  c o o l e d ,  
and t h e n  i n t r o d u c e d  i n t o  t h e  c o n d i t i o n e d  space .  A i r  removed from t h e  
c o n d i t i o n e d  space  i s  used i n  t h e  r e g e n e r a t i n g  s t r e a m ,  where i t  i s  f i r s t  
e v a p o r a t i v e l y  c o o l e d ,  then  h e a t e d  a s  i t  c o o l s  t h e  supp ly  s t r e a m ,  h e a t e d  a g a i n  
by s o l a r  ene rgy ,  cooled and h u m i d i f i e d  by t h e  d e h u m i d i f i e r ,  and f i n a l l y  
exhaus ted  t o  t h e  ambient  a i r .  T h i s  p r o c e s s  i s  i l l u s t r a t e d  on t h e  
psyt11romeL~ic diagram of  F i p r r e  2-2. (The numbers cor respond  t o  t h e  b u l k  
a i r s t r e a m  c o n d i t i o n s  a t  t h e  numbered sys tem l o c a t i o n s  shown i n  Figure 2-1 .) 

For  t h e  r e c i r c u l a t i o n  sys tem c o n f i g u r a t i o n ,  i l l u s t r a t e d  i n  F i g u r e  2-3, t h e  
supp ly  and r e g e n e r a t i n g  a i r f l o w  s t r e a m s  a r e  s e p a r a t e .  The supp ly  s t r e a m  a i r  
i s  removed from t h e  c o n d i t i o n e d  space ,  d e h u m i d i f i e d ,  s e n s i b l y  c o o l e d ,  
e v a p o r a t i v e l y  c o o l e d ,  and then  r e i n t r o d u c e d  i n t o  t h e  c o n d i t i o n e d  space .  I n  
the  r e g e n e r a t i n g  s t r eam,  ambient a i r  i s  e v a p o r a t i v e l y  c o o l e d ,  then h e a t e d  a s  
i t  c o o l s  t h e  supp ly  s t r e a m ,  h e a t e d  a g a i n  by s o l a r  ene rgy ,  humid i f i ed  and 
cooled a s  i t  r e g e n e r a t e s  t h e  d e h u m i d i f i e r ,  and exhaus ted  t o  t h e  ambient  a i r .  
T h i s  p r o c e s s  i s  shown on a  p s y c h r o m e t r i c  p l o t  i n  F i g u r e  2-4; a g a i n ,  t h e  
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numbers c o r r e s p o n d  t o  t h e  bu lk  a i r  p r o p e r t i e s  a t  t h e  sys tem l o c a t i o n s  shown i n  
n.  p i s u r e  2-3.  

2 -2 CHOICE OF SYSTEM FOR STUDY 

Both t h e  v e n t i l a t i o n  and r e c i r c u l a t i o n  modes were examined i n  p r e v i o u s  s t u d i e s  
[ 4 , 9 ] .  It was found t h a t  t h e  v e n t i l a t i o n  mode g e n e r a l l y  r e q u i r e d  l e s s  the rmal  
e n e r g y  i n p u t  pe r  u n i t  of c o o l i n g  o u t p u t  than  t h e  r e c i r c u l - a t i o n  mode. However, 
i t  was a l s o  found t h a t  t h e  r e c i r c u l a t i o n  mode was a b l e  t o  use  the rmal  energy  
a t  a lower  t e m p e r a t u r e  t h a n  t h e  v e n t i l a t i o n  mode. The lower o p e r a t i n g  
t e m p e r a t u r e  r e s u l t e d  i n  l e s s  e l e c t r i c a l  energy i n p u t  f o r  a u x i l i a r y  c o o l i n g  
b e c a u s e  s o l a r  d e s i c c a n t  c o o l i n g  cou ld  be used more o f t e n .  

S i n c e  a  major o b j e c t . i v e  of t h i s  s t u d y  was t o  de te rmine  t h e  p o t e n t i a l  f o r  
f o s s i l  f u e l  c o n s e r v a t i o n ,  t h e  r e c i r c u l a t i o n  mode w a s  chosen f o r  f u r t h e r  
e x a m i n a t i o n .  It is  p o s s i b l e  t h a t ,  depending on l o c a l  c l i m a t e  and energy  
c o s t s ,  t h e  v e n t i l a t  i.on mode could  be s u p e r i o r  t o  t h e  r e c i r c u l a t i o n  mode i n  a  
p a r t i c u l a r  l o c a t i o n .  For t h i s  i n i t i a l  s t u d y ,  however, no comparisons were 
made between t h e s e  two modes. Thus, F i g u r e s  2-3 and 2-4 d e s c r i b e  t h e  b a s i c  
d e s i c c a n t  c o o l i n g  sys tem used i n  t h i s  s tudy .  



SECTION 3.0 

PERFORMANCE MODELING 

3.1 CHOICE OF FETHOD 

Evalua t ion  of des i ccan t  system performance n e c e s s i t a t e s  a  s tudy  of t h e  
t r a n s i e n t  response of t h e  house a i r  s t a t e  d r iven  by e x t e r n a l  weather  
cond i t i ons ,  s o l a r  i n s o l a t i o n ,  and machine ope ra t i on .  A s t e a d y - s t a t e  a n a l y s i s  
i s  inadequate  because i n s u f f i c i e n t  in format ion  is  a v a i l a b l e  t h a t  r e l a t e s  
dynamic i n t e r a c t i o n  of t h e  des i ccan t  cool ing  system wi th  vary ing  s o l a r  
c o l l e c t o r / s t o r a g e  energy output  and ambient cond i t i ons .  The e f f e c t  of vary ing  
s o l a r  ou tput ,  which would not be de t ec t ed  i n  a  l i m i t e d  number of s t eady - s t a t e  
ana lyses ,  i s  d iscussed  i n  Sec t ion  3.7.3. 

Although s e v e r a l  de s i ccan t  u n i t s  p r e s e n t l y  e x i s t  o r  a r e  under development 
[lo-121, 3.t was deemed b e n e f i c i a l  t o  provide a n  i n d i c a t i o n  of system 
f e a s i b i l i t y  using computer s imula t ions .  P r e c i s e  modeling r equ i r ed  d e t a i l e d  
mathematical d e s c r i p t i o n s  of a l l  e lements  of t h e  system and the  c a p a b i l i t y  of 
a c c u r a t e l y  p r e d i c t i n g  t h e  dynamic behavior  of component i n t e r a c t i o n .  Yearly 
s imu la t i ons  were chosen t o  determine t h e  annual  performance of a  s o l a r -  
heating/desiccant-cooling system and compare it with t h e  annual  performance of 
a  convent iona l  hea t ing  and vapor-compression cool ing  system. 

Computer programs t h a t  model de s i ccan t  coo le r s  were developed prev ious ly .  
Ai research ,  f o r  example, uses  a f i n i t e  d i f f e r e n c e  r eg re s s ion  a n a l y s i s  o f  
observed da ta  t o  p r e d i c t  t h e  system response t o  var ious  s e t s  of ambient and 
c o n t r o l l e d  space cond i t i ons .  Average system performance can then  be 
de t e rmined . fo r  the  cool ing  season. Th i s  model does not  meet t h e  requirement 
of p r e d i c t i n g  dynamic behavior .  Another model, w r i t t e n  by t h e  I n s t i t u t e  of 
Gas Technology, is  extremely d e t a i l e d  but runs i n  r e a l  time and is thus  not 
a p p r o p r i a t e  f o r  seasona l  s imula t ions .  

The only s imula t ion  program a v a i l a b l e  a t  t h e  t ime t h i s  s tudy  began t h a t  
modeled des i ccan t  systems i n  t he  d e s i r e d  manner was sof tware  developed by t h e  
Un ive r s i t y  of Wisconsin which was compatible wi th  TRNSYS [3 ] .  TRNSYS provided 
a  framework f o r  long term s imula t ions  run a t  s h o r t  t ime s t e p  increments .  An 
i n t e r f a c e  with meteoro logica l  d a t a  was provided, and the  i n v e s t i g a t i o n  of 
t r a n s i e n t  response was f a c i l i t a t e d  because TRNSYS was designed f o r  t h e  
t r a n s i e n t  case.  Furthermore, publ ished r e s u l t s  ' of previous des i ccan t  system 
s imu la t i ons  us ing  the  TRNSYS sof tware  a r e  a v a i l a b l e  f o r  comparison [ 4 ,  91. 
Inco rpo ra t i on  of o t h e r  dehumidif ier  models wi th  TRNSYS a r e  p o s s i b l e  and 
thereby al low d i r e c t  comparisons of var ious.  de s i ccan t  dehumidi f ie r  u n i t s .  

.The remainder of Sec t ion  3.0 ( o t h e r  than  3.6.2 and 3.7.3) provides  a n  -in-depth 
d i s cus s ion  of t h e  va r ious  components of t h e  computer model used i n  t h i s  
s tudy.  A d e t a i l e d  understanding of t h i s  information i s  not  r equ i r ed  t o  
i n t e r p r e t  , the r e s u l t s  of t h e  s imu la t i ons .  Complete t r ea tmen t s  of t h e s e  
r e s u l t s  a r e  presented i n  Sec t ions  3.6.2 and 3.7.3. 



3-2-1 General Description 

The TRNSYS program c o n s i s t s  of s e v e r a l  s u b r o u t i n e s ,  each d e s c r i b i n g  components 
of a  s o l a r  energy  system ( e . g . ,  c o l l e c t o r s ,  pumps, s t o r a g e ) .  The program i s  
d r i v e n  by h o u r l y  m e t e o r o l o g i c a l  d a t a .  An e x e c u t i v e  r o u t i n e  c a l l s  t h e  
component s u b r o u t i n e s  a s  n e c e s s a r y  t o  s i m u l a t e  t h e  t r a n s i e n t  c o n d i t i o n s  of t h e  
s o l a r  energy  system.  T h i s  modular approach reduces  t h e  complexi ty  of modeling 
bul: i n c r e a s e s  t h e  c o s t  of computat ion,  e s p e c i a l l y  f o r  long term s i m u l a t i o n s .  
Due t o  t h e s e  h i g h  c o s t s ,  TRNSYS is  no t  u s e f u l  a s  a  d e s i g n  t o o l .  

TRNSYS i s  q u i t e  u s e f u l ,  however, a s  a r e s e a r c h  t o o l  when s t u d y i n g  t h e  
t r a n s i e n t s  invo lved  i n  a  p a r t i c u l a r  d e s i g n ,  a s  i n  t h e  p r e s e n t  c a s e  f o r  a  
d e s i c c a n t  c o o l i n g  system.  ~ e c a u s e  t h e  s t a n d a r d  TRNSYS l i b r a r y  does  n o t  
. i n c l u d e  many of  t h e  components i n  a d e s i c c a n t  c system, these 
s u b r o u t i n e s  had t o  be developed.  The h3si.c desiccant component o u b r o u t i n c s  
were  developed by John S. Nelson [ 4 ] .  M o d i f i c a t i o n s  were made t o  t h e  r o u t i n e s  
a s  r e q u i r e d  f o r  t h i s  s t u d y .  The c n n t r n l  s t r a t e g y  was overho.u.lcd and i s  
d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  3 . 7 . 2 .  

3-2-2 Component Models 

The f o l l o w i n g  s u b r o u t i n e s  were developed o r  modif ied t o  s i m u l a t e  t h e  d e s i c c a n t  
sys tem:  

a i r  c o l l e c t o r / s t o r a g e  system, 

humidi ty  c o n v e r t e r ,  

e v a p o r a t i v e  c o o l e r ,  

d e h u m i d i f i e r  , 
house,  

c o n t r o l l e r ,  and 

energy b a l a n c e r .  

The components were i n t e r c n n n e c t e d  a s  shown i n  F i g u r e  3-1. 

3-2-2.1 Air &llector/Storage System 

T h i s  model was developed by SERI from t h e  o r i g i n a l  TRNSYS Type-22 a i r  
c o l l e c t o r / s t o r a g e  r o u t i n e .  The modeled system c o n s i s t s  o f :  

f  l a t - p l a t e  s o l a r  a i r  c o l l e c t o r ,  ' 

domest ic  ho t  w a t e r  c r o s s f l o w  h e a t  exchanger ( n o t  u s e d ) ,  

pebble  bed s t o r a g e  u n i t ,  

blower w i t h  d i f f e r e n t i a l  t empera tu re  c o n t r o l l e r ,  and 

dampers t o  c o n t r o l  f low s t ream.  



Forcing Function 

Humidity Converter 

Evaporative Cooler 

Energy Boloncer 

F i g u r e  3-1. DESICCANT COOLER COMPONENT CONFIGURATTQN 



The main d i f f e r e n c e  between t h e  s t a n d a r d  TRNSYS r o u t i n e  and t h e  one used i n  
t h e  d e s i c c a n t  s i m u l a t i o n  was t h e  u s e  of a  v a r i a b l e  f l o w r a t e  through t h e  
c o l l e c t o r  t o  m a i n t a i n  a maximum d e s i c c a n t  r e g e n e r a t i o n  t e m p e r a t u r e  of 8 5 ° C  
whenever p o s s i b l e .  

The c o l l e c t o r  f a n  was c o n t r o l l e d  a s  f o l l o w s :  

The c o l l e c t o r  f a n  was tu rned  o f f  i f :  

-- c o l l e c t o r  o u t l e t  t e m p e r a t u r e  was w i t h i n  5°C  of t h e  c o l l e c t o r  

i n l e t  t e m p e r a t u r e ,  o r  

- - c o l l e c t o r  o u t l e t  t e m p e r a t u r e  was l e s s  than  t h e  a v e r a g e  s t o r a g e  

t e m p e r a t u r e  and the  d e s i c c a n t  c o o l e r  was o f f .  

The c o l l e c t o r  f a n  p rov ided  a  f l o w r a t e  e q u a l  t o  t h a t  of the  d e s i c c a n t  
system i f  t h e  c o l l e c t o r  o u t l e t  t e m p e r a t u r e  was 5 ° C  o r  more above t h e  
c o l l e c t o r  i n l e t  t e m p e r a t u r e  and l e s s  than  8 5 ° C  (upper  o p e r a t i o n  
c o n t r o l  t e m p e r a t u r e ) .  

The c o l l e c t o r  f a n  was on a t  a  f l . owra te  g r e a t e r  than  t h e  d e s i c c a n t  
system ( w i t h  e x c e s s  f low t o  s t o r a g e )  s o  t h a t  t h e  o u t l e t  t e m p e r a t u r e  
of the  c o l l e c t o r  was 8 5 ° C  i f  s u f f i c i e n t  s o l a r  energy was a v a i l a b l e .  

The energy  flowed a s  f o l l o w s :  

I f  t h e r e  was no l o a d  ( i . e .  t h e  d e s i c c a n t  c o o l e r  was not  o p e r a t i n g ) ,  
c o l l e c t e d  e n e r g y  w a s  del-ivererl t o  s t o r a g e  a t  a t empera tu re  l e s s  t h a n  
8 5 ° C  but g r e a t e r  t h a n  t h e  a v e r a g e  s t o r a g e  t empera tu re .  

I f  t h e r e  was a  l o a d :  

-- t h e  load  was met from s t o r a g e  i f  no s o l a r  energy was a v a i l a b l e ;  

-. ,.. the lwad Was met from c o l l e c t e d  solar energy i f  g ~ s s i . h l . ~ ,  wit1.1 

e x c e s s  s u l a r  ene rgy  being d e p o s i t e d  i n t o  s t o r a g e ;  o r  

-- t h e  d i f f e r e n c e  was made up from s t o r a g e  i f  c o l l e c t e d  energy  was 

i n s u f f i c i e n t  t o  meet t h e  load .  

T a b l e  3-1 l i s t s  t h e  v a l u e s  used f o r  t h e  pa ramete r s  and i n p u t s  of t h e  a i r  
c o l l e c t o r / s t o r a g e  sys tem.  

3-2-2-2 Eamidity Converter 

'l'he humidi ty  c o n v e r t e r  r o u t i n e  was des igned  t o  t a k e  dew p o i n t  t e m p e r a t u r e s  and 
c o n v e r t  them t o  humid i ty  r a t i o s .  The dew p o i n t  t e m p e r a t u r e  was i n s e r t e d  i n t o  
t h e  Keenan-Keyes formula  t o  c a l c u l a t e  t h e  p a r t i a l  p r e s s u r e  of wa te r  vapor ,  pw 
[ 6 ] .  The humid i ty  r a t i o  .of t h e  ambient a i r  WAMR was c a l c u l a t e d  from t h e  
p a r t i a l  p r e s s u r e  of  w a t e r  vapor  and t h e  r a t i o  of ~ l l v l e c u l a r  we igh t s :  

- - m o l e c u l a r  we igh t  wa te r  Pw 
X - r  

m o l e c u l a r  weight  a i r  P-Pw 



T a b l e  3-1. PARAMETERS & INPUTS FOR AIR COLLECTOR/STORAGE SYSTEM 

PARAMETERS 

2 C o l l e c t o r  a r e a  (m. ) 

Flowra te  ( k g / s )  

S p e c i f i c  h e a t  of a i r  (J /kg°C)  

Ef f i c i e n c y  f a c t o r  

Transmit  tnnce-absorp tance  p roduc t  
2  

C o l l e c t o r  l o s s  c o e f f e c i e n t  (J /"c  m s )  

C o n t r o l l e r  AT f o r  blower ( "c )  
3  Volu~ne of pebble  beda (m ) 

2 E f f e c t i v e  pebble  bed d e n s i t y  (kg/m ) 

S p e c i f i c  h e a t  of pebb les  (J/"C kg )  

Pebb le  bed l o s s  c o e f f i c i e n t  (J /"C m2 S )  
2  

S ~ l r f a c e  a r e a  of pebb le  bed (m ) 

A i r  v i s c o s i t y  (kg/m s )  

A i r  d e n s i t y  (kg/m3) 

Average pebble  d i a m e t e r  (in) 

Void f r a c t i o n  i n  s t o r a g e  
2  P r e s s u r e  drop through a i r  d u c t s  ( N / m  ) 

10  t o  50 

V a r i a b l e  

1005 

0 .78 

0.77 

4.8 

5 

3.9 t o  1 9 . 5 ~  

1533 

880 

0.4772 

13.7 t o  40.1  

0.002 

0.337 

0.0191 

0 .33  

50.0 

INPUTS 

S o l a r  r a d i a t i o n ,  -HT . . C  

Ambient telnperarureL,' TmB 

I n l e t  Tempergture ,  THO 

I n l e t  f  l o w r a t e ,  & 

Temperature o.E pebble  bed environment = 20°c ,  TENV 

Temperature  of l i q u i d  i n  h o t  .water  h e a t  exchanger  ( n o t  u s e d ) ,  TWI 

Flowra te  of  l i q u i d  i n  h o t  w a t e r  h e a t  exchanger  (no t  u s e d ) ,  % 
Average pebble  bed Lrmpr ra tu rc ,  TpEBEjj 

Maximum c o l l e c t o r  t e m p e r a t u r e  ( c o n s t a n t  85"C),  TUX 

a ~ a r i e d  a s  a f u n c t i o r ~  of  c o l l e c t o r  a r e a  



where 

p = a tmospher ic  p re s su re .  

The humidity r a t i o  s p e c i f i e d  t h e  mass of water i n  the  a i r  t o  be removed by the  
d e s i c c a n t  system and was def ined  a s  t h e  mass of water vapor per mass of d ry  
a i r .  

3.2 -2 -3 Evaporative Cooler 

The s imu la t i on  of t h e  evapora t ive  coo le r  was based on equa t ions  given by 
Hollands [13] .  The fo l l owing  assumptions were made f o r  the  evapora t ive  c o o l e r  
[ 4 1 :  

a Lewis number of u n i t y ,  

a r a t e  a t  which water  was suppl ied  t o  t he  pad equa l  t o  t h e  pad 
convect ive mass t r a n s f e r  r a t e ,  

a t empera ture  of t h e  pad supply water  equa l  t o  the  thermodynamic wet 
bulb tempera ture  of t h e  incoming a i r s t r e a m ,  and 

6 a c l o s e l y  a d i a b a t i c  s a t u r a t i o n  process .  

The model c a l c u l a t e d  t h e  s a t u r a c i o n  temperature  and en tha lpy  of t h e  incoming 
a i r .  The o u t l e t  t empera ture  TOUT was c a l c u l a t e d  a s  a func t ion  of t h e  i n l e t  
t empera ture  TIN, t h e  s a t u r a t i o n  temperature  T*, and t h e  given s a t u r a t i o n  
e f f  c c t i v e n e s s  E: ( i  .e. ,  t h e  degree t o  which the  o u t l e t  temperature  approaches 
t h e  s a t u r a t i o n  tempera ture)  : 

The o u t l e t  a b s o l u t e  humidi ty  was c a l c i ~ l a  t e d  by equa t ing  t h e  in le l :  and o u t l e t  
e n t h a l p i e s .  Table 3-2 d e s c r i b e s  t he  inputs  t o  t h e  evapora t ive  coo le r .  

Table 3-2. INPUTS TO EVAPORATIVE COOLER 

I n l e t  temperature ,  TIN 

I n l e t  humidity r a t i o ,  WIN 

F lowra te  of system, 

E f f ec t ivenes s  of c o o l e r ,  cI 

3-2.2-4 Regenerator 

The r egene ra to r  model was based on work done by Kays and London [21] .  
Assumptions were made f o r  t h e  r egene ra to r  a s  fo l lows  [4] :  

The e f f e c t  of energy carry-oyer from one s t ream t o  ano the r  could be 
neglec ted .  x 



The e f f e c t s  of l eakage  and w a t e r  vapor  c a r r y o v e r  cou ld  be n e g l e c t e d .  

The r a d i a l  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  a i r s t r e a m  impinging on t h e  
f a c e  of t h e  r e g e n e r a t o r  cou ld  be n e g l e c t e d .  

The r e g e n e r a t o r  was ba lanced  and symmet r i ca l  ( i . . ,  e q u a l  a r e a s  
exposed t o  f low i n  bo th  f low s t r e a m s ) .  

The h e a t  exchanger  o p e r a t e d  a t  90% e f f e c t i v e n e s s .  

The o u t l e t  t e m p e r a t u r e s  were c a l c u l a t e d  a s  a f u n c t i o n  of e f f e c t i v e n e s s  and  
i n l e t  t e m p e r a t u r e s  of t h e  Lwo f low s t r e a m s :  

where 

THO = uuLlrL ttiiiptraturc of hot  sir~tream, 

THI = i n l e t  t e m p e r a t u r e  of h o t  a i r s t r e a m ,  

TCO = o u t l e t  t e m p e r a t u r e  of co ld  a i r s t r e a m ,  and 

TCI = i n l e t  t e m p e r a t u r e  of co ld  a i r s t r e a m .  

The s p e c i f i c  humidi ty  d i d  not  change from i n l e t  t o  o u t l e t .  The i n p u t s  t o  t h e  
r e g e n e r a t o r  a r e  d e s c r i b e d  i n  Tab le  3-3. 

T a b l e  3-3- INPUTS TO REGENKRATOR 

Temperature  of hot  a i r f l o w  s t r e a m ,  THI 

Humidity r a t i o  of h o t  a i r f l o w  s t r e a m ,  WHI 

Temperature  of co ld  a i r f l o w  s t ream,  TCI 

Humidity r a t i o  of c o l d  a i r f l o w  s t ream,  WCI 

F l o w r a t e  of a i r s t r e a m ,  

H e a t i n g / c o o l i n g  mode i n d i c a t o r ,  MODEH 

T h e  equations used i n  t h e  a x i a l - f l o w  d i s c - t y p e  . dehumid i fe r  model were 
developed from t h e  work of I. L. Maclaine-Cross and I!. J. Banks [ 1 4 ] .  Tllc  
assumpt ions  used .were as f o l l o w s  [ 4 ]  : 

d e s i c c a n t  ( s i l i c a  g e l )  packed a s  a  porous  medium, t h e  i n t e r s t i c e s  of 
which were channe l s  t h r o u g h  which a n  a i r / w a t e r  vapor  mix tu re  f lowed;  

c o n s t a n t  dry  a i r  density; 

c o n s t a n t  d ry  s i l i c a  g e l  d e n s i t y ;  



cons t an t  i n t e r s t i t i a l  f l u i d  v e l o c i t y ;  

* a i r s t r e a m  f low and.  s i l i c a  g e l  bed p r o p e r t i e s  varying only i n  t h e  
d i r e c t i o n  of flow; 

moist  s i l i c a  g e l  and a i r l v a p o r  mixture  i n  thermal  and s o r p t i o n  
equ i l i b r ium a t  a l l  l o c a t i o n s  a long  t h e  flow path; and 

r eve r s ib ' l e  s o r p t i o n  process  ( i  .e., no h y s t e r e s i s ) .  

The model e s s e n t i a l l y  used a  g raph ica l  method of a n a l y s i s  developed by Banks- 
Close-Maclaine-Cross [15]. Si lPca  g e l  da t a  f o r  t h e  dehumidi f ie r  was developed 
from t h e  work of P. J. Banks and D. J. Close [16]. The parameters  and i n p u t s  
f o r  . t h e  dehumidi f ie r  a r e  descr ibed  i n  Table  3-4. 

3-2.2.6. House. 

The house model, modified by SERI t o  inc lude  an  op t ion  f o r  a u x i l i a r y  cool ing ,  
was connected t o  t h e  des i ccan t  system i n  o rde r  t o  a s c e r t a i n  t h e  room 
c o n d i t i o n s  ( t he  room temperature  and humidity) on a  dynamic bas i s .  

The humidi ty  i n  t h e  room was c a l c u l a t e d  from a s t eady - s t a t e  humidity WSS 
d e f i n e d  a s  fo l lows:  

& x W + INF x WAMB - - EX + w~ 
S S 

.;I + INF 

where 

.rb = system f l o w r a t e ,  

WEX = humidity from i n l e t  eva'porative coo le r ,  

INF = '  i n f i l t r a t i o n  r a t e ,  

WAMB = ambient humidity,  and 

WG = i n t e r i o r  mois ture  gene ra t i on .  

The room humidity r a t i o  WR was then determined: 

where 

I b  = room humidi ty  last time s t e p ,  and 

E X '  = (& x INF)/mT, where r n ~  = t o t a l  mass of d r y . a i r  and water  vapor. 

The temperature  i n  t he  room was s i m i l a r l y  computed from a s t eady - s t a t e  
tempera ture  TSS de f ined  as,  fol lows:  



Table 3-4. PARAMETERS AND INPUTS FOR DEBUMIDIFIER 

PARAMETERS 

2 3  
I n t e r n a l  s u r f a c e  .area  pe r  volulne of packing (m / m  ) 1573 

Length i n  f low d i r e c t i o n  (m) 0.0275 

2 F r o n t a l  a r e a  exposed t o  flow (m ) 

Void f r a c t i o n  of packing 

Rotational speed of m a t r i x  ( r / s )  
3  Dens i ty  of a i r s t r e a m  (kglm ) 

E f f e c t i v e  conducta,ncc between packing 
and a i r s t r e a m  ( ~ / m ~  "C s )  

Pack ing  c h a r a c t e r i s t i c  d imension ( m )  

F r i c t i o n  f a c t o r  

F l u i d  v i s c o s i t y  (kg/m s )  

Regenera t ing  s t r e a m  i n l e t  t e m p e r a t u r e ,  TREG 

Regenera t ing  s t r e a m  i n l e t  humidi ty  r a t i o ,  WREG 

Supply s t r e a m  i n l e t  t e m p e r a t u r e ,  TI 

Supply s t r e a m  i n l e t  humidi ty  r a t i o ,  WI 

System f l o w r a t e ,  6 

H e a t i n g / c o o l i n g  mode i n d i c a t o r ,  MODEH 
.. ~. - 



where 

TEX = t e m p e r a t u r e  from i n l e t  e v a p o r a t i v e  c o o l e r ,  

SEWS = s e n s i b l e  l o a d ,  and 

C = s p e c i f i c  h e a t  of d r y  a i r .  
Pa 

The room t e m p e r a t u r e  was t h e n  determined from t h e  steady-state.temperature: 

where 

TRO = room t e m p e r a t u r e  l a s t  time s t e p ,  and 

EXT = .& C /CAP, where CAP = the rmal  c a p a c i t a n c e  of house .  
Pa 

The room c o n d i t i o n s ,  as  c a l c u l a t e d  above,  a r e  s u b j e c t  t o  change i f  an  
a u x i l i a r y  backup vapor-compression system i s  used.  The o p e r a t i o n  of t h e  
a u x i l i a r y  c o o l i n g  system i s  d i s c u s s e d  i n  S e c t i o n  3 . 7 .  

The paramete rs  and i n p u t s  f o r  t h e  house model a r e  d e s c r i b e d  i n  Tab le  3-5 .  

3.2.2.7 Controller 

The c o n t r o l l e r  w a s  des igned  by SERI s o  t h a t ,  f o r  g iven  room c o n d i t i o n s ,  t h e  
d e s i c c a n t  sys tem would o p e r a t e  i n  a  manner which would not  o n l y  r e t u r n  t h e  
room t o  c o n d i t i o n s  of s p e c i f i e d  comfort  but  a l s o  minimize bo th  energy 
consumption and sys tem o p e r a t i o n  t ime.  The c o n t r o l l e r  determined t h e  
€01 lowing paramete rs :  

e f f e c t i v e n e s s  of i n l e t  e v a p o r a t i v e  c o o l e r  ,' 
e f f e c t i v e n e s s  of o u t l e t  e v a p o r a t i v e  c o o l e r ,  

t e m p e r a t u r e  of r e g e n e r a t  i o n  stream, and 

f l o w r a t e  ( o n / o f f )  of system. 

The d e t a i l s  of t h e  c o n t r o l  s t r a t e g y  a r e  con ta ined  i n  S e c t i o n  3 . 7 . 2 .  The 
p a r a m e t e r s  and i n p u t s  f o r  t h e  c o n t r o l l e r  a r e  d e s c r i b e d  i n  Table  3-6.  

3 -2 -2..8 Energy Balancer 

The purpose  of t h e  energy  b a l a n c e r  was t o  compute t h e  s e n s i b l e  and l a t e n t  
c a p a c i t i e s  (QSEN and QLAT) of t h e  d e s i c c a n t  c o o l e r .  These v a l u e s  were 
c a l c u l a t e d  as f o l l o w s  : 



Table 3-5. PARBMETERS AND INPUTS FOR HOUSE 

PARAMETERS 

Mass of dry a i r  i n  room (kg) 

I n f i l t r a t i o n  r a t e  (change/h) 

Room capac i tanee  (kJI0C) 

Mass of moisture  used i n  house capac i tance  (kg.) 

Room temperature ,  i n i t i a l  ( O C )  

Room humidity r a t i o ,  i n i t i a l .  

Room s e t  temperature  (OC) 

Room s e t  r e l a t i v e  humidity (%) 

INPUTS 

Temperature from i n l e t  evapora t ive  coo le r ,  .TEX 

Humidity r a t i o  from i n l e t  evapora t ive  c o o l e r ,  WEX 

Ambient humidity r a t i o ,  WAMB 

Sens ib l e  load ,  SENS 

System f lowra t e ,  it 

I n t e r i o r  moisture  gene ra t i on ,  WG 

Room s e t  temperature ,  TSET 

where 

TR = room temperature ,  

TEX = temperature  from i n l e t  evapora t ive  c o o l e r ,  

C = s p e c i f i c  hea t  of water ,  
p w 

WEX = humidity r a t i o  from i n l e t  evapora t ive  coo le r ,  and 

Hfg  
= hea t  of vapo r i za t i on  of water.  

Table  3-7 l is ts  t h e  i n p u t s  t o  t he  energy balancer .  
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T a b l e  3-6. PARAMETERS AND INPUTS FOR CONTROLLER 

PARAMETERS 

Minimum room t e m p e r a t u r e  ( OC) 

Maximum room t e m p e r a t u r e  ( 'c) 

Maximum r e l a t i v e  humid i ty  (%) 

F l o w r a t e  ( k g / s  a t  9 .0  kW c o o l i n g  c a p a c i t y )  

Maximum r e g e n e r a t i o n  t e m p e r a t u r e  (OC) 

Mfdimum r e g e n e r a t i o n  t e m p e r a t u r e  ( ' C )  

Tempera tu re  deadband ( "c) 

R e l a t i v e  humid i ty  deadband (%) 

A u x i l i a r y  mode 

S p e c i f i c  h e a t  of a i r  (J/k.g°C) 

House C a p a c i t a n c e  ( k J /  "C) 

20 

25.5 

6 0  

0.45 

'85  

45 

0.5 

5 

1 = no a u x i l i a r y  

2  = a u x i l i a r y  h e a t  t o  d e s i c c a n t  

3 = a u x i l i a r y  c o o l i n g  c a p a c i t y  

1005 

10,000 

INPUTS 

Room t e m p e r a t u r e ,  TR 

Boom humid i ty  r a t i o ,  WR 

' C o l l e c t o r  o u t l e t  t e m p e r a t u r e ,  TCOLL 

S e n s i b l e  l o a d ,  SENS 

L a  t e n t  i o a d ,  LAT 

S e n s i b l e  c a p a c i t y ,  QSEN 

L a t e n t  c a p a c i t y ,  QLAT 



T a b l e  3-7. INPUTS TO ENERGY BALANCER 

System f l o w r a t e ,  i 

Room t e m p e r a t u r e ,  TR 

Room humid i ty  r a t i o ,  WR 

Temperature  from i n l e t  e v a p o r a t i v e  c o o l e r ,  TEX 
Humidity r a t i o  from i n l e t  e v a p o r a t i v e  c o o l e r ,  WEX 

 action o f  dry a i r ,  FRACT 

~ e a t i n g / c o o l i n g  mode i n d i c a t o r ,  MODEH 

3.2.3 House Load Hodel 

3-2-3.1 Traunsfer Function Approach 

The s t a n d a r d  TWSYS t r a n s f e r - f u n c t i o n  load model developed by M. J. Pawelski  
was used i n  t h i s  s t u d y  [ 1 7 ] .  The t r a n s f e r  f u n c t i o n  approach  u s e s  p a s t  h e a t  
f lows and t e m p e r a t u r e s  t o  p r e d i c t  f u t u r e  h e a t  f low a t  any t ime. The d r i v i n g  
f o r c e  of t h e  model i s  t h e  s o l - a i r  t e m p e r a t u r e ,  which i n c l u d e s  s o l a r ,  
c o n v e c t i o n ,  and r a d i a t i o n  e f f e c t s  a t  the  e x t e r i o r  boundary. T r a n s f e r  f u n c t i o n  
c o e f f i c i e n t s  from t h e  1977 ASHRAE Handbook of Fundamentals  [ 6 ]  were used i n  
t h e  model t o  d e p i c t  t h e  type  of w a l l  used.  Each w a l l  may be modeled 
s e p a r a t e l y  o r ,  assuming s i m i l a r  c o n s t r u c t i o n ,  t o g e t h e r  u s i n g  a  weighted s o l -  
a i r  t empera tu re .  The house  used i n  t h e  p r e s e n t  s i m u l a t i o n s  was a  two-story 

2  house wi th  167.3 m of f l o o r  space  and 175.4 m2 of e x t e r i o r  w a l l  s p a c e .  The 
ASHRAE 90-75 s t a n d a r d  was used i n  spec i . fy ing  t h e  the rmal  des ign .  The house  
was o r i e n t e d  nor th - sou th  w i t h  a  roof p i t c h  e q u a l  t o  t h e  l a t i t u d e  of t h e  
l o c a t i o n .  The b u i l d i n g  i s  c h a r a c t e r i z e d  f u r t h e r  i n  t h e  followirlg s e c t i o n s .  

3-2-3.2. Walls 

The h e a t  t r a n s f e r  r a t e s  f o r  t h e  w a l l s  were c a l c u l a t e d  u s i n g  t h e  s t a n d a r d  
TRNSYS Type-17 w a l l  model. The r a t e s  were c a l c u l a t e d  a s  f o l l o w s :  

Heat conducted th rough  walls,Qwall' 

where 

A = a r e a  of w a l l ,  

b, = t r a n s f e r  f u n c t i o n  c o e f f i c i e n t s  of t e m p e r a t u r e  terms,  

T s a ,  n  = s o l - a i r  t empera tu re  of w a l l  s u r f a c e  a t  r:L111r n, 
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T r c  = cons t an t  room temperature,  

dn = t r a n s f e r  func t ion  c o e f f i c i e n t s  of hea t  f l u x  terms, and 

Qn = heat  f l u x e s  a t  time n. 

Heat conducted through w ~ ~ ~ o w s , Q ~ ~ ~ ~ ~ ~ ~ '  

Qwindows = 'WD 'w  TAM^ - T ~ ) *  

where 

UWD = window hea t  t r a n s f e r  c o e f f i c i e n t ,  

\ = window a r e a ,  and 

= ambient temperature.  

S o l a r  h e a t  ga in  from windows, QSHC,: 

where 

Fs = shading f r a c t i o n ,  

T = t r a n s m i s s i v i t y ,  and 

F+ = t o t a l  s o l a r  r a d i a t i o n  inc iden t  on win'dow. 

The t o t a l  r a t e  of hea t  ga in  through the  wa l l s  was determined by summing Qwall, 

Qwindows9 and QSHG' 

Wall cons t ruc t ion  w a s  chosen t o  be frame with 1-in. i n s u l a t i o n  (ASHRAE w a l l  
#38) wi th  su r f ace  absorp tance  of 50% and i n f r a r e d  su r f ace  emit tance of 80%. 

2 An o v e r a l l  hea t  l o s s  c o e f f i c i e n t  of Uo = 1.60 J/s m O C  was used f o r  t h e  wa l l s  
and windows. The a l lowable  window a rea  expressed a s  a  f r a c t i o n  of w a l l  a r e a  
is :  

where 

Urn = heat  t r a n s f e r  c o e f f i c i e n t  f o r  wal l ,  and 

UWD = heat  t r a n s f e r  c o e f f i c i e n t  f o r  window. 

2  2  Given UWL = 1.012 J/s m O C  and UWD = 3.52 J/s m O C  and assuming double glazed 
windows, 12% of t h e  t o t a l  w a l l  a r ea  should be 'windows. The window a r e a  was 
then  d i s t r i b u t e d  a s  shown i n  Table 3-8. 



T a b l e  3-8. WINDOW DISTRIBUTION I N  HOUSE MODEL 

Window Area % of  
Wall  (m2 Wall Area 

North  
E a s t  
West 
Sou th  

Window shad ing  f a c t o r s  were a l s o  used t o  e x p r e s s  t h e  amount of s o l a r  g a i n  l o s t  
t o  shad ing  e f f e c k s .  Shading f a c t o r s  of 20% i n  t h e  w i n t e r  months and 60% i n  

. , t h e  summer months were used.  

3.2-3-3 Roof 

The h e a t  f l u x  c a l c u l a t i o n s  f o r  t h e  roof were s i m i l i a r  t o  t h o s e  d e s c r i b e d  f o r  
t h e  w a l l  i n  t h e  p r e v i o u s  s e c t i o n .  G e n e r a l l y ,  t h e  t o t a l  r a t e  of h e a t  conduc ted  
th rough  t h e  c e i l i n g ,  Qo,  i s  

where 

A, = a r e a  of c e i l i n g ,  and 

T s a , e f f , n  = e f f e c t i v e  s o l a r  a i r  t e m p e r a t u r e  of roof s u r f a c e s  
and i n f i l t r a t i o n  a i r .  

2 The U v a l u e  of t h e  roof was chosen a s  0.28 J/s  m O C ,  which r e p r e s e n t s  6  i n .  o f  
i n s u l a t i o n .  The s u r f a c e  e m i t t a n c e  and a b s o r p t a n c e  were t h e  same a s  f o r  t h e  
w a l l s ,  80% and 502 r e s p e c t i v e l y .  

3.2-3-4 Room a n d  Basement 

Heat t r a n s f e r  i n t o  t h e  room was determined from t h e  i n p u t  of t h e  w a l l s  and 
roof a s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n s .  I n  a d d i t i o n ,  o t h e r  h e a t  g a i n s  ( o r  
Posses )  were t a k e n  i n t o  a c c o u n t ,  such a s  h e a t  g e n e r a t e d  by peop le ,  l i g h t s ,  and 
o t h e r  a p p l i a n c e s .  The model a l s o  c o n s i d e r e d  h e a t  f lows through t h e  basement 
a u d  infiltration fosses.  

T h e  s ingle-node room tempera tu re  was a l lowed  t o  va ry  between upper and lower  
s e t  t e m p e r a t u r e s .  When t h e  house was i n  comfor t ,  t h a t  i s ,  w i t h i n  this 
s p e c i f i e d  t e m p e r a t u r e  r a n g e ,  t h e  s e n s i b l e  l o a d  was zero:  I f  t h e  room 
t e m p e r a t u r e  was o u t  of t h i s  range,  t h e  h e a t i n g  load  and minimum ( f o r  h e a t i n g )  
o r  maximum ( f o r  c o o l i n g )  t e m p e r a t u r e  was o u ~ p u ~ .  T11e t o t a l  l o a d  was  
c a l c u l a t e d  u s i n g  a  time-dependent t r a n s f e r  f u n c t i o n  of each component a s  a  
f u n c t i o n  of  both c u r r e n t  and p r e v i o u s  l o a d s .  The components were a s  f o l l o w s :  

I. 



where  

QC = c o n d u c t i o n  g a i n s  from w a l l s  and r o o f ,  

QL = c o n s t a n t  h e a t  g a i n s  ( p e o p l e ,  l i g h t s ,  a p p l i a n c e s ,  e t c . ) ,  

QINF = i n f i l t r a t i o n  g a i n s ,  and 

QB = h e a t  f low th rough  basement.  

Using a  room c a p a c i t a n c e  of 10,000 kJ l °C  and a  b u i l d i n g  conductance  (UA) of 
1350 kJ /h°C,  t h e  h e a t  i n p u t s  from t h e  w a l l s ,  windows, and roof were a p p l i e d  t o  
t h e  c o n d i t i o n s  of t h e  room. T l ~ e r m o s t a t  s e t t i n g s  were 20.0" t o  25.5"C w i t h  a i r  
i n f i l t r a t i o n  of  a  ha l f -house  volume of a i r  p e r  hour.  

I n t e r i o r  s e n s i b l e  h e a t  g e n e r a t i o n  was assumed t o  be 1260 kJ /h  from l i g h t s  and 
a p p l i a n c e s  and 1188 k ~  / h  from p e o p l e .  N o i s t u r e  g e n e r a t i o n  ( i .  e . ,  l a  t e n t  l o a d )  
was 0,26 kg/h from a p p l i a n c e s  and 0.24 kg/h from people .  

The basement was assumed t o  be a  c rawl  s p a c e  1 .53 m deep.  Ground-water 
t e m p e r a t u r e ,  ilsed f o r  c a l c u l a t i n g  h e a t  l o s s  t o  t h e  ground from t h e  basement,  
was assumed t o  be a  c o n s t a n t  10°C. 

3.2.3.5 Determination of Cooling Season 

The c o o l i n g  s e a s o n  was de te rmined  from a f u l l - y e a r  h e a t i n g  and c o o l i n g  l o a d  
c a l c u l a t i o n  w i t h  t h e  f o l l o w i n g  assumpt ions :  

Minimum room , temperature :  18.8"C. 

Maximum room t e m p e r a t u r e :  25.5"C. 

IJindow s h a d i n g  f a c t o r :  0 .4 .  

The c o o l i n g  s e a s o n  was chosen such/'that i t  would i n c l u d e  l e s s  than  5% of t h e  
h e a t i n g  load .  The s e a s o n  was rounded t o  'the n e a r e s t  half-luonth. 

The p r e l i m i n a r y  de tc rmino t iu r i  ol: t h e  c o o l i n g  season was n e c e s s a r y  bccnuse 
d i f f e r e n t  a s sumpt ions  were used i n  c a l c u l a t i n g  t h e  h e a t i n g  and c o o l i n g  l o a d s ,  
as shown i n  Tab le  3-3. 

Table 3-9. SEASONAL LOAD ASSUMPTIONS 

Heat ing  Season Cool ing Season 

Minimum room tempera tu re  ("C) 2 iJ  25.49 

Maxi.mum room t e m p e r a t u r e  ( "C) 25.5 

Window s h a d i n g  f a c t o r  0.2 



3-3 DESICCANT COOLER SYSTEM SIZING 

I n  o r d e r  t o  s i m u l a t e  t h e  a n n u a l  o p e r a t i o n  of a  d e s i c c a n t  c o o l i n g  sys tem,  t h e  
p roper  s i z e  r e l a t i o n s h i p s  among t h e  sys tem components had t o  be de te rmined .  
T h i s  i n c l u d e d  both t h e  d e s i c c a n t  c o o l e r  components and t h e  c o l l e c t o r / s t o r a g e  
system. The component s i z e s  were d i c t a t e d  by: 

the rmal  performance requ i rements ;  

economic r e q u i r e m e n t s ,  i n c l u d i n g  c a p i t a l  and o p e r a t i n g  c o s t s ;  and 

p h y s i c a l  s i z e  r e s t r i c t i o n s  a p p r o p r i a t e  f o r  r e s i d e n t i a l '  h e a t i n g / c o o l i n g  
sys tems.  

The component c o n f i g u r a t i o n s  and r e q u i r e d  pa ramete r s  f o r  t h e  computer 
. s i m u l a t i o n  a r e  d i s c u s s e d  i n  S e c t i o n s  2.2 and 3.2.2. T h i s  s e c t i o n  d i s c u s s e s  

t h e  component s i z e s  used i n  t h e  computer  simulation,^. 

S e v e r a l  d i f f e r e n t  c o l l e c t o r  and s t o r a g e  s i z e  combina t ions  were used w i t h  t h e  
d e s i c c a n t  sys tems t o  de te rmine  optimum d e s i c c a n t  t h e r m a l  performance and 
economic t r e n d s .  A s  p r e v i o u s l y  d i s c u s s e d ,  t h e  c o l l e c t o r  model i n c l u d e d  a  
pebble-bed s t o r a g e  tank.  A g e n e r a l  c r i t e r  on f o r  s i z i n g  c o l l e c t o r / p e b b l e - b e d  
sys tems i s  t o  i n c l u d e  0.153 t o  0.229 mf of pebb les  p e r  s q u a r e  mete r  of  
c o l l e c t o r  a r e a  when c o n s i d e r i n g  space  h e a t i n g  o n l y  1181. I n  t h i s  s t u d y ,  t h e  
p r o p o r t i o n  of  pebble-bed volume t o  c o l l e c t o r  a r e a  was modif ied  because  of t h e  
a d d i t i o ' n  of t h e  s o l a r  d e s i c c a n t  a i r  c o n d i t i o n e r .  An i n c r e a s e d  pebble-bed 
volume of  0.4 m3 of pebb les  pe r  s q u a r e  meter of  c o l l e c t o r  a r e a  was chosen,  
based o,n t h e  r e s u l t s  of i n i t i a l  d e s i c c a n t  c o o l e r  s i m u l a t i o n s .  The r e s u l t i n g  
c o l l e c t o r / s t o r a g e .  s i z e s  used i n  t h i s  s t u d y  a r e  shown i n  Tab le  3-10. 

Table 3-10. COLLECTOR/STORACE SIZE COMBINATIONS 

-- - p~ - - - - -- 

2  C o l l e c t o r  Area (m ) Pebble  Bed S t o r a g e  S i z e  (m3) 

A s  d i s c u s s e d  i n  S e c t i o n  3 .2 .2 ,  t h e  c o l l e c t o r / ~ t o r a g e  sys tem i n c l u d e d  a 
v a r i a b l e  a i r  mass fl.nwratp. c a p a b i l i t y  i n  o r d e r  t o .  c o n t r o l  t h e  maximum 
c o l l e c t o r  o u t p u t  t empera tu re .  The p r e s s u r e  d rops  through t h e s e  components 
were c a l c u l a t e d  d u r i n g  each t ime increment  t o  de te rmine  t h e  p a r a s i t i c  power 
f o r  t h e  c o l l e c t o r  sys tem f a n  motor. Based on f l a t - p l a t e  c o l l e c t o r  t e s t  d a t a  
[23] ,  c o r r e l a t i o n s  were developed f o r  c o l l e c t o r  p r e s s u r e  drop a s  a  f u n c t i o n  of 
a i r  f l o w r a t e ,  i n c l u d i n g  a n  a l lowance  f o r  e n t r a n c e  and e x i t  . e f f e c t s  p l u s  duc t  
I .nsses,  and t h e s e  c o r r e l a t i o n s  were i n c l u d e d  i n  t h e  computer program..  To 
de te rmine  t h e  pebble-bed s t o r a g e  sys tem p r e s s u r e  drop,  t h e  Brgun Jiquaflon, 
which d e s c r i b e s  t h e  p r e s s u r e  d rop  a c r o s s  packed columns, was used i n  t h e  
computer s i m u l a t i o n  [24]  . 



Since  t he  des i ccan t  coo le r  was t o  be designed f o r  r e s i d e n t i a l  use,  t h e  nominal 
c o o l i n g  c a p a c i t i e s  chosen f o r  s tudy were i n  t he  range of 2.3 t o  9.0 kW, wi th  a  
few s imu la t i ons  run f o r  a  13.5-kW coo le r .  The chosen r e f e r ence  des ign  was 
9.0-kW cool ing  c a p a c i t y  w i th  an a i r  mass f l owra t e  of 0.45 kg/s  (corresponding 
t o  a n  average  flow of 0.38 m3/s). The coo le r  s i z e  and a i r  f l owra t e  
combfnations used i n  t h i s  s tudy  a r e  shown i n  Table 3-11. 

Table  3-11. COOLER-SIZEIAIR-PLOWRATE COMBINATIONS 

Desiccant  Cooler S ize  (kW) A i r  Flowrate (kg / s )  

2 * 3  
4.5 
9.0 ( r e f e r e n c e )  

13.5 

The des i ccan t  system components were s i z e d  i n  accordance wi th  thermal ,  
economic, and p h y s i c a l  s i z e  requirements .  Once. t he  coo le r  s i z e  and 
corresponding a i r  f l o w r a t e s  of Table 3-11 were e s t a b l i s h e d ,  t he  flow a r e a s  and 
f low l eng ths  of the  dehumidi f ie r ,  r egene ra to r ,  and evapora t ive  coo le r s  could 
be determined by s p e c i f y i n g  a l lowable  p re s su re  drops.  The p re s su re  drops 
should be a s  low a s  p o s s i b l e  t o  minimize t h e  e l e c t r i c a l  power r equ i r ed  t o  
d r i v e  t h e  a i r  f ans .  

An a l l owab le  p r e s s u r e  drop of 125.0 ~ / m ~  a c r o s s  t he  wheel f o r  each flow 
(supply  and . r e g e n e r a t i o n )  was s e l e c t e d  f o r  t h e  r e f e r ence  des ign  of t h e  
dehumidi f ie r .  A dehumidi f ie r  wheel diameter  of 1.37 m was a l s o  s p e c i f i e d .  
For t h e  packed-bed s i l i c a - g e l  dehumidi f ie r  model used i n  t h i s  s tudy ,  t h e  
r e s u l t i n g  flow l e n g t h  (packed-bed depth)  was 0.0275 m with a  wheel r o t a t i o n  
speed of 0.00153 r/s [19] .  

The r egene ra to r  and evapora t ive  c o o l e r s  were s i z e d  t o  be phys i ca l l y  compatible 
wi th  t h e  dehumidi f ie r .  I n  t h i s  manner, t h e  a i r f l o w  pakh through t h e  coo le r  
ha s  a s  few c o n t r a c t i o n s  and expansions a s  pos s ib l e  i n  order  t o  minimize the  
system p re s su re  drop. Reference 20 dcscri ,bes a s o l a r  de s i ccan t  a i r  
c o n d i t i o n e r  with t h e  same bas i c  a i r f l o w  pa th ,  a l though the  p a r a s i t i c  power 
exper ienced  i n  t h a t  s tudy  was h igher  than p red i c t ed  he re  due t o  des ign  a n d  
o p e r a t i o n a l  problems. 

The r o t a r y  r egene ra to r  was assumed t o  be a  p a r a l l e l  passage type w.ith a  wheel 
d iameter  equa l  t o -  t h a t  of the  dehumidi f ie r  (1.37 m) .  S tud i e s  a t  the 
U n i v e r s i t y  of Wisconsin showed t h a t  t h e  des i ccan t  coo le r  performance was 
opt imized a s  r egene ra to r  e f f e c t i v e n e s s  increased  [4 ] .  For t h i s  s tudy ,  a  
c o n s t a n t  r egene ra to r  e f f e c t i v e n e s s  of 0.90 was assumed. For a  r egene ra to r  

2  a i r f l o w  path l e n g t h  .of 0.05 m, a  p r e s su re  drop of 25.0 N / m  was c a l c u l a t e d  f o r  
each  flow d i r e c t i o n  [21] .  

2  The evapora t ive  coo le r  flow a rea  was assumed equal  t o  0.74 m , o r  ha l f  t he  
f r o n t a l  flow a r e a  of t h e  dehumidif ier  and r egene ra to r  wheels. I d e n t i c a l  



evapora t ive  coo le r s  were presen t  i n  both t h e  supply and r egene ra t i on  
s t reams.  The e f f e c t i v e n e s s  .for each coo le r  was assumed t o  be capable  of 
varying between 0.0 and 0.9. The e f f e c t i v e n e s s  of t h e  i n l e t  evapora t ive  
coo le r  and t h a t  of the ambient evapora t ive  coo le r  were important parameters i n  
c o n t r o l l i n g  the des iccant  coo le r  performance and w i l l  be d i scussed  i n  S e c t i o n  
3.7.2. For each evapora t ive  coo le r ,  t h e  p re s su re  drop was determined t o  be 

2  50.0 N / m  f o r  the r e f e r ence  design [21] .  

I n  a d d i t  i on  t o  p re s su re  drops through t h e  i n d i v i d u a l  system components, 
p r e s su re  drops were a s s o c i a t e d  with ocher p a r t s  of t he  des i ccan t  c o o l e r  
system, i nc lud ing  duc t s  and a i r  f i l t e r s .  For each a i r f l o w  stream, a n  
a d d i t i o n a l  p ressure  drop of 50 N / m 2  was included t o  account f o r  duct  l o s s e s  

2  2  (25 N / m  ) and an  a i r  f.i.3.ter (25 N/m ). The p re s su re  drops f o r  the  r e f e r ence  
des ign  system a r e  summarized i n  Figure 3-2. 

To determine e l e c t r i c a l  power requirements  ( p a r a s i t i c  power), a  f a n  power 
equa t ion  was used i n  conjunc t ion  with the  system p re s su re  drops.  Fan power 
was determined from the  fo l lowing  equa t ion  [22]:  

CFM ( AP ) 
Fan power i n  J /s  = 72.2E 9 

where 

3 CFM = a i r  f l owra t e  (m I s ) ,  
2  P = system p re s su re  drop ( ~ / m  ), and 

E = fan  e f f i c i e n c y .  

Pan e f f i c i e n c y  t y p i c a l l y  v a r i e s  from 0.5 t o  0.65; an average value of 0.58 was 
used. The computer s imula t ion  determined p a r a s i t i c  energy used by t h e  
c o o l e r / c o l l e c t o r  system a t  each time increment.  

Three f ans  were included i n  t h e  system, one f o r  each a i r f l o w  s t r eam 
( c o l l e c t o r / s t o r a g e ,  supply, and r egene ra t i on ) .  For t h e  r e f e r e n c e  design, t h e  
f a n  motors were s i zed  a s  fol lows:  

Supply stream: - ' 246.1 J/s. 

Regenerat ion s t ream: 372.9 J/s. 

C o l l e c t o r  stream: v a r i a b l e  speed (due t o  v a r i a b l e  a i r f l o w  as 
descr ibed  i n  Sec t ion  3.2.2) w i th  a  minimum 
r a t i n g  of 186.4 J/s. 

An a d d i t i o n a l  motor was included t o  d r i v e  t h e  dehumidi f ie r  and r e g e n e r a t o r  
wheels. This  motor was s i z e d  a t  186.4 J/s. 

.Since t he  des iccant  coo le r  s imula t ion  was run a t  s eve ra l ' coo . l e r  c a p a c i t i e s  ( a s  
shown i n  Table 3-11), t h e  p a r a s i t i c  power requirement va r i ed  f o r  each . s i z e .  
For each coo le r  capac i ty ,  t he  des i ccan t  system components were s i z e d  s o  t h a t  
t h e  p re s su re  drop through each remained the  same a s . t h a t  f o r  t h e  r e f e r ence  
des ign .  The des i ccan t  wheel flow l eng th  was maintained. a t  0.0275 m f o r  a l l  
s i z e s ,  wirh the  wheel diatueter varying as shown i n  Table 3-12. 
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t 

1. 50 N/m2(0.2 i n .  w a t e r )  
Duct and F i l t e r  

2, 100 N/m2(0.4 i n .  w a t e r )  

3. 125 N/m2(0.5 i n .  w a t e r )  

4. 50 N/m2(0.2 i n .  w a t e r )  
Duct and F i  1  t e r  

2 5. 50 N/m (0.2 i n .  w a t e r )  
2 6. 50 N/m (0.2 i n .  w a t e r )  

Duct and F i l t e r  

7. 50 N/m2(0.2 i n .  w a t e r )  
2 8. 25 N/m (0 .1  i n .  w a t e r )  

9, 50 N/m2(0.2 i n .  w a t e r )  

F i g u r e  3-2. PRESSURE DROPS FOR REFERENCE SYSTEM 

Ambient 
Evap. 
Cool e r  



T a b l e  3-12. DESICCANT-COOLER-SIZE/WHEEL-DIAMETER COMBINATIONS 

D e s i c c a n t  Cooler  S i z e  (kW) Des iccan t  \ h e e l  Diameter  (m) 

A s  a  r e s u l t ,  t h e  p a r a s i t i c  power f o r  each d e s i c c a n t  sys tem c a p a c i t y  v a r i e d  
w i t h  t h e  r a t i o  of t h e  system f l o w r a t e  t o  t h e  r e f e r e n c e  d e s i g n  f l o w r a t e .  The 
'computer program s c a l e d  t h e  p a r a s i t i c  power f o r  each s i m u l a t i o n  a c c o r d i n g l y .  

To be c e r t a i n  t h a t  t h e  f a n  motor s i z e s  were n e v e r  a l lowed  t o  d r o p  below 
r e a l i s t i c  v a l u e s ,  mimimum motor '  s i z e s  were i n c l u d e d  i n  t h e  computer program. 
The minimum motor s i z e s  were a s  f o l l o w s :  

Supply s t r eam:  124.5 J/s.  

Regenera t ion  s t r eam:  ,186.4  J / s .  

C o l l e c t o r  s t r eam:  186.4 J /S .  

I f  t h e  c a l c u l a t e d  p a r a s i t i c  power requ i rement  exceeded t h e s e  v a l u e s ,  t h e  
c a l c u l a t e d  v a l u e  was used .  However, i f  t h e  c a l c u l a t e d  p a r a s i t i c  power w a s  
below any of t h e  minimum motor r a t i n g s  l i s t e d  above,  t h e  minimum motor r a t i n g  
was used t o  de te rmine  p a r a s i t i c  power used by t h e  des j -ccan t  c o o l i n g  sys tem.  

3-4  DEFINITION OF HOUSE COMFORT CONDITIONS 

To p r o p e r l y  d e s i g n  h e a t i n g ,  v e n t i l a t i n g ,  and a i r - c o n d i t i o n i n g  sys tems ,  a n  
u n d e r s t a n d i n g  of  p h y s i o l o g i c a l  p r i n c i p l e s  and c r i t e r i a  f o r  comfor t  i s  
e s s e n t i a l .  The American S o c i e t y  of  H e a t i n g ,  R e f r i g e r a t i n g ,  and A i r -  
C o n d i t i o n i n g  Eng ineers  (ASHRAE) h a s  sponsored r e s e a r c h  f o r  many y e a r s  on t h e  
p r e d i c t i o n  of the rmal  comfort  . Pr imary  pa ramete r s  de tg rmin ing  t h e r m a l  comfor t  
i n c l u d e  dry-bulb  t empera tu re ,  r e l a t i v e  humid i ty ,  a i r  movement, and t h e  d e g r e e  
of a c t i v i t y  and type  of c l o t h i n g  worn by i n d i v i d u a l s .  ASHRAE has  developed 
s t a n d a r d s  f o r  comfort  t h a t  s e r v e  a s  g u i d e l i n e s  f o r  t h e  d e s i g n  of h e a t i n g  and I 

a i r - c o n d i t i o n i n g  sys tems.  

F i g u r e  3-3 shows t h e  comfort  zone reco'mmended by ASHRAE f o r  a  wide range of  
a p p l i c a t i o n s ,  i n c l u d i n g  homes, s c h o o l s ,  and o f f i c e s .  [ 6 ] .  The comfor t  zone 
i s  a p p l i c a b l e  t o  i n d o o r  environments  r a n g i n g  i n  a l t i t u d e  from s e a  l e v e l  t o  
2134 m a t  a i r  v e l o c i t i e s  l e s s  t h a n  0.2286 m / s ,  and f o r  l i g h t l y  c l o t h e d . ' .  
occupan t s  w i t h  s e d e n t a r y  a c t i v i t y .  The upper  boundar ies  of t h e  zone . a r e . '  
25  .O°C dry-bulb  tempera ' ture  and 60% r e l a t i v e  humid i ty ,  w i t h  t h e  lower,' 
boundar ies  s p e c i f i e d  a s  22.a°C dry-bulb  t e m p e r a t u r e  and 20% r e l a t i v e  humidi ty '  9, 

I .  



Dry Bulb Temperature , 

F i g u r e  3-3. ASHRAE COMFORT ZONE (Shaded Area) i:61 



The ASHRAE-recommended comfort  zone was modif ied f o r  t h e  purpose  of t h i s  
s t u d y .  With t h e  c u r r e n t l y  i n c r e a s i n g  need f o r  energy  c o n s e r v a t i o n  and 
s u g g e s t i o n s  by t h e  F e d e r a l  Government f o r  homeowners t o  i n c r e a s e  t h e r m o s t a t  
s e t t i n g s  i n  summer and d e c r e a s e  s e t t i n g s  i n  w i n t e r ,  i t  was decided t o  i n c r e a s e  
t h e  ranges  of dry-bulb tempera ' ture and r e l a t i v e  humidi ty  t h a t  d e f i n e  t h e  
comfor t  zone.  F i g u r e  3-4 d e p i c t s  t h e  comfort  zone used i n  t h e  s t u d y .  The 
upper comfort  zone .boundary was modif ied s l i g h t l y  t o  25.5OC dry-bulb 
t empera tu re  and mainta ined a t  60% r e l a t i v e  ,humidi ty .  A l a r g e r  a d j u s t m e n t  was 
made i n  t h e  lower boundary, w i t h  t h e  dry-bulb t empera tu re  s p e c i f i e d  a s  20.0°C 
and no lower l i m i t  p l aced  on r e l a t i v e .  humidi ty .  These r e v i s i o n s  t o  t h e  
c o n t r o l  zone reduce t h e  amount of energy consumed f o r  m a i n t a i n i n g  comfor t  
c o n d i t i o n s  i n  b u i l d i n g s ,  p a r t i c u l a r l y  d u r i n g  t h e  h e a t i n g  season .  Cons ider ing  
t h e  l a r g e  e s c a l a t i o n  i n  f u e l  c o s t s  d u r i n g  r e c e n t  y e a r s  and t h e  p o t e n t i a l  f o r  
f u t u r e  f u e l  s h o r t a g e s ,  a  r e v i s e d  comfort  zone in tended  t o  conserve  energy  is  
a p p r o p r i a t e .  Th i s  comfort  zone was used i n  s i m u l a t i o n s  of bo th  s o l a r  
d e s i c c a n t  and vapor-compression a i r  c o n d i t i o n e r s ,  a s  d e s c r i b e d  i n  S e c t i o n s  
3.7.2 and 4 .1 .  

3-5 COOLING SYSTEM 0PERATIONAI.CHARACTERISTICS 

I n  desc r ih i .ng  t h e  annua l  h e a t i n g / c o o l i n g  season  s i m u l a t i o n s  of s o l a r  d e s i c c a n t  
and vapor-compression a i r  c o n d i t i o n e r s ,  t h e  remainder of t h i s  r e p o r t  employs 
s e v e r a l  pa ramete rs  commonly used t o  descr i -he  t h e  o p e r a t i n g  performance of a i r -  
c o n d i t i o n i n g  equipment. Th i s  s e c t i o n  of t-he r e p o r t  b r i e f l y  summarizes and 
d e f i n e s  t h e s e  performance paramete rs .  

The t o t a l  c o o l i n g  ou tpu t  of a n  a i r  c o n d i t i o n e r  i s  composed of s e n s i b l e  and 
l a t e n t  components which a r e  d e f i n e d  a s  fo l lows :  

S e n s i b l e  coo l ing :  c o o l i n g  c a p a c i t y  a s s o c i a t e d  w i t h  h e a t  removal 
from a n  a i r s t r e a m ,  r e s u l t i n g  i n  a  drop i n  a i r  
t empera tu re .  

L a t e n t  c o o l i n g :  c o o l i n g  c a p a c i t y  a s s o c i a t e d  w i t h  m o i s t u r e  
removal from an a i r s t r e a m  due t o  a  change i n  
t h e  w a t e r  phase from gas  t o  l i q u i d ,  r e s u l t i n g  
i n  a  drop i n  humidi ty .  

F ive  o t h e r  pa ramete rs  used i n  t h i s  s t u d y  were t h e  f o l l o w i n g :  

ParaslLic power: c l c c t r i c n l  i n p u t  power t n  t h e  a i r - c o n d i t i o n i n g  
equipment.  For a  vapor-compression c o o l e r ,  
e l e c t r i c a l  pnwPr rlrIves the Compressor and a i r  
f a n ,  w h i l e  a  s o l a r  d e s i c c a n t  c o o l e r  u s e s  
e l e c t r i c a l  power f o r  a i r  f a n s  o n l y  ( i n  a d d i t i o n  
t o  a u x i l i a r y  c o o l i n g ,  i f  any) .  

. C o e f f i c i e n t  of . 

performance (COP): d e f i n e d  a s  t h e  r a t i o  of n e t  h e a t  removal 
( c o o l i n g  c a p a c i t y )  t o  t h e  r a t e  of t o t a l  energy  
i n p u t .  For t h e  s o l a r  d e s i c c a n t  c o o l e r ,  o n l y '  
the rmal  i n p u t  power ( s o l a r  energy)  w a s  i n c l u d e d  
i n  t h e  COP c a l c u l a t i o n .  
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F i g u r e  3-4. COMFORT ZONE USED I N  COMPUTER SIMULATIONS (Shzded Area)  



Energy e f f i c i e n c y  d e f i n e d  a s  t h e  r a t i o  of n e t  c o o l i n g  c a p a c i t y  i n  
r a t i o  (EER): B t u / h r  t o  t h e  t o t a l  r a t e  of e l e c t r i c a l  i n p u t  i n  

w a t t s .  For  t h e  s o l a r  d e s i c c a n t  c o o l e r ,  
e l e c t r i c a l  power t o  t h e  a u x i l i a r y  vapor- 
compress ion c o o l e r  ( i f  a n y )  was i n c l u d e d  i n  t h e  
EER c a l c u l a t i o n .  

e Duty c y c l e :  f r a c t i o n  of  t h e  t o t a l  t ime  p e r i o d  t h a t  t h e  
c o o l e r  sys tem was i n  o p e r a t i o n .  

P e r c e n t  i n  comfor t :  p e r c e n t a g e  of t h e  t o t a l  t ime  p e r i o d  t h a t  t h e  
a v e r a g e  house a i r  c o n d i t i o n s  f e l l  w i t h i n  t h e  
com.fort zone ( a s  d e f i n e d  on t h e  p s y c h r o m e t r i c  
c h a r t  of F i g u r e  3-4). 

3.6 STEADY-STATE PERFORMANCE; 

3.6.1 Descri~tioII of Analysis 

The purpose  of t h e  s t e a d y - s t a t e  a n a l y s i s  was t o  o b t a i n  a  g e n e r a l  i n d i c a t i o n  of 
d e s i c c a n t  sys tem performance.  Nominal machine c h a r a c t e r i s t i c s  can  be  
a s c e r t a i n e d  by. examining t h e  s e n s i t i v i t y  r esponse  of t h e  sys tem t o . v a r i o u s  
ambient and indoor  environments .  A l t e r a t i o n  of c r i t i c a l  sys tem p a r a m e t e r s  
under  s t e a d y - s t a t e  c o n d i t i o n s  e n a b l e s  t h e  f o r m u l a t i o n  of a n  o p e r a t i o n a l  
c o n t r o l  s t r a t e g y  f o r  t h e  t r a n s i e n t  c a s e ,  a s  d e s c r i b e d  i n  S e c t i o n  3.7.2.  

The i n t e r a c t i o n  of sys tem components a s  shown i n  F i g u r e  3-5 was s t u d i e d .  A i r  
was c i r c u l a t e d  from t h e  room i n t o  t h e  d e h u m i d i f i e r  where d r y i n g  o c c u r r e d  by 
a b s o r p t i o n  of m o i s t u r e  by t h e  d e s i c c a n t .  Heat exchange i n  t h e  r e g e n e r a t o r  
produced pre-cool.ing, and f i n a l  c o o l i n g  was provided by a n  i n l e t  e v a p o r a t i v e  
c o o l e r  r e g u l a t e d  w i t h  a n  e f f e c t i v e n e s s  Ei. Ambient air coo led  by a n o t h e r  
e v a p o r a t i v e  c o o l e r  (of e f f e c t i v e n e s s  Eo) was d e l i v e r e d  t o  t h e  r e g e n e r a t o r  a s  a  
h e a t  s i n k  exchange supp ly .  The r e g e n e r a t i o n  t e m p e r a t u r e  T' 

REG' 
was v a r i e d  i n  

1 0 ° C  inc rements  t o  p rov ide  r e c h a r g i n g  of t h e  mois t  d e s i c c a n t  g e l .  The e n e r g y  
needed t o  boost T b G ,  t h e  e x i t  t e m p e r a t u r e  from t h e  r e g e n e r a t o r ,  t o  T '  (QIN 
i n  F i g u r e  3-5) was assumed a v a i l a b l e ;  t h i s  i s  t h e  energy s u p p l i e d  v; so l a r  
s t o r a g e  o r  a n  a u x i l i a r y  s o u r c e  d u r i n g  t r a n s i e n t  s i m u l a t i o n s .  

3.6-2 Results 

For  a  p a r t i c u l a r  a s s i g u a ~ e n t  of v a 1 1 . 1 ~ ~  t o  component c o n t r o l  pa ramete r s  (TREG, 
Ei,  en)' t h e  response  of t h e  sys tem,  q u a n t i f i e d  by t h e  i n l e e  L r u ~ p e r a t u r e  and 
humid i ty  (TI and WI), can be i n v e s t i g a t e d  a s  a  f u n c t i o n  of t h e  d r i v i n g  
c o n d i t i o n s ,  namely t h e  ambient  and room t e m p e r a t u r e s  and l l u m i d i t i e s  (TmR, 

WmB, TR, and WR). S e n s i b l e  and l a t e n t  c o o l i n g  c a p a c i t i e s ,  QSEN and QLAT i n  
F i g u r e  3-5, then  depend upon t h e  t e m p e r a t u r e  and humidi ty  d i f f e r e n t i a l s  t h a t  
can be g e n e r a t e d  by t h e  sys tem between t h e  room s t a t e  and t h e  i n l e t  
c o n d i t i o n s .  S t e a d y - s t a t e  performance was surveyed u s i n g  TRNSYS by choos ing  
mean ingfu l  s e t s  of TR, WR, Tm, and WAMR and r e p e t i t i v e l y  i n p u t t i n g  v a l u e s  
f o r  t h e  c o n t r o l  pa ramete r s  u n t i l  t h e  l a t e n t  and s e n s i b l e  c a p a c i t i e s  
converged.  The pr imary d r i v i n g  c o n d i t i o n s  of i n t e r e s t  co r respond  t o  room 
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. s t a t e s  l o c a t e d  a l o n g  t h e  comfor t  zone b o r d e r s  ( F i g u r e  3-21), w i t h  t h e  ambien t  
t e m p e r a t u r e  and humid i ty  exceed ing  t h o s e  of t h e  room. R e s u l t s  f o r  t h e s e  c a s e s  
( F i g u r e s  3-6 t o  3-9) s p e c i f y  t h e  sys tem c a p a b i l i t i e s  i n  a t t e m p t i n g  t o  r e s t o r e  
comfor t  t o  each of t h e  p a r t i c u l a r  zones of d i s c o m f o r t .  

F i g u r e s  3-10 t o  3-13 i l l u s t r a t e  t h e  sys tem r e a c t i o n  t o  o t h e r  c l i m a t i c  
c i r c u m s t a n c e s .  Machine response  t o  a  room s t a t e  a t  t h e  maximum c o m f o r t a b l e  
t empera tu re  w i t h  e l e v a t e d  humid i ty  is  g i v e n  by F i g u r e  3-10. System performance 
i s  l i t t l e  a f f e c t e d  by r a i s i n g  t h e  ou tdoor  t e m p e r a t u r e  from 29.2"C ( F i g u r e  3-7) 
t o  35°C ( F i g u r e  3-11). However, a n  i n c r e a s e  i.n ambient  humid i ty  d r a s t i c a l l y  
d e g r a d e s  o p e r a t i o n  c h a r a c t e r i s  t i c s  a s  s e e n  by comparison of F i g u r e s  3-11 and 
3-12. Conversely ,  F i g u r e s  3-6 and 3-13 e x h i b i t  t h e  enhancement i n  performance 
r e s u l t i n g  from m i l d e r  ambient  c o n d i t i o n s .  

To i n v e s t i g a t e  f u r t h e r  t h e  s e n s i t i v i t y  of performance,  a  d e s i g n  p o i n t  ( T a b l e  
3-13) was d e f i n e d  and t h e  d r i v i n g  c o n d i t i o n s  and r e g e n e r a t i o n  t e m p e r a t u r e s  
were v a r i e d .  T o t a l  and l a t e n t  sys tem c a p a c i t y  and COP were t h e n  p l o t t e d  
( F i g u r e s  3-14 th rough  3-18). F i g u r e s  3-14 and 3-16 show r e l a t i v e l y  f l a t  
p r o f i l e s  of performance a s  f u n c t i o n s  of  ou tdoor  and i n d o o r  t e m p e r a t u r e s ,  
r e s p e c t i v e l y .  On t h e  o t h e r  hand, s u b s t a n t i a l  improvement i n  l a t e n t  c o o l i n g  
c a p a c i t y  i s  a t t a i n e d  a t  h i g h e r  room h u m i d i t i e s  ( F i g u r e  3-17), and a n  i n v e r s e  
r e l a t i o n s h i p  i s  ev idenced  a s  t h e  ambient  humidi ty  r i s e s  ( F i g u r e  3-15). I n  
each c a s e ,  sys tem s e n s i b l e  c o o l i n g  remains  e s s e n t i a l l y  c o n s t a n t .  Thus, t h e  
d e s i c c a n t  m c h i n e  o p e r a t e s  o p t i m a l l y  as  a  l a t e n t  c o o l e r  i n  c l i m a t e s  which a r e  
no t  e x c e s s i v e l y  humid. System performance i s  s e e n  t o  peak ( F i g u r e  3-18) n e a r  
85"C, i n  accordance  w i t h  tlle c h o i c e  of TREG = 85°C f o r  des ign-po in t  
o p e r a t i o n .  ' ~ t  lower r e g e n e r a t i o n  t e m p e r a t u r e s ,  sys tem c a p a c i t y  i s  small 
r e l a t i v e  t o  t h e  energy s u p p l i e d  (QIN). A t  h i g h e r  t e m p e r a t u r e s ,  t h e  l a r g e  
amount of energy s u p p l i e d  c a u s e s  QIN t o  dominate  t h e  behav io r  of t h e  COP. 

A summary of t h e  v a l u e s  used t o  g e n e r a t e  al.1.. s t e a d y - s t a t e  performance maps i s  
p r e s e n t e d  i n  Table  3-13. 

3.7.1 General Descrivtion 

Long-term s i m u l a t i o n s  of t h e  t r a n s i e n t  behavior ,  of t h e  d e s i c c a n t  c o o l i n g  
sys tem were performed by modifying t h e  s t e a d y - s t a t e  component c o n f i g u r a t i o n .  
The pr imary changes were  t h e  i n c o r p o r a t i o n s  of a  s o l a r  energy 
c o l l e c t o r / s t o r a g e  u n i t ,  a n  i n t e r a c t i v e  house  model, and a  c o n t r o l l e r  c a p a b l e  
of dynamical ly  v a r y i n g  c r i t i c a l  sys tem paramete r s .  An i n t e r f a c e  w i t h  h o u r l y  
m e t e o r o l o g i c a l  d a t a  and s e n s i b l e  load i n f o r m a t i o n  was a l s o  added.  The r e v i s e d  
sys tem arrangement  i s  p r e s e n t e d  i n  F i g u r e  3-19. 

Regenera t ion  demanded by t h e  d e s i c c a n t  d e h u m i d i f i e r  was p rov ided  by a  s o l a r  
c o l l e c t o r  a i r  sys tem i n  cornhination w i t h  a n  e x t e r n a l  t h e r m a l  s t o r a g e  t a n k .  A 
f i v e - l a y e r ,  t h e r m a l l y  s t r a t i f i e d  pebb le  bed s t o r a g e  u n i t  was modeled. A l l  
s i m u l a t i o n s  assumed i s o t h e r m a l  e q u i l i b r i u m  a t  40°C a s  t h e  i n i t i a l  c o n d i t i o n .  
A c y l i n d r i c a l  t a n k  was chosen w i t h  a  h e i g h t  e q u a l  t o  twice  i t s  r a d i u s  and w i t h  

3  a  volume VSTOR of 0.40 m p e r  m2 of c o l l e c t o r  a r e a .  



Table 3-13. PERFORMANCE MAP PARAMETER SUMMARY UI 
F i g u r e  TAMB ( O C )  W ~ > f ~  TR ( O C )  W~ TREG ( O C )  E i E o rn 111 - 

Design 
p o i n t  35.0 0.0155 25.50 0.0124 85 .'O 



L a t e n t  Cooling Capacl ty(kW) 

F i g u r e  3-6. STEADY-STATE PERFORMANCE MAP: ZONES 3 - 6 



L a t e n t  Cooling Capacity(kW) 

F i g u r e  3-7. STEADY-STATE PERFORMANCEMAP: ZONES 4 - 6 



L a t e n t  C o o l i n g  Capac i  ty(kU)  

F i g u r e  3-8. STEADY-STATE PERFORMANCE MAP: ZONES 5 - 6 



L a t e n t  Cooling Capaci  ty(kW) 

F i g u r e  3-9. STEADY-STATE PERFORMANCE MAP: ZONES 2 - 6 



Latent Cooling Capacl ty(kW) 

F i g u r e  3-10 .  STEADY-STATE PEKFOKMANCE MAP: ZONES 3 - 4 



Latent  Cool ing capaci t y ( k ~ )  

F i g u r e  3-11. STEADY-STATE PERFORMANCE MAP: SEVERE AMBIENT TEMPERATURE 



Figure 3-12. STEADY-STATE PERFORMANCE MAP: SEVERE AMBIENT TEMPERATURE AND HUMIDITY 
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F i g u r e  3-13. STEADY-STATE PERFORMANCE MAP: M I L D  A M B I E N T  CONDIT IONS 
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Figure 3-14. STEADY-STATE SENSIT IV ITY TO AMBIENT TEMPERATURE 
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F i g u r e  3-15. STEADY-STATE SENSITIVITY TO AMBIENT HUMIDITY 
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Figure 3-16. STEADY-STATE SENSITIVITY TO ROOM TEMPERATURE 
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F i g u r e  3-17. STEAGY-STATE SENSITIVITY TO ROOM HUMIDITY 
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F i g u r e  3-18. STEADY-STATE S E N S I T I V I T Y  T O  REGENERATION TEMPERATURE 
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F i g u r e  3-19. DESICCANT SYSTEM COMPONENT CONFIGURATION FOR DYNAKIC SIMULATIONS 



A s  d i s c u s s e d  i n  S e c t i o n  3.7.2,  upper and lower o p e r a t i o n  t empera tu re  l i m i t s  
(TmX and TMIN) f o r  t h e  d e s i c c a n t  sys tem were a p p r o p r i a t e .  Whenever c o o l i n g  
c a p a c i t y  was r e q u i r e d  and t h e  t empera tu re  a v a i l a b l e  from t h e  c o l l e c t o r / s t o r a g e  
sys tem (TREG) was l e s s  t h a n  TMIN, a i r  f low t o  t h e  d e h u m i d i f i e r  was tu rned  o f f  
( i L  = 0 ) .  To e n s u r e  t h a t  energy was never  used a t  a n  o u t l e t  t e m p e r a t u r e  
exceeding t h e  maximum (TREG > TmX), t h e  f l o w r a t c  through t h e  c o l l e c t o r  was 
i n c r e a s e d  (k > %) when n e c e s s a r y  t o  r e g u l a t e  t h e  h e a t  d e l i v e r e d  e i t h e r  t o  
s t o r a g e  o r  d i r e c t l y  t o  t h e  d r i e r .  The s t a n d a r d  TRNSYS c o l l e c t o r  subsystem was 
modif ied t o  p rov ide  c o l l e c t o r / s t o r a g e  usage a s  summarized i n  Tab le  3-14. 

The t r a n s i e n t  house model was s e n s i t i v e  t o  e x t e r n a l  l a t e n t  and s e n s i b l e  l o a d s ,  
i n t e r n a l  m o i s t u r e  g e n e r a t i o n ,  and t h e  c o o l i n g  c a p a c i t i e s  of t h e  d e s i c c a n t  
machine and a n  o p t i o n a l  a u x i l i a r y  vapor-compression u n i t .  C a l c u l a t i o n  of t h e  
l a t e n t  and s e n s i b l e  c o o l i n g  c a p a c i t i e s  of t h e  des iccant ,  sys tem was i d e n t i c a l  
t o  t h a t  f o r  t h e  s t e a d y - s t a t e  c a s e  ( F i g u r e  3-5) excep t  t h a t  t h e  room c o n d i t i o n s  
were a l lowed t o  f l u c t u a t e  i n  response  t o  t h e  d r i v i n g  f o r c e s .  I n i t i a l  v a l u e s  
f o r  t h e  indoor  t empera tu re  and humidi ty  were s e l e c t e d  t o  be TR = 23.g°C and WR 
= 0.0085 kgH O/kgdry air ,  r e s p e c t i v e l y .  T h e r e a f t e r ,  t h e  room t e m p e r a t u r e  
v a r i a t i o n  was2  determined by t h e  s e n s i b l e  machine c a p a c i t y ,  i f  any ,  and t h e  
s e n s i b l e  load  was computed a s  d e s c r i b e d  i n  S e c t i o n  3.2.3.  S i m i l i a r l y ,  t h e  
,room humidi ty  was a  f u n c t i o n  of t h e  d e s i c c a n t  d e h u m i d i f i c a t i o n  c a p a c i t y  and 
t h e  l a t e n t  load  exper ienced  by t h e  house.  

The l a t e n t  load c o n s i s t e d  of two c o n t r i b u t i o n s :  t h e  t r a n s p o s i t i o n  of indoor  
and outdoor  mois tu re  due t o  i n f i l t r a t i o n ,  and t h e  fo rmat ion  of wa te r  vapor  due 
t o  i n t e r n a l  , w a t e r  f i x t u r e s ,  household a p p l i a n c e s ,  and r e s i d e n t s .  A 
r e p r e s e n t a t i v e  d a i l y  p r o f i l e  of i n t e r n a l  wa te r  vapor g e n e r a t i o n ,  i l l u s t r a t e d  
i n  F i g u r e  3-20, was assumed. The i n s t a n t a n e o u s  l a t e n t  load  LAT was t h e n  
compu t ed : 

- 
LAT = [(WAMB - WR ) 

where 

- 
WR = average  room humidi ty  (kgH20/kg dry a i r ) ,  

INF = r a t e  of i n f i l t r a t i o n  = 0.282 kgdry a i r /h ,  

IJG = i n t e r n a l  r a t e  of m o i s t u r e  g e n e r a t i o n ,  and  
6  H f g  = l a t e n t  h e a t  of v a p o r i z a t i o n  of w a t e r  = 2.466 x 10 J / k g H  O .  

2  

3.7.2 Control Stratenv 

The primary o b j e c t i v e  of t h e  c o n t r o l  s t r a t e g y  was t o  m a i n t a i n  t h e  c l i m a t i c  
c o n d i t i o n s  i n s i d e  t h e  house w i t h i n  t h e  s p e c i f i e d  comfort  l i m i t s .  During t h i s  
p r o c e s s ,  i t  was d e s i r a b l e  t o  minimize t h e  consumption of energy and t h e  
o p e r a t i o n  t ime of t h e  machine. Th is  was ach ieved  i n  t h e  c o n t r o l l e r  by t h e  
ass ignment  of v a l u e s  t o  c o n t r o l  pa ramete rs .  The s t r a t e g y  f o r  choosing t h e s e  
v a l u e s  was based on t h e  r e s u l t s  of t h e  s t e a d y - s t a t e  a n a l y s i s .  Implementa t ion  
o f  several .  a u x i l i a r y  power mode o p t i o n s  and a c c u r a t e  bookkeeping of t h e  house 
l o a d s  and system c a p a c i t i e s  were a d d l t i o n a l  f u n c t i o n s  performed by t h e  
c o n t r o l l e r .  



Table  3-14. SOLAR COLLECTOR/STORAGE  USAGE^ 

Desiccant  System Flow Logic Co l l ec to r  System Flow Logic 

Zone T~~~ m~ T~~~~ Ibc 

1, 2, 6 0 - < (T'REG + DT) 0 

. -  
Collector-Desiccant  I n t e r a c t i o n  

Act ion 

None 

= ;Ds Del ive r  c o l l e c t e d  s o l a r  energy t o  s to rage  
a t  T  < Tw 

De l ive r  c o l l e c t e d  s o l a r  energy t o  s to rage  
a t  T  = Tw 

Meet load wi th  .energy i n  s to rage  

= ms Meet load with c o l l e c t e d  s o l a r  energy i n  
p a r a l l e l  with s t o r a g e  

.> % Meet lnad  with c o l l e c t e d  s o l a r  energy and 
d e l i v e r  excess  t o  s t o r a g e  

a 
Zone = c o n t r o l  zone based on def ined  house comfort cond i t i ons  ( see  Sec t ion  

3 . 7 . 2  and F igure  3-21 ) 

TREG = temperature  a v a i l a b l e  from s t o r a g e / c o l l e c t o r  system 

T~~~ = lower ope ra t i on  c o n t r o l  temperature  = 45OC 

kL = load f l owra t e  demanded by des i ccan t  system 

is = des i ccan t  system des ign  f l owra t e  

TCOLL = temperature  ava i - lab le .  from c o l l e c t o r  

TfREG = temperature  input  t o  c o l l e c t o r  from regenera t o r  

DT = temperature  dead band = 5OC 

TSTOR = average s t o r a g e  temperature  

TMkY = upper ope ra t i on  c o n t r o l  temperature  = 85°C 

= c o l l e c t o r  f l o w r a t e  
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Nelson has shown t h a t  a  s e t  of parameters  s u i t a b l e  f o r  c h a r a c t e r i z i n g  t h e  
performance of t h e  des i ccan t  system inc ludes  t h e  temperature  of t h e  
r e g e n e r a t i o n  s t ream TREG and t h e  e f f e c t i v e n e s s  of t h e  i n l e t  and o u t l e t  
e v a p o r a t i v e  c o o l e r s  (c i  and so) [4 ] .  It can be seen from the  s t eady - s t a t e  
performance maps t h a t  TREG and, t o  a  l e s s e r  e x t e n t ,  Eo govern t h e  magnitude of 
t h e  a t t a i n a b l e  coo l ing  capac i ty ,  whereas Ei r e g u l a t e s  t he  r a t i o  of t h e  
s e n s i b l e  t o  l a t e n t  components (S/L).  The s t r a t e g y  was then t o  vary t h e s e  
c o n t r o l  parameters  t o  maximize l a t e n t  cool ing  when indoor  cond i t i ons  became 
too  humid, maximize s e n s i b l e  coo l ing  when indoor cond i t i ons  were t oo  ho t ,  and 
a d j u s t  S/L a p p r o p r i a t e l y  when both humidity and temperature  exceeded s p e c i f i e d  
t h r e s h o l d s .  

S t u d i e s  by t h e  U n i v e r s i t y  of Wisconsin and Solaron  Corpora t ion  used s o l a r  
energy supplemented by a u x i l i a r y  hea t  t o  provide t he  d e s i r e d  rege~~er.aLiuu 
t empera ture  a t  a l l  t imes [25, 261. It was i m p l i c i t l y  assumed t h a t  a l l  
d r i f t i n g  of room c o n d i t i o n s  were comfort /noncomf o r t  i n t e r a c t i o n s ;  t h a t  i s ,  no 
passagc from one noncomfort zone t o  a r ~ o t h e r  eve r  occurred.  An incrementa l  
c o n t r o l  loop was used t o  approximate a  cont inuous feedback c o n t r o l  system. 
Based upon t h e  room cond i t i ons  a t  t he  s t a r t  of each t i m e  s t e p ,  t h e  c o n t r o l  
parameters  were a d j u s t e d  t o  meet t he  house loads .  Because optimum system 
performance (COP) i s  i n v e r s e l y  r e l a t e d  t o  the  r egene ra t i on  s t ream temperature ,  
TREG was i n i t i a l i z e d  t o  a  minimum va lue  and then increased  with each time s t e p  
i n  a n  e f f o r t  t o  enhance system ope ra t i ng  e f f i c i e n c y .  An upper l i m i t  cu to f f  of 
TREG (max) = 85°C was found t o  be p r a c t i c a l .  Wisconsin concluded t h a t  f u r t h e r  
re f inements  were needed i n  t he  c o n t r o l  s t r a t e g y  t o  s i g n i f i c a n t l y  improve t h e  
o p e r a t i o n  of t h e  d e s i c c a n t  system. 

Rather  than opt imiz ing  t h e  e f f i c i e n t  use of s o l a r  energy by the  des i ccan t  
c o o l e r  (COP), t h e  emphasis of t h e  c o n t r o l  s t r a t e g y  used i r l  t h i s  s tudy  was t o  
maximize t h e  t ime spent  i n  comfort (zone 6)  and minimize t h e  duty cyc le  of t he  
d e s i c c a n t  c o o l e r .  This  should r e s u l t  i n  t h e  minimum amount of e l e c t r i c a l  
i n p u t  and thus  lower ope ra t i ng  c o s t s .  The c o n t r o l l e r  was modified t o  r e f l e c t  
t h i s  ope ra t i ng  phi losophy.  Whenever an  excurs ion  out of comfort occur red ,  
r e g e n e r a t i o n  of t h e  des i ccan t  m a t e r i a l  was demanded. A lower cu to f f  
r egene ra t i on  tempera ture ,  r equ i r ed  by t h e  dynamic behavior of t h e  g e l  and 
e v i d e n t  from t h e  performance maps, was chosen a s  TREG (min) = 45OC. The 
maximum temperature  between TREG (min) and TREG (max) a v a i l a b l e  from s t o r a g e  
was then vsed, r e s u l t i n g  i n  t h e  gene ra t i on  of t he  g r e a t e s t  a t t a i n a b l e  cool ing  
c a p a c i t y .  Obvious t r ade -o f f s  e x i s t  between t h i s  method and t h e  a t tempt  t o  
r a t i o n  t h e  c o l l e c t e d  s o l a r  hea t  by apply ing  an  incrementa l  scheme. By 
g r a d u a l l y  e l e v a t i n g  the  system c a p a c i t y  u n t i l  t h e  loads a r e  j u s t  net ,  system 
COP i s  maximized by minimizing s o l a r  energy usage. However, d e v i a t i o n s  from 
comfort occur with g r e a t e r  frequency because j u s t  matching the  coo le r  c a p a c i t y  
w i t h  t he  house loads  c o n t r o l s  a long t h e  comfort boundaries .  Th i s  tends  t o  
i n c r e a s e  ope ra t i on  time and thereby i n c r e a s e  t h e  expendi ture  of e l e c t r i c a l  
energy.  On t h e  o t h e r  hand, ope ra t i ng  a t  maximum a v a i l a b l e  capac i ty  ensures  the  
h i g h e s t  p r o b a b i l i t y  of r e t u r n i n g  t o  comfort i n  t he  s h o r t e s t  time per iod ,  and 
less e l e c t r i c a l  energy ( fan  usage)  should be, requi red .  I n  a d d i t i o n ,  t h i s  
s t r a t e g y  a l lows  a  deeper p e n e t r a t i o n  i n t o  t he  comfort zone. 

Based on the  d e f i n i t i o n  of house comfort cond i t i ons ,  s i x  unique c o n t r o l  zones 
can be def ined (F igure  3-21) .  Unlike p r i o r  s imula t ions  t h a t  c o n t r o l l e d  t o  a  
maximum a b s o l u t e  humidity,  i t  was decided t o  use r e l a t i v e  humidity a s  the  



T ~ % ~  : 
Temperature (OC) 

F i g u r e  3-21. CONTROL ZONES BASED ON HOUSE COMFORT CONDITIONS (Dead bands a r e  l o c a t e d  
between .sol i d  and dashed 1 i n e s )  



c o n t r o l  c r i t e r i o n .  The reason  f o r  a d o p t i n g  t h i s  c o n t r o l  parameter  was t h e  
wide v a r i a n c e  (34%) i n  humidi ty  r a t i o  a t  t h e  upper and lower t e m p e r a t u r e  
l i m i t s  (Tw and TMIN) a t  60% r e l a t i v e  humidi ty .  "Dead bands" were employed 
t o  s u p p r e s s  t h e  e f f e c t  of smal l  d r i f t s  o u t  of t h e  comfort  zone due t o  
f l u c t u a t i o n s  i n  room c o n d i t i o n s  caused by t h e  o c c a s i o n a l  i n a b i l i t y  of t h e  
machine t o  meet t h e  t o t a l  load .  Whenever t h e  house r e s i d e d  i n  a  dead band, it  
w a s  c o n s i d e r e d  t o  be i n  comfort  bu t  t h e  d e s i c c a n t  c o o l i n g  system f u n c t i o n e d  
w i t h  t h e  a p p r o p r i a t e  z o n a l  s t r a t e g y  a s  d e s c r i b e d  i n  t h e  f o l l o w i n g  paragraphs .  

S e n s i b l e  h e a t i n g  i s  r e q u i r e d  t o  r e t u r n  t h e  zone-1 room s t a t e  t o  comfor t .  The 
d e s i c c a n t  u n i t  does no t  o p e r a t e  i n  t h i s  zone. However, t h e  amount of h e a t i n g  
needed t o  r e t u r n  t o  comfor t  (zone 6 )  was computed i n  t h e  model and compared 
w i t h  t h e  e x t e r n a l  house load due t o  i n s o l a t i o n .  I f  ambient c o n d i t i o n s  , w e r e  
s u f f i c i e n t  t o  r e s t o r e  comfort  w i t h i n  one t i m e  increment ,  then  no a d d i t i o n a l  
a c t i o n  was t aken .  Otherwise ,  t h e  house h e a t i n g  l o a d  was wt by auxiliary 
h e a t i n g .  C o l l e c t e d / s t o r e d  s o l a r  energy was used f o r  h e a t i n g  d u r i n g  t h e  
h e a t i n g  season  and s t r i c t l y  f o r  c o o l i n g  d u r i n g  t h e  r e s t  of t h e  y e a r .  Hea t ing  
l o a d s  o c c u r r i n g  d u r i n g  t h e  c o o l i n g  season  were always met by a u x i l i a r y  
he8 t i  ng . 
Zone-2 s t r a t e g y  d i c t a t e s  t h a t  t h e  h o ~ ~ s p  be hea ted  and dehumid i f i ed .  F i g u r e  
3-9 p r e s e n t s  t h e  performance of t h e  d e s i c c a n t  system a t  t h e  c r o s s o v e r  p o i n t  
between zone 2 and comfor t .  O p e r a t i n g  w i t h  Ei = E = 0  produces n e g a t i v e  

0 
s e n s i b l e  ( h e a t i n g )  c a p a c i t y  c o n c u r r e n t  w i t h  p o s i t i v e  l a t e n t  ( d e h u m i d i f i c a t i o n )  
c a p a c i t y .  However, p r e l i m i n a r y  s i m u l a t i o n s  showed t h a t  zone 2 was reached 
o n l y  o c c a s i o n a l l y  d u r i n g  t h e  t r a n s i t i o n  p e r i o d s  (between h e a t i n g  and c o o l i n g  
s e a s o n s ) .  At tempts  t o  o p e r a t e  t h e  d e s i c c a n t  system as o u t l i n e d  above r e s u l t e d  
i n  a n  approx imate ly  i s o t h e r m a l  t r a n s i t i o n  from zone 2  t o  zone 1. T h i s  was 
caused  by t h e  i n a b i l i t y  o f  t h e  d e s i c c a n t  sys tem h e a t i n g  c a p a c i t y  t o  compensate 
f o r  t h e  predominant ly  n e g a t i v e  ( h e a t i n g )  l o a d s ,  t h e  n e t  e f f e c t  of which was 
d e h u m i d i f i c a t i o n  on ly .  Consequent ly ,  i t  was dec ided  LhaL Llle optimum approach 
would be t o  d u p l i c a t e  t h e  zone-1 c o n t r o l  s t r a t e g y  jn zone 2 ,  r e s u l t i n g  i n  the 
t r a n s i t i o n  of room c o n d l t l u ~ ~ s  l rou  suue 2 t o  t6ne 3 .  The uriutiud so la r  
c a p a c i t y  was t h e n  used f o r  d e h u m i d i f i c a t i o n  by t h e  zone 3 s t r a t e g y .  

I d e a l l y ,  o n l y  d e h u m i d i f i c a t i o n  is n e c e s s a r y  i n  zone 3. Nominal sys tem 
p e r f o r m a n c e  f o r  t h i s  c o n d i t i o n  i s  d i s p l a y e d  i n  F i g u r e  3-6. I n  t h i s  c a s e ,  i t  
i s  d e s i r a b l e  t o  o p e r a t e  w i t h  z e r o  s e n s i b l e  c o o l i n g  capacity,  a good 
approx imat ion  t o  t h i s  b e i n g  so = 0.9 and  Ei = 0.4.  I n  p r a c t i c e ,  t h e  d e c r e a s e  
i n  ambient t e m p e r a t u r e s  each evening r e s u l t s  I n  i n c r e a s e d  r e l a t i v e  humidi ty  
and  n e g a t i v e  s e n s i b l e  house l o a d s .  I f  t h e  humidi ty  d r i v e s  t h e  indoor  s t a t e  
i n t o  zone 3  ( p o i n t  A t o  p o i n t  B i n  F i g u r e  3-22), a  l a t e n t  c a p a c i t y  s u f f i c i e n t  
t o  b r i n g  abou t  a  change i n  humidi ty  r a t i o  & = W(D) - W(C)  Is ~ e q u f ~ - e d  t o  
r e s t o r e  comfor t ,  w i t h  t h e  room tempera tu re  assumed c o n s t a n t .  The accompanying 
n e g a t i v e  evening l o a d ,  however, lowers  t h e  room tempera tu re  by a n  amount AT = 
T(C) - T(D). Thus, pure  d e h u m i d i f i c a t i o n  of magnitude AW, i n  c o n j u n c t i o n  w i t h  
a  d e c r e a s e  i n  room t e m p e r a t u r e ,  r e s u l t s  i n  room s t a t e  D r a t h e r  t h a n  C and 
comfor t  i s  n o t  ach ieved .  For  t h i s  c a s e ,  a b e t t e r  s t r a t e g y  i s  t o  o p e r a t e  fhe 
system with  both  e v a p o r a t i v e  c o o l e r s  tu rned  o f f  (Eo = Ei = 0 i n  F i g u r e  3-6), 
t h e r e b y  g e n e r a t i n g  h e a t i n g  c a p a c i t y  t o  o f f s e t  t h e  s e n s i b l e  l o a d ,  and 
i n c r e a s i n g  t h e  l a t e n t  c a p a c i t y  (Table  3-15). 

C o n d i t i o n s  r e p r e s e n t e d  by zone 4  r e q u i r e  both  l a t e n t  and s e n s i b l e  c o o l i n g  t o  
r e t u r n  t o  comfor t .  System performance a t  t h e  i n t e r s e c t i o n  of zones 4 and 6 i s  
d i s p l a y e d  i n  F i g u r e  3-7. The r a t i o  of t h e  s e n s i b l e  t o  l a t e n t  l o a d s  
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Table 3-15. . DESICCANT SYSTEM CONTROL S'I'RATEGY~ 

SEN 
Zone lLATl 

< 45" 
> 45" 

45" t o  50" 
SO' .to 5 5 . O  

55" tu GO" 
60" t o  650 
65" t o  70' 
70" t o  75" 
75' t o  80' 
80" t o  8.5" 

off  

off 

of f  
on 
on 

off  
on 
on 
on 
on 
on 
on 
on 
on 
on 

off  
on 
on 
on 
on 
on 
on 
on 
on 

o f f  

"SEN = s e n s i b l e  house load , 

LAT = l a t e n t  house load 

T~~~ = regenera t i o n  temperature ("C) 

m = f l owra t e  (kg/sec)  
E '  
i = i n l e t  evapora t ive  coo le r  e f f e c t i v e n e s s  

E: = ambient evapora t ive  coo le r  e f f e c t i v e n e s s  
x = SEN/LAT 



experienced by t h e  house should be r e f l e c t e d  i n  t h e  S/L c a p a c i t y  supp l i ed .  
When t h e  s e n s i b l e  load exceeded the  l a t e n t  element,  t h e  s e n s i b l e  hea t ing  r a t i o  
SHR ( s e n s i b l e  c a p a c i t y / t o t a l  c apac i ty )  was maximized by ope ra t i ng  w i t h  Ei = Eo 

= 0.9. Conversely,  when the  S/L load < 1, the  i n l e t  coo le r  e f f e c t i v e n e s s  was 
a p p r o p r i a t e l y  proport ioned t o  f u r n i s h  cool ing  t o  coun te rac t  both components of  
t h e  load.  D e t a i l s  of t h i s  s t r a t e g y  a r e  given i n  Table '3-15. Implementation 
of t he  s imulated c o n t r o l l e r  i n  a p r a c t i c a l  sense  would r e q u i r e  monitor ing of  
both indoor and outdoor temperatures  and humidi t ies .  

Room s t a t e  5 demands s e n s i b l e  coo l ing  only f o r  r e s t o r a t i o n  of comfort.  Th i s  
corresponds t o  ope ra t i on  along the  l i n e  QLAT = 0 i n  Figure 3-8. Achievement 
of t h i s  c o n t r o l  was f a c i l i t a t e d  by optimum o u t l e t  coo le r  e f f e c t i v e n e s s  ( so  = 
0.9) combined wi th  a scheme parameter iz ing  Ei a s  a func t ion  of 'TREG (max) a s  
s p e c i f i e d  i n  Table 3-15. 

Zone 6 r e p r e s e n t s  comfort condi t ions .  No ope ra t i on  of t h e  des i ccan t  system is  
needed. The a c t i o n  of t h e  c o n t r o l  s t r a t e g y  i n  t h i s  case  was merely t o  s h u t  
o f f  t h e  machine. 

The c o n t r o l l e r  was allowed an  a u x i l i a r y  cool ing  op t ion  t o  supplement des i ccan t  
system performance. I n  t h i s  mode, t h e  po r t i on  of t he  l a t e n t  and/or  s e n s i b l e  
load t h a t  could not be met by t h e  s o l a r  de s i ccan t  coo le r  w a s  provided by a n  
assumed a u x i l i a r y  vapor-compression u n i t .  This  guaranteed an  immediate r e t u r n  
t o  comfort whenever t he  room s t a t e  en t e r ed  zones 3, 4,  o r  5. Seve ra l  runs f o r  
va r ious  c i t i e s  were made i n  which only t h e  s e n s i b l e  component was 
supplemented. A second a u x i l i a r y  a l t e r n a t i v e ,  whereby the  r egene ra t i on  s t ream 
temperatures  could be augmented t o  TREG = 8 5 " ~  a t  a l l  t imes, was i n s t a l l e d  i n  
t h e  c o n t r o l l e r  but not app l i ed  i n  t he  presen t  s tudy.  Frequency of a u x i l i a r y  
usage and f a i l u r e  of t h e  des i ccan t  system t o  ope ra t e  when demanded [due t o  
TREG (max) < 45OC] was recorded. 

A convention was e s t a b l i s h e d  t o  accoiint f o r  t he  house loads ,  de s i ccan t  coo le r  
system c a p a c i t i e s ,  a u x i l i a r y  hea t ing ,  and a u x i l i a r y  coo l ing  t o  a s s u r e  a n  
a c c u r a t e  balance of energy. The p o s s i b i l i t y  of both p o s i t i v e  and nega t ive  
house loads and des i ccan t  coo le r  system c a p a c i t i e s  n e c e s s i t a t e d  a s p e c i a l  
energy account ing method. A l l  hea t ing .  loads  occuring i n  zones 1 and 2 were 
assumed t o  be met by a n  a u x i l i a r y  h e a t i n g  supply. No coo l ing  loads  o r  
c a p a c i t i e s  were allowed i n  t h e s e  zones. I n  zone 3,  t h e  c o n t r o l  s t r a t e g y  
permi t ted  a des i ccan t  c o o l e r  s e n s i b l e  h e a t i n g  (nega t ive )  capac i ty .  
S i m i l a r i l y ,  because zone 5 at tempted t o  ope ra t e  a t  ze ro  capac i ty ,  ambient and 
room cond i t i ons  could p r e c i p i t a t e  a d e s i c c a n t  c o o l e r  l a t e n t  h e a t i n g  
(humid i f i ca t i on )  capac i ty .  To handle  t he se  cases i n  zones 3 through 6, 
whenever a des i ccan t  system hea t ing  capac i ty  ( s e n s i b l e  o r  l a t e n t )  was 
experienced,  i t  was added t o  t h e  house cool ing  load.  A l l  s e n s i b l e  and l a t e n t  
loads and c a p a c i t i e s  i n  t he se  fou r  zones were then  a l g e b r a i c a l l y  summed. 
Table  3-16 g ives  a summary of t h i s  account ing  system. 

3.7.3 Results of Case S t u d i e s  

The s imula t ions  were used t o  i n v e s t i g a t e  such ques t i ons  as which c l i m a t e  was 
most a p p r o p r i a t e  f o r  de s i ccan t  system ope ra t i on ,  what system c a p a c i t y  and 
c o l l e c t o r  s i z e  were optimum, and which a u x i l i a r y  coo l ing  s t r a t e g y  most 
enhanced des i ccan t  system performance. Five c i t ies  were chosen on t h e  b a s f s  



Table 3-16. ENERGY ACCOUNTING COW EN TI ON^ ln 
111 
AJ - 

Zone QLOADS QCAPS Q C h P L  HLOADS CLOADS CLOADL ECAP S HCAPL CCAPS CCAPL 

-- -- 
*I 

1, 2 > XLOADS 0  0  0  0  0  0  0  
0  < QLOADS < XLOADS -- -- XLOADS-QLO-4DS 0 0  0  0 0 0  
QLOADS < 0  < XLOADS -- -- XLOADS 0  0  0  0  0  0  

3, 4 ,  5 ( ' 0  < o  0 QLOADS+HCAPS QLOADL+HCAPL I QCAPS 1 I QCAPL I 0  0  
< o  > o  0. QLOADS+HCAPS QLOADL+BCAPL I QCAPS 1 0  0  QCAPL 
> o  < o  0  QLOADS+HCAPS QLOADL+HCAPL 0  ~ Q C A P L ~  QCAPS 0  
> O  > o  0  QLOADS+HCAPS QLOADL+HCAPL 0  0  QCAPS QCAPL 

6 0  0  0 QLOADS QLOADL 0  0  0  

a ~ ~ ~ A D ~  = s e n s i b l e  house load 
QCAPS = s e n s i b l e  d e s i c c a n t  system c a p z c i t y  
QCAPL = l a t e n t  d e s i c c a n t  system c a ~ a c i t y  
HLOADS = s e n s i b l e  a u x i l i a r y  h e a t  r e q u i r e d  
CLOADS = s e n s i b l e  c o o l i n g  house load  
CLOADL = l a t e n t  c o o l i n g  house load 
HCAPS = s e n s i b l e  h e a t i n g  c a p a c i t y  c f  d e s i c c a n t  sys tem 
HCAPL = l a t e n t  h e a t i n g  c a p a c i t y  of d e s i c c a n t  sys tem 
CCAPS = s e n s i b l e  c o o l i n g  c a p a c i t y  of  d e s i c c a n t  sys tem 
CCAPL = l a t e n t  c o o l i n g  c a p a c i t y  of d e s i c c a n t  sys tem 
XLOADS = s e n s i b l e  h e a t i n g  r e q u i r e d  t o  boost  room t e m p e r a t u r e  

back t o  comfort  
= CAPH (TMIN - ~ ~ ~ ~ ~ ) / ~ t  

CAP, 
7 = c a p a c i t y  of the  house = 10 J i ° C  

II 

A t  = t ime s t e p  = 1800 s 

TMIN = minimum comfor tab le  room tempera tu re  = 2 0 ° C  



of t h e i r  d ive r se  c l i m a t i c  c h a r a c t e r i s t i c s :  Phoenix, Arizona (very  h o t ,  d r y ) ;  
Dodge C i ty ,  Kansas (warm, dry) ;  For t  Worth, Texas ( h o t ,  humid); Washington, 
D.C.  (warm, humid); and Char les ton ,  South Carol ina (warm, very humid). For 
each c i t y ,  a  s e r i e s  of yea r ly  s imu la t i ons  were nnde. Resu l t s  of s o l a r  hea t ing  
during; t he  win te r  months were incorpora ted  with r e s u l t s  of t he  cool ing  season 
t o  a l low annual  economic ana lyses .  A range of c o l l e c t o r  s i z e s  and des i ccan t  
system c a p a c i t i e s  were s imulated a t  each of t h e  geographic l o c a t i o n s  of 
i n t e r e s t .  The a u x i l i a r y  s t r a t e g i e s  were a s  fol lows:  no aux i l . i a ry  coo l ing ,  
a u x i l i a r y  cool ing  dr iven  by t h e  s e n s i b l e  load,  and a u x i l i a r y  cool ing  designed 
t o  m t c h  both the  s e n s i b l e  and l a t e n t ' c o o l i n g  requirements  t h a t  could not  be 
met by t h e  des i ccan t  system. A summary i s  given i n  Table  3-17 of t h e  
s imu la t i ons .  

To determine the  r e l a t i v e  degree of d e s i r a b i l i t y  of s o l a r  hea t ing  and cool ing  
compared t o  s o l a r  hea t ing  only and t o  permit amortized cos t  e s t i m a t e s ,  both 

.." 
t h e  hea t ing  and the  cool ing  seasons were s imulated.  The cool ing  season was 
t r e a t e d  a s  descr ibed i n  Sec t ion  3.7.1. A s o l a r  space hea t ing  u n i t  was modeled 
f o r  t h e  hea t ing  season a s  shown i n  F igure  3-23. S o l a r  water hea t ing  was not 
considered.  

The o b j e c t i v e  of t he  dynamic s tudy was t o  a s c e r t a i n  t he  most f avo rab l e  c l ima te  
f o r  s o l a r  hea t ing  and des iccant  cool ing  and the combination of system s i z e  and 
c o l l e c t o r  a r e a  y i e l d i n g  the  bes t  thermal performance. The p r i n c i p a l  f i n d i n g s  
can be summarized as fol lows:  

Cl imates  whicW experience both high hea t ing  loads i n  t h e  w in t e r  and 
high c o o l i n g . l o a d s  i n  t he  summer a r e  the  most s u i t a b l e  cand ida t e s  f o r  
s o l a r  hea t ing  and des i ccan t  cool ing .  

Washington, D . C . ,  i s  t he  most promising of t he  f i v e  c i t i e s  examined 
f o r  t h e  a p p l i c a t i o n  of s o l a r  hea t ing  and des i ccan t  cool ing  (due t o  
i t s  c l i m a t i c  cond i t i ons ) .  

The des i ccan t  system which was modeled i s  p r e f e r e n t i a l l y  a  l a t e n t  
r a t h e r  than s e n s i b l e  coo le r .  

Thermal performance i s  bes t  understood i n  terms of t h e  dynamic 
i n t e r a c t i o n  of t he  des iccant  machine with t he  s o l a r  c o l l e c t o r / s t o r a g e  
system o u t l e t  temperature.  

The optimum combinatio s of system s i z e s  f o r  Washington, D.C.., 9 ar5 4.5-kW capac i ty  a t  35-m c o l l e c t o r  a r ea  and 9.0-kW capac i ty  a t  50-m 
c o l l e c t o r  a r e a .  

For t h e  va r ious  c i t i e s  included i n  t h i s  s tudy ,  F igure  3-24 d i s p l a y s  t h e  
percentage of the  hea t ing  load provided by s o l a r  energy a s  a  func t ion  of 
c o l l e c t o r  s i z e .  Geographical op t imiza t ion  of c o l l e c t o r  a r e a s  f o r  s o l a r  
hea t ing  i s  c o n t r o l l e d  by economic cons ide ra t i ons .  P r o j e c t i o n s  based upon a  
s e r i e s  of F-Chart ana lyses  [27] appear  i n  Table 3-18 with t h e  corresponding 
hea t ing  loads met by s o l a r  energy. It can be seen t h a t ,  wi th  t h e  except ion  of 
Phoenix, cos t  i s  minimized when 30% t o  50% of the  seasona l  h e a t i n g  load i s  
provided by s o l a r  energy. The discrepancy of Phoenix i s  due t o  t he  r e l a t i v e l y  
low hea t ing  load and high i n s o l a t i o n .  S ince  so l i t t l e  hea t ing  i s  needed, a 
h igher  percentage must be met by s o l a r  energy t o  a l low a n  app rec i ab l e  t o t a l  
f u e l  sav ings  t o  compensate f o r  c o l l e c t o r  cos t s .  A more d e t a i l e d  d i s cus s ion  of 
hea t ing  season economics i s  presented iu Sect ion  5 . 3 -  



Table 3-17. PARAMETERS USED IN DESICCANT COOLER SIMULATIONS 

C o o l e r  C o l l e c t  r  2 S t o r a g e  
Run No. S i z e ( k W )  A r e a ( r n )  Volume (m2) A u x i l i a r y  C o o l i n g  

U A S H ~  1 
WASH 2  
WASH 3  
WASH 4  
WASH 5 
WASU G 
WASH 7 
WASH 8 
WASH 9 
WASH 10 
WASH 12 
WASH 13  
WASH 14 
WASH 15 
WASH 1 6  
WASH 17 
\?ASH 1 8  
WASH 1 9  
WASH 20 
WASH 21 
WASH 22 
WASH 23 
WAS11 24 
WAS11 25 
MASH 26 
WASH 27 
WASH '28 
WASH 29 

D O D G ~  1 
DODG 2  
DODC 3 
DODG 4  
DODG 5 
DODG 6 
DODG 7 
DODG 8 
DODG 9  
DODG 10 
OODC 11 
DODG 12 

CHAR' 8  
CHAR 10 
CHAX 11 
CHAR 12 
CHAR. 1 3  
CHAR 14 

FTWR* 1  
FTWR 2  
FTITR 3  
PTWR 5 
FTWR 6 

P H N X ~  1 
PHNX 2  
PHNX 4  
PHNX 7  

None 
S e n s i b l e  
None 
S e n s i b l e  
None 
3c i r s lLlc  
None 
S e n s i b l e  
None 
S e n s i b l e  
S e n s i b l e  
S e n s i b l e  
S e n s i b l e  
S e n s i b l e  
S e n v l b l e  
S e n s i b l e  
S e n s i b l e  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + L a t e n t  
S e n s i b l e  + Latent 
S e n s i b l c  + L a t e n t  

None 
None 
S e n c i b l e  
None 
S e n s i b l e  
None 
None 
None 
None 
None 
None 
S e n s i h l e  + l a t e n t  

S e n s i b l e  
None 
S e n s i b l e  
None 
S e n s i b l e  
S e n s i b l e  + L a t e n t  

None 
None 
S e n s i b l e  
S e n s i b l e  
S e n s i b l e  + L a t e n t  

None 
S e n s i b l e  
S e n s i b l e  
S e n s i b l e  + L a t e n t  

'!JASH = Washington,  U.C. 'CHAR = C h a r l e s t o n ,  S.C.  e~~~ = Phoenix,  A r i z .  
b~~~~ = D o d g ~  C i t y ,  Kans. d ~ ~ J R  = F o r t  Worth, Tex. 
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Figure 3-23. SOLAR COLLECTOR/STORAGE SYSTEM COb iF IGURATION D U R I N G  H E A T I N G  SEASON 
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Washington D.C. 
---- Dodge C i t y  

-.- Char1 es t o n  

Phoeni x 

x F o r t  Worth 

C o l l e c t o r  Area ( rn2)  

F i g u r e  3-24. PERFORMANCE OF SOLAR SYSTEM DURING HEATIN; SEASON 



Areas having mild win te r  months (lower hea t ing  loads )  gene ra l l y  exper ience  
more severe  cool ing seasons (h igher  cool ing  loads )  and v i ce  versa .  This  makes 
i t  u n l i k e l y  t h a t  t h e  opt imal .  c o l l e c t o r  s i z e s  f o r  t he  two seasons w i l l  be 
i d e n t i c a l .  I f  t he  t o t a l  loads a r e  not s i g n i f i c a n t l y  high,  then the  ne t  f u e l  
saved w i l l  not o f f s e t  c o l l e c t o r  c o s t s .  The imp l i ca t i on  i s  t h a t  t he  c l i m a t e  
most app rop r i a t e  f o r  both s o l a r  hea t ing  and cool ing  i s  one exper ienc ing  h igh  
hea t ing  and cool ing loads.  

For each of t he  runs l i s t e d  i n  Table 3-17, monthly and annual  summaries of a l l  
hea t ing  and ' c o o l i n g  loads ,  c a p a c i t i e s ,  and a u x i l i a r y  requirements  were 
computed, a s  wel l  a s  such parameters a s  COP, EER, and t h e  percentage of time 
the  condi t ioned space was w i th in  the  def ined  comfort zone. Sample r e p o r t s  a r e  
included i n  Appendix A and the  annual  performance recaps appear i n  Table  3-19. 

Table  3-18. PERCENTAGE OF HEATING LOAD SUPPLIED BY SOLAR ENERGY 

% of Heating % of Heat ing 
Load Suppl ied Optimum Load Suppl ied 

Heating by So la r  Energy C o l l e c t o r  by S o l a r  Energy 
Load a t  Co l l ec to r  Area f o r  , a t  Optimum 

Ci ty  ( 1 0 ~ ~ 5 )  Area of 3 5 1 - n ~ ~  Heating (m21b C o l l e c t o r  Area 

Phoenix, Ariz .  0.76 100 14 

Char les ton ,  S;C 2.60 6  9 12 
\ 

For t  Worth, Tex. 3.24 6  5 16 

Washington, D.C.  4.81 54 18 

Dodge Ci ty ,  Kans. 5.65 6  6  2 6 
- 

"see F igure  3-24 
b ~ e f .  27; f o r  an  assumed average convent iona l  f u e l  cos t  = $lO/GJ, c o l l e c t o r  

2  c o s t  = $110/m , and annual  payback of c a p i t a l  = 0.1 
'F-chart r e s u l t s  

F igures  3-25a, b, and c  summarize t h e  e f f e c t s  of de s i ccan t  coo le r  s i z e  and 
c o l l e c t o r  a r ea  on de l ive red  cool ing  capac i ty  f o r  Washington, D.C.  These p l o t s  
show t h a t  the  amount of p a r a s i t i c  energy used i's r e l a t i v e l y  unaf fec ted  by 
c o l l e c t o r  a r ea  o r  de s i ccan t  machine s i z e .  This  i s  because smal le r  machines 
demand l e s s  power but opera te  f o r  longer  time pe r iods  than l a r g e r  u n i t s .  

COP and ERR were chosen a s  measures of performance. A benchmar5 d e s i c c a n t  
system was def ined t o  be of a  4.5-kW l~ominal  c a p a c i t y  and 35-m c o l l e c t o r  
a r e a .  This  con f igu ra t i on  was s imulated i n  t h e  c i t i e s  of i n t e r e s t  both w i th  
and without a u x i l i a r y  cool ing .  The s i n g l e  v a r i a b l e  t h a t  be s t  c h a r a c t e r i z e d  
c l i m a t i c  cond i t i ons  was the  r e l a t i v e  humidity corresponding t o  t h e  design-  
po in t  wet- and dry-bulb temperatures  f o r  each c i t y  [6 ] .  P l o t s  of COP and EER 
as func t ions  of t h i s  design-point ' r e l a t i v e  humidity (F igures  3-26a and b)  
i n d i c a t e  t h a t  de s i ccan t  sysrem performance peak.s near  50% and t h a t ,  t h e r e f o r e ,  
Washington, D.C., is  the  optimum c l ima te  of t h e  f i v e  c i t i e s  s t u d i e d .  



TABLE 3-19. ANNUAL DESICCBIST SYSTEM PKRFORMHCE 
( a l l  energy -its in joules) 

Cooling A u x i l i a r y  % Bldg. Load 
Bu i ld ing  Load Capac i t y  Suppl ied  Supp l i ed  by S o l a r  Energy 

S e n s i b l e  L a t e n t  P a r a s i t i c  Duty % i n  
Run No. Cool ing  Cool ing  Heat S e n s i b l e  L a t e n t  Heat Cool ing  Heat Cool ing  Energy COP EER Cycle  Comfort 

WASH 1 1.28 E l0  6.74 E9 4.81 El0  1.32 E l0  6.54 E9 2.19 El0  -- 54 -- 3.05 E9 0.71 22.07 0.19 59 



TABU 3-19. BBNDAL DESICCAFT SYSTKn PERFORMAXE (Continued) 
(all energy units in Joules) 

Cooling Auxi l la  r y  % Bldg. Load 
Bu i ld ing  Load Capaci ty  Suppl ied  Suppl ied  by S o l a r  Energy 

S e n s i b l e  La t en t  P a r a s i t i c  Duty % i n  
Run Wo. Cool ing  Cooling Heat S e n s i b l e  La t en t  Heat Cooling Heat Cooling Energy COP EER Cycle  Comfort 

WASH 23 1.27 E l0  7.96 E9 4.81 E l0  1.20 E9 6.34 E8 4.00 El0  1.91 El0  14 9 6.44 E8 0.63 8.63 0.03 100 

DODS 1 1.16 El0  

2  1.14 El0  

3 1.14 El0  

4  1 .13  El0  

5  1.14 El0  

6  1.16 El0 

7  1.14 El0  

8  1.13 E l0  

9 1.16 E l0  

10 1.15 El0  

11 1.13 E l 0  

12 1.14 E l0  



TABLE 3-1 9. Al!INUAL DESXCCANZ SYSTEM .L!EBFOBnaBCE (Concluded) 
(a l l  energy unite in joules) 

Cooling Aux i l i a ry  % Bldg. Load 
Bui ld ing Load Capaci ty  Supplied Supplied by S o l a r  Energy 

Sens ib l e  Latent  P a r a s i t i c  Duty % i n  
Run No. Cooling Cooling Heat Sens ib l e  Latent  Heat Cooling lleat Cooling Energy COP EER Cycle Comfort 

CHAR 8 1.21 El0 1.21 El0 2.60 El0  9.45 E9 1.24. El0 2.86 E9 3.42 E9 89 . 86 5.07 E9 0.51 13.41 0.24 86 

FTWR 1 2.39 El0  9.39 E9 3.24 El0  2.41 E l0  9.27 E9 1.13 E l0  -- 65 -- 5 . 2 8 E 9  0.71 21.57 0.25 4 8 

2 2 .38E10  9 .72E9  3 . 2 4 E l O  2 . 4 5 E 1 0  9 . 8 3 E 9  1 .13ElO -- 65 -- 5.88 E9 0.75 19.90 0.49 46 

3 2.38 El0 1.09 El0  3.24 E l0  1 .07 El0  1.10 El0  1.13 E l0  1.36 El0  65  61 4.40 E9 0.55 12.25 0.35 9 5 

5 2.39 El0  1.05 El0 3.24 El0 6.59 E9 1.05 El0 1.13 E l 0  1.78 El0 65 49 5.49 E9 0.61 9.44 0.48 98 

6 2.37 El0 1.11 El0 3;25 El0 1.08 El0  9.63 E9 1.13 El0 1.49 El0  65 58 3.73 E9 0.59 12.45 0.31 100 
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Design-Point R e l a t i v e  Humidi ty(%)  Desi g r rPo in t  R e l a t i v e  Humidity (%) 

F i g u r e  3-26. E F F E C T  OF D E S I G N - P O I N T  R E L A T I V E  HUMIDITY ON ( a )  COP AND ( b )  EER - 4.5-Ku 
COOLER W I T H  35-FI2 COLLECTOR, W I T H  AND WITHOUT A U X I L I A R Y  COOLING 



The s t e a d y - s t a t e  a n a l y s i s  ( S e c t i o n  3 .6 .2)  showed . t h a t  t h e  modeled d e s i c c a n t  
sys tem was p r e f e r e n t i a l l y  a  l a t e n t  r a t h e r  t h a n  s e n s i b l e  c o o l e r .  For t h e  
dynamic a n a l y s i s ,  runs  i n  which a u x i l i a r y  s e n s i b l e  c o o l i n g  was provided were 
chosen t o  s e e  how w e l l  t h e  l a t e n t  component of t h e  load  could  be met by t h e  
d e s i c c a n t  machine. The percen tage  of t ime which t h e  house s p e n t  i n  zone 3  
( o u t  of comfor t ,  t o o  humid) i n  each c i t y  was a g a i n  p l o t t e d  a g a i n s t  des ign-  
p o i n t  r e l a t i v e  humidi ty  ( F i g u r e  3-27). General  agreement was found w i t h  t h e  
s t e a d y - s t a t e  s e n s i t i v i t y  curve  of c a p a c i t y  v e r s u s  ambient humidi ty;  namely, a s  
o u t s i d e  humidi ty  i n c r e a s e d ,  system performance decreased  and a  g r e a t e r  amount 
of time was s p e n t  out  of comfort .  

To f u r t h e r  i l l u s t r a t e  t h e  e f f e c t  of c l i m a t e  upon system o p e r a t i o n ,  t h e  
v a r i a t i o n  of t h e  pe rcen tage  of t h e  l a t e n t  c o o l i n g  load  t h a t  was provided by 
s o l a r  energy,  a s  a  f u n c t i o n  of t h e  pe rcen tage  of t h e  t o t a l  l a t e n t  c o o l i n g  
l o a d ,  was s t u d i e d .  The percen tage  of t h e  l a t e n t  c o o l i n g  s u p p l i e d  by s o l a r  
energy was c a l c u l a t e d  a s  fo l lows :  

L a t e n t  c o o l i n g  c a p a c i t y  s u p p l i e d  by solar energy  
L a t e n t  c o o l i n g  load  

  he r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  3-28 and they  a g r e e  w i t h  t h e  s t e a d y - s t a t e  
performance.  A s  t h e  l a t e n t  load  became more a p p r e c i a b l e ,  t h e  c o o l i n g  c a p a c i t y  
dropped and t h e  p e r c e n t a g e  of t h e  l a t e n t  l o a d  s u p p l i e d  by s o l a r  energy  
decreased .  Thus, t h e  response  of t h e  modeled d e s i c c a n t  sys tem was more 
s e n s i t i v e  t o  l a t e n t  than s e n s i b l e  c o n d i t i o n s .  

A s  exp la ined  i n  S e c t i o n  3.7.2,  whenever t h e  c o l l e c t o r / s t o r a g e  sys tem could n o t  
d e l i v e r  45"C, t h e  d e s i c c a n t  system d i d  n o t  o p e r a t e .  The percen tage  o.f t ime 
t h a t  c o o l i n g  c a p a c i t y  was r e q u i r e d  but  cou ld  no t  be provided due t o  
i n s u f f i c i e n t  ou t  l e t  t empera tu re  was recorded  f o r  each s i m u l a t i o n  run  ( s e e  
Table  3-20). I n a b i l i t y  t o  o p e r a t e  was p l o t t e d  i n  F i g u r e  3-29 a s  a  f u n c t i o n  of 
c o l l e c t o r  a r e a  and system c a p a c i t y  f o r  Washington, D .C . ,  f o r  two a u x i l i a r y  
c o o l i n g  s t r a t e g i e s .  P roper  matching of c o l l e c t o r  a r e a  wi th  d e s i c c a n t  sys tem 
s i z e  minimized t h e  p e r c e n t a g e  of t ime i n  which t h e  sys tem was unab le  t o  

. o p e r a t e .  Two c o n c l u s i o n s  can then  be made i f  i t  is  d e s i r e d  t h a t  t h e  d e s i c c a n t  
sys tem o p e r a t e  90% of t h e  t ime t h a t  i t  i needed. F i r s t ,  a  c o n s i d e r a b l e  
i n c r e a s e  i n  c o l l e c t o r  a r e a  ( roughly 15 m ) i s  r e q u i r e d  t o  m a i n t a i n  a  90% 
a v a i l a b i l i t y  (10% downtime) i f  on ly  s e n s i b l e  a u x i l i a r y  c o o l i n g  i s  provided 
r a t h e r  t h a n  both  s e n s i b l e  and l a t e n t  a u x i l i a r y .  T h i s  i m p l i e s ,  on t h e  b a s i s  of 
minimizing c o l l e c t o r  a r e a ,  t h a t  t h e  s t r a t e g y  of p r o v i d i n g  s e n s i b l e  and l a t e n t  
a u x i l i a r y  c o o l i n g  is  more f a v o r a b l e  t h a n  supp ly ing  s e n s i b l e  a u x i l i a r y  o n l y .  
Secoqd, t h e  a p p r o p r i  t e  cho ice  of c o l l e c  o r  s i z e  v e r s u s  sys tem c a p a c i t y  i s  9 5 20 m a t  2.3 kW, 35 m a t  4.5 kW, and 50 m a t  9.0 kW. 

A d d i t i o n a l  suppor t  f o r  t h e  above combinat ions  of c o l l e c t o r  s i z e  and system 
c a p a c i t y  was o b t a i n e d  from frequency h i s tograms  of c o l l e c t o r  f l o w r a t e .  A s  
mentioned i n  S e c t i o n  3.7.1,  i f  t h e  c o l l e c t i b l e  s o l a r  energy r e s u l t e d  i n  a n  
o u t l e t  t empera tu re  g r e a t e r  t h a n  85OC, t h e  c o l l e c t o r  f l o w r a t e  rh was i n c r e a s e d  C 
u n t i l  e x a c t l y  8 5 ' ~  was a v a i l a b l e .  The percen tage  o f  t ime t h a t  mC exceeded t h e  
d e s i c c a n t  sys tem f l o w r a t e  rh was t h e r e f o r e  a  measure of how o v e r s i z e d  t h e  

cl - - 
c o l l e c t o r  a r e a  was r e l a t i v e '  t o  d e s i c c a n t  c a p a c i t y .  'I'hese p e r c e n t a g e s  a r e  
p resen ted  i n  Table  3-20 and a r e  d i s p l a y e d  a s  a f u n c t i o n  of c o l l e c t o r  a r e a  i n  
F i g u r e  3-30. When i t  is assumed t h a t  30% r e p r e s e n t s  t h e  maximum p e r c e n t a g e  of 
t ime t h a t  c o l l e c t o r  f l o w r a t e  should exceed d e s i c c a n t  f l o w r a t e ,  agreement i s  





% Coo l i ng Load Later1 L 

F i g u r e  3-28. PERCENTAGE OF L A T E N T  COOLING LOAD PROVIDED BY SOLAR ENERGY VS. PERCENTAGE 
OF T O T A L  COOLING LOAD THAT I S  L A T E N T  - 4.5-KW COOLER W I T H  ' 3 5 - ~ ~  COLLEC.TOR 



SE?ll* TR- 09 0 

S = Sens ib l e  A u x i l i a r y  

L = L a t e n t  A u x i l i a r y  

10  20 3 0 40 5 0 

-Col 1 e c t o r  ~ r e a  (m2 ) 

0 kW, S o n l y  

5 kW, S o n l y  
3 kW, S o n l y  

F i g u r e  3-29. PERCENTAGE OF TIME SYSTEM CANNOT PROVIDE COOLING BECAUSE OF INSUFFICIENT 
REGENERATION TEMPERATURE OUT (.WASHINGTON, D.C. ) 



Table 3-20. SYSTEM PgBPOlMANcE PAlUmmmi 

Average Temperature X of Time Cooling X of Time 
Available from Capactty Required % of Time Collector Flow- 

Solar Collector/ and TOUT< 45'C Auxiliary rate > System 
Run No. Storage ('C) (machine o f f )  Required Flowrate 

WASH 1 57.0 ' 63.0 0 .O 0 .O 
WASH 2 58.5 54.4 12.6 0 .0  
WASH 3 60.7 38.5 0 .O 37.9 
WASH 4 65.1 31.2 14.0 38.3 
WASH 5 67 .O 9.4 0 .O 57.9 
WASH 6 69.8 10.0 15.6 59.0 
WASH 7 56.7 47.3 . '  0 .O 6.0 
WASH 8 64.5 35.3 , 9.6 5.8 
WASH 9 66.3 16.3 0 .O 55.5 
WASH 10 70.6 9 .7  12.7 58.8 
WASH 12 74.4 1 .O 15.3  69 .7  
WASH 13 49.3 75.2 - 15.8 0 .O 
WASH 14 56.7 58.7 16.1 1.6 
WASH 15 61.6 35.7 16.7 29.4 
WASH 16 61.6 45.1 10.7 0.5 
WASH 17 67.9 19.4 13.4 50.4 
WASH 18 72.2 3.2 15.4 64.2 
WASH 19 62.7 20.6 24.5 0.7 
WASH 20 50.5 55 5 28.4 0.0 
WASH 21 59.7 29.0 25.5 0.0 
WASH 22 65.7 12.2 23 .0  6.1 
WASH 23 42.8 89.3 30.7 0.0 
WASH 24 49.3 56.9 30.0 0.0 
WASH 25 67.6 6.6 27.3 39 .O 
WASH 26 72.4 1 .O 26.4 60.6 
WASH 27 57.6 ' 29.3 30.7 0.0 
WASH 28 74.0 0.1 . 30 .O 64.3 
WASH 29 76.7 0.0 29.9 73.6 

DODG 1 
DODG 2 
DODG 3 
DODG 4 
DODG 5 
DODG 6 
DODG 7 
DODG 8 
DODG 9 
DODG 10 
DODG 11 
DODG 12 

CHAR 8 62.5 
CHAR 10 60.8 
CHAR 11 61.9 
CHAR 12 58.6 
CHAR 13 57.7 
CHAR 14 66.5 

FTWR 1 56.1 
FTWR 2 60.4 
FTWR 3 68.4 
FTWR 5 74.3 
FTWR 6 70.2 

PHNX 1 60.1 
e m  2 65.6 
PHNX 4 74 .o 
PHNX 7 74.0 



2 . 3  kW, S + L 
2.3 kW, S o n l y  

4.5 kW, S + L 
4.5 kW, S o n l y  

9.0 kW, S + L 
9.0 kW, S o n l y  

2 C o l l e c t o r  Area (rn ) 

F i g u r e  3-30. PERCENTAGE OF TIME COLLECTOR FLOWRATE hC EXCEEDS DESICCANT SYSTEM FLOWRATE is 
(WASHINGTON, D.C.) 



2 found with t he  matching of 20 m2 wi th  2.3 kN and 35 m with 4.5 kW. Note t h a t  
t h e  c o l  e c t o r  a r e a  requi red  by a  machine of 9.0-kW capac i ty  i s  undersized even 3 a t  50 m . 
To determine which of t he  combinations of c o l l e c t o r  a r ea  and system capac i ty  
was most d e s i r a b l e  f o r  Washington, D.C . ,  t h e  percentage of t he  t o t a l  house 
coo l ing  load suppl ied  , by s o l a r  energy was p l o t t e d  a g a i n s t  c o l l e c t o r  a r e a  
(Figure 3-31). The capac i ty  of t he  9.0-kW system was f a r  too g r e a t  f o r  sma l l  
c o l l e c t o r s .  Usable s o l a r  energy was r a p i d l y  deple ted  and the  system remained 
of f  most of t h e  time. Another way of viewing t h i s  i s  t h a t  t h e  average  
temperature  from t h e  c o l l e c t o r  a v a i l a b l e  f o r  r egene ra t i on  was low and,  t hus ,  
t h e  corresponding percentage of time t h a t  t he  c o l l e c t o r  o u t l e t  temperature  was 
l e s s  than 45°C (and, hence, t h e  system i n o p e r a t i v e )  was high ( s ee  F igure  
3-29). On the  o the r  hand, when s u f f i c i e n t  c o l l e c t o r  a r e a  was provided, t h e  
9.0-kW machine capac i ty  could meet a  g r e a t e r  percentage of t h e  bu i ld ing  load 
than t h e  smal le r  systems. The percentages f o r  t h e  t h r e e  system c o n f i g u r a t i o n s  
under cons ide ra t i on  were a s  fol lows:  

% of Bui ld ing  
Co l l ec to r  Area (m2) Capaci ty  (kW) Load Met 

20 2.3 32 
3  5  4.5 60 
5  0  9  .o 7 9  

The s e n s i b l e  and l a t e n t  components of t h e  cool ing  load exh ib i t ed  t h e  same 
gene ra l  behavior a s  t he  t o t a l  cool ing  load ( see  F igures  3-32a and b) .  

Thus, t h e  l a r g e r  c o l l e c t o r  c a p a c i t y  systems c l e a r l y  e x h i b i t  g r e a t l y  improved 1 performance over t h e  20-m /2.3-kW comoinatlon. This conc lus ion  i s  further 
supported by a  s i m i l a r  a n l a y s i s  of EER versus  c o l l e c t o r  a r e a  ( s ee  F igure  
3-334. For t h e  s e n s i b l e  and l a t e n t  a u x i l i a r y  coo l ing  s t r a t e  y, t h e  EER a t  
50-m c o l l e c t o r  a r e a  and 9.0-kW capac i ty  was 15.11 and a t  35 m' and 4.5 kW i t  
was 12 .11 ,  whereas a t  20 m2 and 2.3 kW t h e  EER was only 9.51. 

When system s i z i n g  i s  viewed from t h e  s tandpoin t  of COP, t h e  importance of the  
dynamic i n t e r a c t i o n  between t h e  des i ccan t  system and t h e  c o l l e c t o r / s t o r a g e  
u n i t  becomes ev ident .  F igure  3-34 is  a  p l o t  of system COP a s  a  f u n c t i o n  of.  
c o l l e c t o r  a r e a  f o r  t he  system s i z e s  under cons ide ra t i on .  A t  very low 
c o l l e c t o r  a r e a s ,  t h e  9.0-kW machine is  q u i t e  ove r s i zed , .  a s  d i s cus sed  
prev ious ly ,  and hence t he  system r a r e l y  was capable  of opera t ing .  When it  d i d  
ope ra t e ,  i t  was p r imar i l y  dr iven  d i r e c t l y  by s o l a r  energy; t h a t  is,  s to rage  
remained dep le t ed .  Thus, while  t h e  system operated wi th  a  low duty cyc l e  ( s ee  
Table  3-19), high temperatures  were a v a i l a b l e  dur ing  those  t imes i t  d id  
ope ra t e ,  r e s u l t i n g  i n  e f f i c i e n t  use of suppl ied  energy and a  high COP. With 
l a r g e  c o l l e c t o r  a r e a s ,  more s o l a r  energy was c o l l e c t e d ,  some of which could be 
s t o r e d  a t  temperatures  abdve 45°C ( the  lower l e v e l  temperature  c o n t r o l ) .  Th i s  
s t o r a g e  was deple ted  a  sma l l e r  f r a c t i o n  of t ime than i n  t h e  ca se  of t he  
smaller c o l l e c t o r  areas, and t h e  des i ccan t  system could ope ra t e  a t  t h e  
correspondingly lower temperature  range,  r e s u l t i n g  i n  a  smal le r  COP. This  
behavior  co'uld no t  have been p red i c t ed  from t h e  s t eady - s t a t e  a n a l y s i s ;  i t  can 
only  be understood i n  terms o f . t h e  dynamic i n t e r a c t i o n  of t h e  des i ccan t  coo le r  
wi th  t h e  s o l a r  c o l l e c t o r / s t o r a g e  system o u t l e t  temperature .  
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F i g u r e  3-31. PERCENTAGE OF ANNUAt COOLING LOAD MET BY SOLAR ENERGY (WASHINGTON, D.C.; 
A U X I L I A R Y  COOLING SUPPL IED)  
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F i g u r e  3-32. ANNUAL COOLING S U P P L I E D  BY SOLAR D E S I C C A N T  COOLER (WASHINGTON, D.C.; A U X I L I A R Y  
COOLING S U P P L I E D )  : ( a )  SENSIBLE COOLING AND ( 6 ) .  L A T E R T  COOLING 



S = Sensible Auxiliary 

L = Latent Auxiliary 

10 2 0 30 40 5 0 
.2 C>l lector Area (rn ) 

Figure 3-33. EER VS. COLLECTOR AREA (WASHINGTON, D.C.) 
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Figure 3-34. COP VS. COLLECTOR AREA (WASHINGTON, D.C.) 



This  sugges t s  t h a t  a  more meaningful c h a r a c t e r i z i n g  v a r i a b l e  f o r  t he  des i ccan t  
c o o l e r  ( r a t h e r  than COP o r  c o l l e c t o r  a r e a )  i s  t h e  average  temperature  
a v a i l a b l e  from t h e  c o l l e c t o r / s t o r a g e  u n i t  ( i . e . ,  r egene ra t i on  tempera ture) .  
Such informat ion  i s  a v a i l a b l e  from frequency his tograms of t h e  o u t l e t  
t empera ture  from the  c o l l e c t o r / s t o r a g e  system and i s  compiled i n  Table - 3-20. 
The t r a n s l a t i o n  from c o l l e c t o r  a r e a  t o  average o u t l e t  temperature  TOUT i s  
d e p i c t e d  i n  F igure  3-35. 

F i g u r e  3-36 shows average  o u t l e t  temperature  p l o t t e d  versus  COP. The reason 
f o r  t h e  dec reas ing  COP a s  GUT i n c r e a s e s  is  s i m i l a r  t o  the  argument given i n  
t h e  s t e a d y - s t a t e  a n a l y s i s .  A t  h igh  r egene ra t i on  ( o u t l e t )  temperatures ,  the  
supp l i ed  energy i n c r e a s e s  more r a p i d l y  than the  cool ing  capac i ty .  This appears  
t n  he an,  i n h e r e n t  c h a r a c t e r i s t i c  of the  des i ccan t  systems. 

To f u r t h e r  i l l u s t r a t e  t h e  e f f e c t  on - system parameters of i nc reas ing  c o l l e c t o r  
o u t l e t  t empera tures ,  a  p l o t  of TOUT ve r sus  EER f o r  Washlngtotl, D.C.,  i s  
p re sen t ed  i n  F igu re  3-37. A s  d i scussed  e a r l i e r ,  p a r a s i t i c  power requirements  
a r e  e s . s e n t i a l l y  independent of c o l l e c t o r  a r e a  and machine s i z e .  Therefore ,  
s i n c e  a  l a r g e r  machine provides  a  l a r g e r  f r a c t i o n  of the t o t a l  house cool ing  
load ,  a s  shown i n  F igu re  3-38, t h e  coo l ing  capac i ty  suppl ied  per u n i t  of 
p a r a s i t i c  power ( i . e . ,  EER) i s  g r e a t e r  f o r  t he  systems of l a r g e r  s i z e .  

2  The sma l l e r  machine w i th  20-m c o l l e c t o r  a r e a  and 2.3-kW des i ccan t  coo le r  had 
t h e  most f avo rab l e  COP. . (see F igure  3-36), but t he  o b j e c t i v e  of t he  presen t  
c o n t r o l  s t r a t e g y  was t o  maximize capac i ty  and machine off- t ime and not t o  
op t imize  system COP. For t h i s  reason,  t h e  r e s u l  s presen ted  i n  F i g  r e s  3-31 Y and 3-33 suppor t  t h e  s e l e c t i o n  of a  9.0-kW/50-9 o r  a  4.5-kW/35-m system, 
w i t h  both s e n s i b l e  and l a t e n t  a u x i l i a r y  cool ing  supp l i ed ,  a5 the  most s u i t a b l e  
system f o r  Washington, D.C. For t h e  4.5-kW coo le r ,  a  35-m c o l l e c t o r  a r e a  i s  
most f avo rab l e  s i n c e  t h e  incrementa l  i n c r e a s z  i n  cool ing  capac i ty  and EER does 
no t  j u s t i f y  t h e  i c r e a s e  from 35- t o  50-m c o l l e c t o r  a r e a .  A s  p rev ious ly  
d i s c u s s e d ,  a  50--2 c o l l e c t o r  a r e a  i s  overs ized  f o r  a  4.5-lcW des i ccan t  
c o o l e r .  The 9-kW coo le r  performs bes t  wi th  a  50-m2 c o l l e c t o r  a r e a .  
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Figure 3-35. REGENERATION TEMPERATURE TOUT VS. COLLECTOR AREA (WASHINGTON, D .C. ) 



F i g u r e  3-36. ' COP VS. REGENERATION TEMPERATURE TOUT (WASHINGTON, D .C. j 



F i g u r e  3-37. EER VS. REGENERATION TEMPERATURE TOUT (WASHINGTON, D.C. ) 



F i g u r e  3-38. PERCENTAGE OF ANNUAL COOLING LOAD MET BY SOLAR ENERGY VS. REGENERATION 
TEMPERATURE TOUT (WASH I NGTON , D . C . ) 



SECTION 4 - 0  

STANDARD VAPOR-COMPRESSION AIR-CONDITIONING SIMULATION 

I n  o r d e r  t o  e v a l u a t e  t h e  performance c h a r a c t e r i s t i c s  and c o s t  of a  s o l a r  
d e s i c c a n t  c o o l e r ,  a n  a c c e p t e d  b a s i s  of comparison i s  r e q u i r e d .  For  t h e  pur- 
poses of t h i s  s tudy ,  a n  e l e c t r i c a l l y  d r i v e n ,  s t andard  vapor-compression a i r  
c o n d i t i o n e r ,  used, commonly throughout  t h e  Uni ted S t a t e s ,  was chosen f o r  com- 
p a r i s o n .  A s  wi th  t h e  d e s i c c a n t  c o o l e r ,  t h e  vapor-compression c o o l e r  s imula-  
t i o n  was run f o r  a  12-month c o o l i n g l h e a t i n g  season .  Impor tan t  pa ramete rs  
r e q u i r e d  t o  make a  comparison between t h e  two c o o l e r  t y p e s  were c a l c u l a t e d ,  
i n c l u d i n g  c o o l i n g  c a p a c i t y  s u p p l i e d ,  h e a t  s u p p l i e d ,  e l e c t r i c a l  energy  
r e q u i r e d ,  COP, EER, and percen tage  of t ime  t h e  house was i n  t h e  comfort  zone.  

4.1 DESCRIPTION OF SIMULATION 

The vapor-compression c o o l e r  s i m u l a t i o n s  were performed by a computer program 
e n t i r e l y  s e p a r a t e  from TRNSYS. However, t h e  d e s i c c a n t  and vapor-compression 
s i m u l a t i o n s  shared  many f e a t u r e s  so  t h a t  d i r e c t  comparisons of t h e  r e s u l t s  
could  be made. The same b a s i c  house model, load  c a l c u l a t i o n  model, house  
comfort  zone, SOLMET ambient weather  d a t a  f o r  each l o c a t i o n ,  and t ime i n c r e -  
ment (one-half  hour)  were used.  

F i g u r e  4-1 i l l u s t r a t e s  t h e  i d e a l  s i n g l e - s t a g e  vapor-compression r e f r i g e r a t i o n  
c y c l e .  . The energy t r a n s f e r s  a r e  g iven  by 

4Q1 = h3 - hl, and 

where 

Q = h e a t  t r a n s f e r  ( ~ I k g ) ,  

W = work t r a n s f e r  ( J l k g ) ,  and 

h  = e n t h a l p y  ( J / k g ) .  

The t h e o r e t i c a l  c o e f f i c i e n t  of performance i s  d e f i n e d  a s  

COP = 
h3 - h2 

h4 
- 11 

3  

The vapor-compression s i m u l a t i o n  was w r i t t e n  wi th  two b a s i c  assumptions:  



i 2  ) I-fI1 Evaporator  ( 3  I 

s h 

F i g u r e  .4-1. THEORETICAL SINGLE-STAGE VAPOR-COMPRESSION REFRIGERATION CYCLE 



The vapor-compression machine had a  cons tan t  cool ing  capac i ty  of 9.0 
kW ( s e n s i b l e  + l a t e n t ) .  

The average COP f o r  the  coo le r  was 2.5. 

These and the  o the r  bas i c  i npu t  parameters  of the  s imula t ion  a r e  summarized i n  
Table 4-1. 

Table 4-1. SUMMARY OF INPUT P- FOR VAPOR- 
COMPRESSION AIIR+ONDITIONING SIMULATION 

Operat ing capac i ty  (kW) [ t o n s ]  9.0 [2 .5]  

Average vapor-compression COP 
(without r ehea t )  

3  Flowrate  (m I s )  
2  Assumed a i r  p r e s su re  drops ( N I ~  ) 125 

House comfort zone Defined i n  F igure  3-4 

House model ' Described i n  Sec t ion  3.2.2.6 

Ho~lse cool ing lhea  t i ng  loads  Described i n  s e c t i o n  3.2.3 

SOLMET.hourly ambient weather da t a  

1963 Char les ton ,  S.C. 
Dodge C i ty ,  Kans. 1955 
F t .  Worth, Tex. 1960 
Phoenix, Ariz .  1962 
Washington, D.C. 1955 

Simulat ion time increment (h) 0.5 

Simulat ion time per iod 12-month hea t ing / coo l ing  season 

The s imulated ope ra t i on  of t he  vapor-compression a i r  cond i t i one r  is i l l u s -  
t r a t e d  i n  F igure  4-2. Two d i f f e r e n t  room cond i t i ons ,  2 5 . 5 ' ~  with 60% r e l a t i v e  
humidity and 25.5'C with 20% r e l a t i v e  humidity,  a r e  shown on the  psychrometr ic  
c h a r t  with t h e  corresponding pa ths  f o r  room a i r  pass ing  through the  vapor- 
compression coo le r  evapora tor .  

Po in t  1 on F igure  4-2 r e p r e s e n t s  room a i r  .at  25.5OC dry-bulb temperature  and 
60% r e l a t i v e  humidity.  A s  t he  a i r  passes  through . the  evapora tor ,  i t  i s  sens i -  
b l y  cooled a long  a  l i n e  of cons tan t  humidity r a t i o  W u n t i l  i t  reaches  s a tu ra -  
t i o n  (dew-point temperature)  a t  po in t  2. From poin t  2  t o  po in t  3  t h e  a i r  
undergoes both s e n s i b l e  and l a t e n t  cool ing  a s  i ts  dry-bulb temperature  and 
humidity r a t i o  decrease.  The sum of t h e  s e n s i b l e  cool ing  from p o i n t s  1 t o  2, 
s e n s i b l e  cool ing.  from p o i n t s  2  t o  3,  and l a t e n t .  coo l ing  from p o i n t s  2  t o  3  
equa ls  9.0 kW. 

I n  t h e  same manner, po in t  4  r e p r e s e n t s  room a i r  a t  25.5"C d r y ~ b u l b  temperature  
and 20% r e l a t i v e  humidity.  A s  t h e  a i r  passes  through the  evapora tor ,  i t  i s  
s e n s i b l y  cooled t o  po in t  5. A t  t h i s  po in t  t he  cool ing  c a p a c i t y  of 9 - 0  kW has 

95 



Figure  4-2. TYPICAL AIR STATE TRANSITIONS FOR VAPOR-COMPRESSION COOLER SIMULATION 
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been reached and, t h e r e f o r e ,  no l a t e n t  c o o l i n g  is  s u p p l i e d .  Th is  c o n d i t i o n  
cou ld  occur  i n  ve ry  d ry  c l i m a t e s  such a s  Phoenix,  A r i z .  C o r r e l a t i o n s  f o r  
e n t h a l p y  a s  a  f u n c t i o n  of humidi ty  r a t i o  and s p e c i f i c  h e a t  of mois t  a i r  a l l o w  
t h e  s t a t e s  i n d i c a t e d  i n  F i g u r e  4-2 t o  be determined [28] .  

Two sets of s i m u l a t i o n s  were performed f o r  each of t h e  f i v e  c i t i e s  under  
s tudy :  

a  s t a n d a r d  o p e r a t i n g  mode f o r  a  r e s i d e n t i a l  vapor-compression c o o l e r ,  
and 

a r e v i s e d  o p e r a t i n g  mode u s i n g  r e h e a t  f o r  t h e  room a i r  immediately 
a f t e r  t h e  a i r  l e a v e s  t h e  c o o l e r  and b e f o r e  i t  is  r e i n t r o d u c e d  i n t o  
t h e  house. 

Although commonly used i n  commercial a p p l i c a t i o n s ,  r e h e a t  i s  not  u s u a l l y  
employed i n  r e s i d e n t i a l  sys tems.  Reheat was i n c l u d e d  i n  one s e t  of 
s i m u l a t i o n s  i n  o r d e r  t o  match l a t e n t  .house  load  t o  c o o l e r  l a t e n t  c a p a c i t y  f o r  
t h e  d e s i c c a n t  and vapor-compression systems.  The d e s i c c a n t  c o o l e r  sys tem can  
meet l a t e n t  l o a d s  a s  w e l l  a s  s e n s i b l e  l o a d s  and can even supp ly  l a t e n t  
c a p a c i t y  a l o n e  i f  r e q u i r e d .  However, t h e  vapor-compression c o o l e r  must 
supp ly  enough s e n s i b l e  c o o l i n g  t o  b r i n g  t h e  room a i r  t o  s a t u r a t i o n  b e f o r e  any 
l a t e n t  c a p a c i t y  can be s u p p l i e d .  I n  humid c l i m a t e s  such a s  C h a r l e s t o n ,  S. C. ,  
o r  Washington, D . C . ,  t h e  vapor-compression c o o l e r  might supp ly  t o o  much 
s e n s i b l e  c o o l i n g  i n  meet ing t h e  l a r g e  l a t e n t  l o a d s .  T h e r e f o r e ,  when more 
l a t e n t  t h a n  s e n s i b l e  c o o l i n g  was r e q u i r e d  t o  m a i n t a i n  t h e  house i n .  comfor t ,  
r e h e a t  was used whereby h e a t  was added t o  t h e  coo led  a i r  l e a v i n g  t h e  vapor- 
compression machine i n  a n  amount e q u a l  t o  t h e  d i f f e r e n c e  between t h e  s e n s i b l e  
c o o l i n g  s u p p l i e d  and t h e  s e n s i b l e  house load .  

The c o n t r o l l e r  r e q u i r e d  t o  o p e r a t e  t h e  vapor-compression c o o l e r  was s i m p l e r  
than  t h a t  f o r  t h e  d e s i c c a n t  c o o l e r  ( s e e  S e c t i o n  3 .7 .2) .  When room c o n d i t i o n s  
were above comfort  i n  dry-bulb t empera tu re  o r  r e l a t i v e  humid i ty ,  t h e  vapor- 
compression system was s imply tu rned  on. The p r o p o r t i o n s  of s e n s i b l e  and 
l a t e n t  c o o l i n g  s u p p l i e d  were determined by t h e  s t a t e  of t h e  mois t  a i r  i n t r o -  
duccd i n t o  t h e  e v a p n r a r o r .  It would be p o s s i b l e  t o  change t h e  p r o p o r t i o n s  o f  
s e n s i b l e  t o  l a t e n t  c o o l i n g  by v a r y i n g  t h e  r a t e  of a i r f l o w  through t h e  c o o l e r  
w h i l e  main ta in ing  t h e  9.0-kW t o t a l  c o o l i n g  c a p a c i t y .  A v a r i a b l e  a i r  mass f low 
c a p a b i l i t y  was inc luded  i n  t h e  c o n t r o l l e r  f o r  t h e  vapor-compression s i m u l a t i o n  
but  t h e  f e a t u r e  was no t  used i n  t h i s '  s tudy .  

The computer program w r i t t e n  f o r  t h e  vapor-compression machine s i m u l a t e d  t h e  
c o n d i t i o n s  f o r  a n  annua l  r . a a l i n g / h e a t i n g  season  i n  e s s e n t i a l l y  t h e  same manner 
a s  d i d  t h e  program f o r  t h e  d e s i c c a n t  c o o l e r .  Moist  a i r  a t  room c o n d i t i o n s  
e n t e r e d  t h e  c o o l e r ,  9.0 kW of c o o l i n g  c a p a c i t y  was s u p p l i e d ,  r e h e a t  ( i f  any)  
was added, and t h e  a i r s t r e a m  was r e i n t r o d u c e d  i n t o  t h e  house.  The house model 
determined t h e  r e s u l t i n g  house a i r  c o n d i t i o n s ,  and t h e  c o n t r o l l e r  c o n t i n u e d  
c o o l e r  o p e r a t i o n  i f  t h e  room a i r  was o u t  of comfort  i n  dry-bulb t empera tu re  
a n d / o r  r e l a t i v e  humidi ty;  o r ,  i f  t h e  room was i n  comfor t ,  t h e  c o n t r o l l e r  
t u r n e d  o f f  t h e  c o o l e r .  I f  t h e  room c o n d i t i o n s  were such t h a t  h e a t i n g  w a s  
r e q u i r e d ,  t h e  h e a t i n g  load  was assumed t o  be met w i t h  a n  a u x i l i a r y  h e a t e r  s o  
t h a t  t h e  room dry-bulb t empera tu re  never  dropped below 20°C. However, t h e  
room c o n d i t i o n s  could  go h i g h e r  t h a n  2 5 . 5 " ~  dry-bulb t empera tu re  and 60% 



r e l a t i v e  humidity i f  t he  vapor-compression coo le r  could not meet t he  s e n s i b l e  
and l a t e n t  house l oads .  Energy account ing  f o r  coo le r  capac i ty ,  house loads ,  
e t c . ,  was i d e n t i c a l  t o  t h a t  descr ibed  f o r  t h e  des i ccan t  coo le r .  F igure  4-3 i s  
a  f low diagram showing b a s i c  s t e p s  i n  t h e  computer program. 

The vapor-compression s imu la t i on  was run f o r  t he  f i v e  c i t i e s  used i n  t he  
d e s i c c a n t  s imu la t i on .  The r e s u l t s  a r e  shown i n  Appendix B (Tables B-1 through 
B-10). The s i z e  of t h e  vapor-compression coo le r  was not var ied  from 9.0 kW. 

The informat ion  shown i n  tfie t a b l e s  of Appendix B was def ined  i n  the  same 
manner a s  fo r  t h e  d e s i c c a n t  coo le r  wi th  t h e  except ion of rehea t  ( s ee  Sec t ion  
4.1) and COP. Although t h e  average COP f o r  t he  vapor-compression coo le r  was 
assumed t o  be 2.5, t h e  o v e r a l l  system COP was c a l c u l a t e d  a s  

Cooling capac i ty  
COP o v e r a l l  = 

Cooling capac i  ty l2 .5  + rehea t  

The r e h e a t  was cons idered  p a r t  of t h e  vapor-compression system and, a s  a  h e a t  
i n p u t ,  was included i n  t h e  c a l c u l a t i o n  of. cool ing  COP shown i n  Tables  B-6 t o  
B-10. Tables  B-1 t o  B-5 a r e  t he  r e s u l t s  of the  vapor-compression s imu la t i on  
wi thou t  r ehea t .  

I n v e s t i g a t i o n  of t h e  two s e t s  of r e s u l t s  (with and without  r e h e a t )  i n d i c a t e s  
t h a t  t h e  ne t  energy requirements  f o r  each a r e  nea r ly  t he  same. For a l l  f i v e  
c i t i e s ,  t h e  r e s u l t s  f o r  t h e  s tandard  ope ra t i ng  mode without  rehea t  (Tables B-1 
t o  B-5) show t h a t  t h e  h e a t i n g  load increased  by an amount approximately equa l  
t o  t h e  rehea t  requirements  of Tables  B-6 t o  8-10. Thus, i n  t h e  s tandard  
o p e r a t i n g  mode, t he  vapor-compression coo le r  drove the  room cond i t i ons  t o  t h e  
lower comfort boundary i n  temperature  (20°C) i n  an e f f o r t  t o  meet t he  l a t e n t  
load  and main ta in  comfort cond i t i ons  of r e l a t i v e  humidity (60% upper l i m i t ) .  
The excess  s e n s i b l e  coo l ing  c a p a c i t y  of the  coo le r  was o f f s e t  by t h e  house 
na tu ra l -gas - f i r ed  space h e a t e r .  I n  t h e  r ehea t  mode, t h e  excess  s e n s i b l e  
coo l ing  capac i ty  was met by a  na tura l -gas- f i red  a i r  h e a t e r  between t h e  coo le r  
and t h e  house. I n  e i t h e r  ca se ,  t h e  annual  e l e c t r i c a l  and n a t u r a l  gas  r equ i r e -  
ments were e s s e n t i a l l y  t h e  same. If t h e  coo le r  had been c o n t r o l l e d  by 
tempera ture  only,  t he  house r e l a t i v e  humidity would have d r i f t e d  i n  .and out  of  
t h e  comfort zone and no e x t r a  energy f o r  rehea t  o r  space hea t ing  would have 
been r equ i r ed .  

S e v e r a l  i tems of in format ion  from t h e  t a b l e s  i n  Appendix B were requi red  f o r  
t h e  economic a n a l y s i s  ( s e e  s e c t i o n  5.0),  i nc lud ing  t o t a l  suppl ied  h e a t ,  
c o o l i n g  capac i ty ,  r ehea t ,  and parasf  t i c  energy. 
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SECTION 5.0 

ECONOMIC ANALYSIS 

The p o t e n t i a l  f o r  using s o l a r  space hea t ing  and/or  des i ccan t  cool ing  i n  r e s i -  
d e n t i a l  bu i ld ings  u l t i m a t e l y  depends on the  economics of s o l a r  hea t ing  and 
cool ing  systems a s  compared t o  convent iona l  systems. Local energy c o s t s  
( e l e c t r i c i t y  and n a t u r a l  ga s )  and the  amount of convent iona l  energy d i sp l aced  
by s o l a r  energy determine i f  t h e  c a p i t a l  cos t  of t h e  s o l a r  system can be 
recovered wi th in  an  accep tab l e  time per iod  through energy cos t  sav ings .  The 
previous s e c t i o n s  of t h i s  r e p o r t  d e s c r i b e  s imu la t i ons  of s o l a r  and 
convent iona l  systems f o r  r e s i d e n t i a l  space '  hea t ing  and cool ing .  The r e s u l t s  
of t he se  s imu la t i ons ,  namely, power i npu t  r equ i r ed  t o  provide annual  h e a t i n g  
and cool ing ,  were used i n  an economic a n a l y s i s  cnmputer program t o  m k e  d i r e c t  
comparisons between s o l a r  and convent iona l  systems. Also considered was t h e  
p o t e n t i a l  f o r  f o s s i l  f u e l  conserva t ion .  

5 - 1 METHODOLOGY 

The economic a n a l y s i s  program was used t o  d i scount  l i f e - c y c l e  c o s t s  of the  
s o l a r  and convent ional  'systems, r e s u l t i n g  i n  presen t  worths of t h e  c o s t s  f o r  
each system. The presen t  worth was determined f o r  a l l  annual  hea t ing l coo l ing  
season s imu la t i ons  of t he  s o l a r  and convent iona l  systems i n  each of t h e  f i v e  
c i t i e s  s tud i ed .  Cos t lbene f i t  r a t i o s  f o r  t he  s o l a r  systems were then 
c a l c u l a t e d  from t h e  presen t  worth f i g u r e s .  

I n  order  t o  determine t h e  presen t  worth of l i f e - c y c l e  c o s t s ,  s e v e r a l  param- 
e t e r s  were requi red  f o r  t he  economic a n a l y s i s .  These included i n t e r e s t  r a t e s ,  
i n f l a t i o n  r a t e s ,  and energy-cost e s c a l a t i o n  r a t e s .  S ince  a  20-year economic 
l i f e t i m e  was assumed f o r  both t he  s o l a r  and 'convent ional  systems, f o r e c a s t s  
were made f o r  t he  economic parameters (assumed a s  c o n s t a n t s )  over t he  l i v e s  of 
t he  systems. The va lues  used i n  t he  a n a l y s i s ,  (base year, of 1978) a r e  shown i n  
Table  5-1. 

Table 5-1. PBBAMeTERS USED I N  ECONOKKC ANALYSIS 

System l i f e t i m e  20 years  

General  i n f l a t i o n  r a t e  

I n t e r e s t  r a t e  

Discount r a t e  

Natura l  gas e s c a l a t i o n  r a t e  

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

By us ing  these  parameters ,  t h e  annual  cash flow (ou t l ay )  f o r  each system was 
discounted t o  t h e  p resen t  by us ing  tlis fa l lowing  equation [ 2 9 ] :  



where 

PW .= presen t  worth ($), 
A = annual  cash o u t l a y  ($),  
i = discount  r a t e ,  and 
n  = number of yea r s  from p re sen t  t o  expendi ture  of ou t l ay  A. 

A l l  c a sh  o u t l a y s  and t h e  p re sen t  worth were assumed t o  be i n  cons t an t  
d o l l a r s .  Due t o  t h e  n a t u r a l  gas and e l e c t r i c i t y  e s c a l a t i o n  r a t e s  ( t h a t  i s ,  
t h e  r a t e  a t  which the  c o s t s  of t h e s e  f u e l s  i n c r e a s e  i n  excess  of t h e  ~ e n e r a l  
i n f  Pa t ion  r a t e ) ,  t h e  annual  cash o u t l a y  increased  river t h ~  l i f e  of the system. 

I n  a d d i t i o n  t o  t h e  economic parameters  of Table 5-1, annual cash n i i t l a y s  f o r  
s o l a r  and convent iona l  systems a r e  in f luenced  by c a p i t a l  equipment c o s t s ;  
i n s t a l l a t i o n  c o s t s ;  ope ra t i on ,  maintenance, replacement,  and insurance  (OMRI)  
c o s t s ;  and p o t e n t i a l  government t a x  c r e d i t s  o r  s u b s i d i e s  f o r  r e s i d e n t i a l  s o l a r  
i n s t a l l a t i o n s .  The va lues  used i n  t h i s  s tudy a r e  descr ibed  i n  Sec t ion  5.2. 
S ince  t h e  economic parameters  and c o s t s  used i n  t h e  l i f e - c y c l e  a n a l y s i s  can 
v a r y  widely over  a  20-year per iod ,  t he  r e s u l t s  a r e  u s e f u l  only f o r  g e n e r a l  
comparisons between system types.  The ana lyses  may not r e f l e c t  t r u e  c o s t s  i n  
t h e  la t ter  years  of t h e  system l i f e t i m e s .  

Once t h e  p re sen t  worth of t h e  l i f e - c y c l e  c o s t s  f o r  s o l a r  and convent iona l  
systems was c a l c u l a t e d ,  t h e  s o l a r  system c o s t / b e n e i f t  r a t i o  was determined. 
For  t h e  purposes of t h i s  s tudy ,  "benefi . tW was def ined a s  t h e  presen t  worth of 
l i f e - c y c l e  c o s t s  t o  main ta in  house a i r  cond i t i ons  w i th in  t he  comfort zone over  
20 consecut ive  12-month hea t ing / coo l ing  seasons by use of convent iona l  f u e l s  
and a i r - c o n d i t i o n i n g  methods ( t h a t  i s ,  n a t u r a l  gas hea t ing  and ~ l ~ r t r i r a l l y  
d r i v e n ,  vapor-compression a i r  cond i t i on ing ) .  "Cost" was def ined  a s  t h e  
p re sen t  worth of t he  l i f e - c y c l e  c o s t s  t o  maintain comfort cond i t i ons  f o r  t h e  
same time per iod  us ing  s o l a r  energy f o r  h e a t i n g  and d e s i c c a n t  a i r  
cond i t i on ing ,  w i th  a u x i l i a r y  h e a t i n g  and cool ing  a s  r equ i r ed .  Thus, a  
c o s t / b e n e f i t  r a t i o  equa l  t o  1.0 r e p r e s e n t s  a  case  where t he  ne t  s o l a r  system 
c o s t s  equa l  t he  convent iona l  system c o s t s  over 20-year l i f e t i m e s .  For a  
c o s t / b e n e f i t  r a t i o  less than 1.0, the s o l a r  system r e s u l t s  i n  a  ne t  sav ings  
over  t h e  c o s t  of a  convent iona l  system, and f o r  a  r a t i o  g r e a t e r  than 1 .O, t h e  
conven t iona l  system r e s u l t s  i n  a  n e t  s av ings  over t h e  c o s t  of t h e  s o l a r  
system. 

S o l a r  systems t h a t  supply on ly  space h e a t i n g  a l s o  were compared. Cos t /bene f i t  
r a t i o s  were determined f o r  s o l a r  space hea t ing  systems wi th  n a t u r a l  ga s  
h e a t e r s  f o r  a u x i l i a r y  hea t  and vapor-compression a i r  cond i t i one r s  f o r  t he  
t o t a l  coo l ing  loads .  With t h i s  in format ion ,  incrementa l  changes i n  cost /bene-  
f i t  r a t i o s  were examined f o r  & s e s  i n  which combined s o l a r  de s i ccan t  coo le r s  
and s o l a r  space hea t ing  systems rep laced  convent iona l  coo le r s  with s o l a r  space  
h e a t i n g  systems. 



An impor tan t  a s p e c t  of t h e  s o l a r  h e a t i n g  and c o o l i n g  systems i s  t h e  p o t e n t i a l  
f o r  c o n s e r v a t i o n  of f o s s i l  f u e l s .  A s  ' f o s s i l  f u e l s  become more s c a r c e ,  t h e  
impetus  f o r  t h e i r  d isplacement  by s o l a r  energy f o r  h e a t i n g  and c o o l i n g  may 
e q u a l  economic i n c e n t i v e s .  The p e r c e n t a g e  of , f o s s i l  f u e l  d i s p l a c e d  by s o l a r  
energy was determined f o r  each of t h e  annua l  s i m u l a t i o n s  performed i n  t h i s  
s t u d y .  The f o s s i l  f u e l  d i sp lacement  was a l s o  determined f o r  s o l a r  h e a t i n g  
systems wi th  vapor-compression a i r  c o n d i t i o n i n g .  

To de te rmine  t h e  ' f o s s i l  f u e l  d i s p l a c e d  by s o l a r  h e a t i n g  and c o o l i n g  sys tems ,  
t h e  power i n p u t s ' t o  both t h e  s o l a r  and c o n v e n t i o n a l  sys tems were o b t a i n e d  from 
t h e  computer s i m u l a t i o n s  f o r  a n n u a l  h e a t i n g  and c o o l i n g  seasons .  To c o n v e r t  
e l e c t r i c a l  power t o  i t s  e q u i v a l e n t  i n  f o s s i l  f u e l ,  a n  o v e r a l l  convers ion  and 
t r a n s m i s s i o n  e f f i c i e n c y  of 33% was assumed. The f o l l o w i n g  e q u a t i o n s  were used 
t o  de te rmine  f o s s i l  f u e l  d i sp lacement :  

DISP = 
HEAT DISP x HEAT LOAD + (BASE THERMAL - SOLAR THERMAL) 

HEAT LOAD + BASE THERMAL 
9 

where 

DISP = f r a c t i o n  of f o s s i l  f u e l  energy d i s p l a c e d  by s o l a r  
energy ,  

HEAT LOAD = t o t a l  a n n u a l  house h e a t i n g  l o a d ,  

HEAT DISP = f r a c t i o n  of HEAT LOAD m e t  by s o l a r  energy  

BASE THERMAL = f o s s i l  f u e l  energy r e q u i r e d  f o r  c o o l i n g  season  wi,th 
c ~ n v e n t i o r ~ a l  a i r  c o n d i t i o n i n g ,  and 

SOLAR THERMAL = f o s s i l  f u e l  energy r e q u i r e d  f o r  c o o l i n g  season  w i t h  
s o l a r  d e s i c c a n t  c o o l e r .  

BASE THERMAL and SOLAR THERMAL were determined as f o l l o w s :  

COoLING + PP + REHEAT, BASE THERMAL = 3 . 0  x 

where 

COOLING = a n n u a l  vapor-compression c o o l i n g  s u p p l i e d  t o  house,  

COP = vapor-compression c o o l e r  c o e f f i c i e n t  of performance 
(assumed . t o  be 2.5), 

= e l e c t r i c a l  power t o  vapor-compression c o o l e r  a i r  
f a n ,  and 

RE HEAT = n a t u r a l  gas  r e h e a t  ( i f  a n y )  ; 

and 

SOLAR THERMAL = 3.0 x PPS + AUX COOL 
COP Y 

where 

PP S  = e l e c t r i c a l  power t o  d e s i c c a n t  c o o l e r  a i r  f a n s  and d r i v e  
motor, 



AUX COOL = t o t a l  annual  cool ing  suppl ied  t o  house by a u x i l i a r y  vapor- 
compression c o o l e r ,  and 

COP = a u x i l i a r y  vapor-compression coo le r  c o e f f i c i e n t  of perform- 
ance  (assumed t o  be 2.5).  

The f a c t o r  of .  3.0 i n  t h e  BASE THERMAL and SOLAR THERMAL accounts  f o r  t he  33% 
convers ion  e f f i c i e n c y  from f o s s i l  f u e l s  t o  de l ive red  e l e c t r i c a l  power. A l l  
a u x i l i a r y  n a t u r a l  gas space  hea t ing  and r ehea t  va lues  i nc lude  an  assumed 
h e a t e r  e f f i c i e n c y  of 65%. 

For  t h e  ca se  i n  which s o l a r  energy was u t i l i z e d  s o l e l y  f o r  space hea t ing  i n  
con junc t ion  with a  vapor-compression coo le r ,  t he  f r a c t i o n  of d i sp l aced  f o s s i l  
f u e l  energy,  DISP H, was c a l c u l a t e d  i n  a  s i m i l a r  manner. The equa t ion  was a s  
fo l lows;  

HEAT UISP x HEAT LOAD 
DISP 

= HEAT LOMI + BASE TYERMAT. 

5-2 ASSWD CAPITAL AND OPERATING COSTS 

I n  o r d e r  t o  determine l i f e - c y c l e  c o s t s  f o r  t h e  s o l a r  and convent iona l  systems, 
assumptions were made regard ing  c a p i t a l  equipment c o s t s ,  i n s t a l l a t i o n  c o s t s ,  
OMRI c o s t s ,  and p o t e n t i a l  government s o l a r  t a x  i n c e n t i v e s  o r  s u b s i d i e s .  Due 
t o  u n c e r t a i n t y  of t h e  va lues  of t he se  ' cos t s  and i n c e n t i v e s ,  t h e  program was 
w r i t t e n  s o  t h a t  t h e  p re sen t  worth of l i f e - c y c l e  c o s t s  was determined f o r  
s e v e r a l  increments  i n  c o l l e c t o r  c o s t ,  percentage of i n i t i a l  c a p i t a l  c o s t  f o r  
OMRI,  and percentage of i n i t a l  s o l a r  equipment c o s t  subs id ized  by t h e  govern- 
ment. I n  a d d i t i o n ,  t h e  complete a n a l y s i s  was performed f o r  f i v e  base y e a r s  
(yea r  of system purchase and s t a r t u p ) :  1978, 1985, 1990, 1995, and 2000. 

Because of t h e  very l i m i t e d  amount of exper ience  wi th  des i ccan t  c o o l e r  
systems,  d e t a i l e d  system c o s t  f i g u r e s  were not  a v a i l a b l e .  The c o s t  o t  t he  
i n s t a l l e d  des i ccan t  c o o l e r  was assumed t.0 vary wi th  coo l ing  c a p a c i t y  a s  
fo l lows:  

Desiccant  C a p i t a l  Cost '$500.00 + $800.00/ton cool ing  capac i ty .  

The des i ccan t  system c o s t  i s  p l o t t e d  a s  a func t ion  of capac i ty  i n  Fj.gure 5-la.  

The average  cos t  f o r  an  i n s t a l l e d  vapor-compression cooler  was es t imated  from 
manufac turers '  quo ta t i ons .  A cos t  of $400.00 per ton of cool ing  c a p a c i t y  was 
used i n  t h e  economic a n a l y s i s .  This  c o s t  i s  p l o t t e d  a s  a  func t ion  of capaclcy 
i n  F igure  5-lb. 

The c o l l e c t o r / s t o r a g e  system c o s t  was a  major po r t i on  of t h e  t o t a l  s o l a r  
h e a t i n g l c o o l i n g  system c a p i t a l  c o s t .  Due t o  d i f f e r e n c e s  i n  c o l l e c t o r  c o s t  
p r o j e c  i ons ,  t h e  i n s t a l l e d  ~ c o l l e c t o r / s t o r a g e  system. cos t s  were va r i ed  from 

2  2  $108/m' t o  $323/m i n  increments  of $541111 . 
OMRI c o s t s  vary widely f o r  d i f f e r e n t  systems. ' For t h i s  s tudy ,  OMRI c o s t s  were 
taken  a s  cons t an t  annual  percentages  of t h e  i n i t i a l  c a p i t a l  investment .  The 
OMRI percentage was va r i ed  from 0.5% t o  5.0% i n  increments of 0.5%. 
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Allowances were made i n  t h e  economics program f o r  p o t e n t i a l  government subs i -  
d i e s  f o r  s o l a r  systems. Two cases  were s tud i ed :  s u b s i d i e s  of 0% and 25% of 
t h e i n i t i a l  c a p i t a l  c o s t  of s o l a r  equipment. 

Table  5-2 summarizes t h e  ranges of cos t  f i g u r e s  used i n  the  economic a n a l y s i s  
program and the  va lues  upon which most of t h e  s tudy conc lus ions  were based. 

T a b l e  5-2. EQUIPMENT-RELATED COSTS USED I N  ECONOMIC ANBLYSIS FOR DETERMINATION 
OF LIFE-CYCLE PRESENT WORTH AND COST/BENEFIT RATIO 

Cost 
Parameter 

Parameter Parameter Value(s )  Used 
Range Increment i n  Study 

--A - 

Desiccant  coo le r  c a p i t a l  c o s t  ($1 ---- ---- 500 + 8001ron 

---- Vapor-compression coo le r  c a p i t a l  ---- 400/ton 
c o s t  ($ )  

C o l l e c  o r l s t o r a g e  system c o s t  5 107.65 t o  53.83 107.65 and 
($/m ) 322.95 215.30 

OMRI (%) 0.5 t o  5.0 0.5 1 .O 
'. 

Government subsidy of i n i t i a l  0 t o  25.0 ---- 25 .O 
c a p i t a l  cos t  (%) 

The l a s t  of the major i n p u t s  r equ i r ed  f o r  t he  economic a n l y s i s  were e l e c t r i c -  
i t y  and n a t u r a l  gas r a t e s  f o r  t he  f i v e  c i t i e s .  These r a t e s  were ob ta ined  
d i r e c t l y  from t h e  u t i l i t y  s e r v i n g  each y t y ,  assuming a monthly consumption of 
500 kWh of e l e c t r i c a l  energy and 340 m of n a t u r a l  gas.  The e l e c t r i c a l  and 
n a t u r a l  gas r a t e s  f o r  each c i t y  a r e  shown i n  Table 5-3. 

Table 5-3. ELECTRICITY AND NATURAL GAS RATES FOR 
RESIDENTIAL BUILDINGS (AUGUST 1 978)a 

E l e c t r i c i t y  Cost Natura l  Gas Cost 
C i t y  ($/kwh) ($/kwh) 

Char les ton ,  S.C. 
Dodge Ci ty ,  Kans. 
F o r t  Worth, Tex. 
Phoenix, Ar iz .  
Washington, D.C. 

a ~ a t e s  a r e  based on monthly consumption of 500 kwh of e l e c t r i c a l  
energy and 340 m3 of n a t u r a l  gas .  



5.3 RESULTS 

U t i l i z i n g  t h e  economics program and c o s t  d a t a  d e s c r i b e d  i n  t h e  p r e v i o u s  
s e c t i o n ,  t h e  p r e s e n t  worth o'f 20-year l i f e - c y c l e  c o s t s  was determined f o r  e a c h  
of t h e  a n n u a l  d e s i c c a n t  s i m u l a t i o n s  d e s c r i b e d  i n  S e c t i o n  3.7.3. The r e s u l t i n g  
c o s t / b e n e f i t  r a t i o s  f o r  base  y e a r s  1985 and 1990 a r e  p r e s e n t e d  i n  Appendix 
C .  A sample economics computer program o u t p u t  i s  inc luded  i n  Appendix D. 

The g e n e r a l  c o n c l u s i o n s  r e s u l t i n g  from t h e  economic a n a l y s i s  w i t h  a  b a s e  y e a r  
of 1985 i n c l u d e  t h e  fo l lowing :  

Humid c l i m a t e s  wi th  high c o n v e n t i o n a l  f u e l  c o s t s  such a s  e x i s t  i n  
Washington, D.C. ,  and C h a r l e s t o n ,  S.C., a r e  economical ly  t h e  pre-  
f e r r e d  c o n d i t i o n s  f o r  d e s i c c a n t  c o o l e r s .  

Based on l i f e - c y c l e  c o s t s  and f o s s ' l  f u e l  d i sp lacement ,  a  4.5-kW 
d e s i c c a n t  c o o l e r  system w i t h  a 3 5 - b  c o l l e c t o r  a r e a  and a u x i l i a r y  
c o o l i n g  i s  t h e  p r e f e r r e d  c o n f i g u r a t i o n  f o r  Washington, D.  C .; w i t h o u t  
a u x i l i a r y  c o o l i n g ,  i t  i s  a l s o .  t h e  p r e f e r r e d  c o n f i g u r a t i o n  f o r  Dodge 
C i t y .  

The s o l a r  heating/desiccant-cooling system approaches  c o s t  compet- 
i t i v e n e s s  i n  Washington, 3 . C  :, ( i n c l u d i n g  a u x i l i a r y  c o o l i n g )  but  n o t  
i n  Dodge C i t y  (wi thou t  a u x i l i a r y  c o o l i n g )  due t o  low c o s t s  f o r  
c o n v e n t i o n a l  f o s s i l  f u e l s  i n  Dodge C i t y .  

I n  o r d e r  t o  i l l u s t r a t e  t h e  e f f e c t s  of c l i m a t e  on t h e  o p e r a t i o n  of s o l a r  
h e a t i n g  and d e s i c c a n t  c o o l i n g  systems,  c o s t / b e n e f i t  was p l o t t e d  v e r s u s  ambient  
d e s i g n  r e l a t i v e  humidi ty  i n  F i g u r e s  5-2 and 5-3 f o r  t h e  f i v e  c i t i e s .  Design 
r e l a t i v e  humidi ty  i s  a good i n d i c a t i o n  of c l i m a t e  s i n c e  it i s  a  f u n c t i o n  o f  
both  dry- and wet-bulb t empera tu res .  I n  F i g u r e  5-2, t h e  c o s t l b e n e f i t  r a t i o s  
were determined u s i n g  a c t u a l  1978 e l e c t r i c i t y  and n a t u r a l  gas  p r i c e s  from 
Table  5-3 ( e s c a l a t e d  t o  base  y e a r s  1985 and 1990)  f o r  each c i t y .  F i g u r e  5-3 
shows c o s t / b e n e f i t  r a t i o s  r e s u l t i n g  from economic a n a l y s e s  u s i n g  Washington, 
D .C . ,  1978 e l e c t r i c i t y  and n a t u r a l  gas  p r i c e s  f o r  a l l  f i v e  c i t i e s .  These 
f i g u r e s  c l e a r l y  show t h a t  t h e  e f f e c t  of i n c r e a s i n g  r e l a t i v e  humidi ty  on s o l a r  
c o s t - e f f e c t i v e n e s s  i s  a  d e c r e a s i n g  c o s t / b e n e f i t  r a t i o .  S i n c e  a  d e s i c c a n t  
c o o l e r  g e n e r a l l y  has a l a r g e r  l a t e n t  c a p a c i t y ,  t h i s  3.s t h e  expec ted  r e s u l t .  
Thus, humid c l i m a t e s  such a s  e x i s t  i n  Washington, D.C. ,  and C h a r l e s t o n ,  S.C., 
a r e  economical ly  t h e  p r e f e r r e d  c l i m a t e  t y p e s  f o r  d e s i c c a n t  c o o l i n g  sys tems .  

The c u r v e s  i n  F i g u r e  5-2 do no t  show a con t inuous  d e c r e a s e  i n  c o s t / b e n e f i t  
wi th  i n c r e a s i n g  d e s i g n  r e l a t i v e  humidi ty  because of t h e  v a r y i n g  energy  c o s t s  
i n  t h e  f i v e  c i t i e s .  Dodge C i t y  shows t h e  l a r g e s t  v a r i a t i o n  because  of i t s  
h igh  a n n u a l  h e a t  load  and very  low n a t u r a l  gas  p r i c e ,  a  combinat ion t h a t  
f a v o r s  c o n v e n t i o n a l  sys tems over  s o l a r  sys tems.  However, t h e  c u r v e s  i n  F i g u r e  
5-3 show i n c r e a s i n g  c o s t - e f f e c t i v e n e s s  w i t h  i n c r e a s i n g  ambient d e s i g n  r e l a t i v e  
humidi ty  when uniform energy c o s t s  (1978 Washington, D.C. ,  c o s t s )  a r e  assumed. 

F i g u r e s  5-2 and 5-3 a r e  no t  g e n e r i c  and cannot  be used t o  o b t a i n  c o s t l b e n e f i t  
r a t i o s  f o r  c i t i e s  o t h e r  t h a n  t h e  f i v e  s t u d i e d .  L o c a t i o n s  w i t h  t h e  same d e s i g n  
r e l a t i v e  humidi ty  can have d i f f e r e n t  h e a t i n g  l o a d s ,  c o o l i n g  l o a d s ,  and a n n u a l  
s o l a r  i n s o l a ~ i o n ,  a l l  of which a r e  f a c t o r s  t h a t  a f f e c t  t h e  c o s t / b e n e f i t  r a t i o .  
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Figu re s  5-4 and 5-5 show the  e f f e c t s  of t he  choice of base year  (yea r  of 
system purchase and s t a r t u p )  on the  c o s t / b e n e f i t  r a t i o .  Under t he  economic 
parameter  assumptions of Sec t ion  5.2, F igure  5-4 shows c o s t / b e n e f i t  r a t i o  
v e r s u s  base yea r  f o r  $108/m2 c o l l e c t o r s .  F igure  5-5 shows the  same p l o t s  f o r  
$215/m2 c o l l e c t o r s .  Although i t  i s  impossible  t o  p red i c t  a c c u r a t e l y  economic 
t r e n d s  f o r  t he  t i m e  pe r iods  encompassed, t h e  two f i g u r e s  neve r the l e s s  i l l u s -  
t r a t e  t h a t  t h e  c o s t / b e n e f i t  r a t i o  should decrease  and even tua l ly  drop below 
1 .0  a s  convent iona l  energy c o s t s  i nc rease .  A s  t h e  base year  is  extended 
f u r t h e r  i n t o  t h e  f u t u r e ,  c o l l e c t o r  c o s t s  become l e s s  important  and the  
c o s t / b  n e f i t  r a t i o s  f o r  systems wi th  c o l l e c t o r  c o s t s  of e i t h e r  $108/m2 o r  
$215/mi d;op below 1.0.  

The remainder of t h i s  s e c t i o n  of t h e  r epo r t  dea l s  with Washington, D.C. ,  and 
Dodge C i t y ,  Kansas. Washington, D.C. ,  was chosen f o r  f u r t h e r  s tudy  because of 
t h e  s u p e r i o r  thermal  peifformaiclce of t h e  deslccanl: coo le r  system i n  t h a t  
c l i m a t e  and t h e  p o t e n t i a l  f o r  cos t - e f f ec t i venes s .  Dodge Ci ty  r e p r e s e n t s  a  
l o c a t i o n  where t he  s o l a r  hea t ing  and des i ccan t  cool ing  system descr ibed  i n  
t h i s  r e p o r t  could p o t e n t i a l l y  provi,de comfort i n  a  r e s i d e n t i a l  b u i l d i n g  
wi thout  an  a u x i l i a r y  vapor-compression coo le r  ( s ee  Table 3-19). 

An i.mportant c h a r a c t e r i s t i c  t o  i d e n t i f y  is  the  f r a c t i o n  of f o s s i l  f u e l  energy 
d i s p l a c e d  by t h e  s o l a r  energy systems. This  is  economically important  s i n c e  
i t  determines whether a  s o l a r  system i s  c o s t - e f f e c t i v e .  The percentage of 
f o s s i l  f u e l  energy d i sp l aced  a s  a  func t ion  of c o l l e c t o r  a r e a  i s  shown f o r  
Washington, D.C. ,  and Dodge Ci ty  i n  F igures  5-6 and 5-7, r e s p e c t i v e l y .  

Roth f i g u r e s  show t h a t  t he  percentage of f o s s i l  f u e l  energy d i sp l aced  was not 
s i g n i f i c a n t l y  in f luenced  by des i ccan t  coo le r  capac i ty ;  i n s t e a d ,  c o l l e c t o r  a r e a  
appea r s  t o  be t he  dominant i n f luence .  Two f a c t o r s  were r e spons ib l e  f o r  t h i s  
l a c k  of i n f luence  by coo le r  capac i ty .  F i r s t ,  supe rpos i t i on  of t h e  s o l a r  
h e a t i n g  and coo l ing  system performances d i l u t e d  t he  linpact of smal l  d i f f e r -  
ences  i n  cool ing  system performance. This  occurred i n  s p i t e  of t he  f a c t  t h a t  
coo l ing  was r e s p o n s i b l e  f o r  35% of t he  primary energy consumed f o r  environ- 
mental c o n t r o l  i n  a  Washington, D . C . ,  home and 25% i n  a  Dodge C i ty  home. 
Second, cool ing  supp l i ed  by s o l a r  energy d id  not t r a n s l a t e  d i r e c t l y  i n t o  
d i sp l aced  f o s s i l  f u e l  energy. S u b s t a n t i a l  p a r a s i t i c  energy was r equ i r ed  i n  t h e  
s o l a r  de s i ccan t  coo l ing  system. Thus, only a  p o r t i o n  of the  f o s s i l  f u e l  
energy a s s o c i a t e d  wi th  providing a  given amount of cool ing  was d i sp l aced  
through the  use of t he  s o l a r  de s i ccan t  u n i t .  

The a n a l y s i s  i n d i c a t e d  t h a t  a  small  de s i ccan t  system tended t o  be more cos t -  
e f f e c t i v e  than a  l a r g e r  system and t h a t  l a r g e r  des i ccan t  systems d i sp l aced  a  
g r e a t e r  percentage of f o s s i l  f u e l ,  a l though not by a s i g n i f i c a n t  amount. 

If S e c t i o n  3.7.3 i t  is concluded t h a t  e i t h e r  a  4.5- o r  9.0-kW cooler  with a  35-m 
c o l l e c t o r  i s  g e n e r a l l y  t h e  optimum combination f o r  Washington, D.C. Thus, t h e  
more c o s t - e f f e c t i v e  4.5-kW system, which d i s p l a c e s  nea r ly  the  same percentage 
of f o s s i l  f u e l  a s  a  9.0-k\J system, i s  t h e  p r e f e r r e d  system s i z e  f o r  
Washington, D.C. 

F igu re s  5-8 through 5-13 show t h e  e f f e c t s  of c o l l e c t o r  a r ea  and t h e  percentage 
of f o s s i l  f u e l  energy d isp laced  on t h e  c o s t h e n e f i t  r a t i o  f o r  s o l a r  h e a t i n g  
a l o n e  and s o l a r  h e a t i n g  p lus  a  9.0-, 4.5-, o r  2.3-kW des i ccan t  coo le r  f o r  
Washington, D.C .  The base year  i s  1985, and both s e n s i b l e  and l a t e n t  
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F i g u r e  5-6. FOSSIL FUEL ENERGY DISPLACED VS. COLLECTOR AREA - WASHINGTON, D.C., WITH 
AUXILIARY COOLING 
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F i g u r e  5-7. F O S S I L  FUEL ENERGY DISPLACED VS. COLLECTOR AREA - DODGE C ITY ,  KANS., 
WITHOUT A U X I L I A R Y  COOLING 
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Figure 5-8. COST~BENEFIT VS. COLLECTOR AREA OF A 9.0-KW COOLER WITH A U X I L I A R Y  I N  
WASHINGTON, D.C. ( 1 9 8 5  BASE YEAR) 
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F i g u r e  5-10. COST/BENEFIT VS. COLLECTOR AREA OF A 2.3-KW COOLER WITH 
AUXILIARY I N  WASHINGTON, D.C. (1985 BASE ,YEAR) 
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F i g u r e  5-11. COST/BENEFIT VS. F O S S I L  FUEL ENERGY DISPLACED BY A 9.0-KW COOLER' ~JITH A U X I L I A R Y  
AT VARIOLS COLLECTOR AREAS AND COSTS I N  WASHINGTON, D.C. (1985 BASE YEAR) 
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- $215 .30/m2 Heat ing Only ,j $21 5. 30/m2 ( $20/ft i  ) 
 eati in^ & Coo l ing '  

2 
$107.65/rn ($10 / f t 2 )  
Heat ing & Coo1,ing 

0 
0 / 

0 /  $10'7.65/m2 Heat ing on ly  ,./. 
#' 

*HR 

/-/ ,ccF-- 5 0  m2 

50 rn2 
10 m2 35 m2 

35 a 
--',I/ 

10 m2 

./. 
- - - 4 - -  

-- 



2 .O $215.30/m2 Heat ing Only I 

w 
.r 

2 
% 
aJ 

$21 5 . c o / ~ ~  ( $ 2 0 / f t  
c 1.5 Heat ing & Cool ing : 0 

I' $107.65/m2 Heat ing Only /.' 
C, 
V) 
0 ---- 2 
U ././ $107.€5/m2 ($10 / f t 2  ) 

1 .O ~ . H _ e a . ~ i ~ o g  .-&.-Cool i ng 
10 rn2 

/ ---- ---- 50 m2 

lo rn2 

% Foss i l  Fuel Energy Displaced 
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BASE YEAR) 



a u x i l i a r y  cool ing  a r e  provided. Three b a s i c  conc lus ions  can be drawn from 
t h e s e  s i x  f i g u r e s :  

Under the  economic assumptions of t h i s  s tudy  (Sec t ion  5.2) ,  s o l a r  
hea t ing  i n  Washington, D.C . ,  i s  no t  c o s t  compet i t ive  ( i . . ,  t h e  
c o s t / b e n e f i t  r a t i o  is  never l e s s  than 1 .0 ) .  Domestic ho t  water  was 
not  included i n  t h i s  a n a l y s i s .  Its i n c l u s i o n  would i n c r e a s e  b e n e f i t s  
without  a p p r e c i a b l e  i n c r e a s e  i n  cos t  and, t h e r e f o r e ,  a  c o s t / b e n e f i t  
r a t i o  h igher  than 1.0 might warrant  i n s t a l l a t i o n  of quch a  system i f  
t h e  cos t  of the  c o l l e c t o r s  were i n  t h e  $108 t o  $140/m range.  

If a des i ccan t  coo le r  i s  added t o  t h e  s o l a r  hea t ing  system, t h e  
c o s t / b e n e f i t  r a t i o  f a l l s  below 1.0 f o r  c e r t a i n  ca se s ,  i n d i c a t i n g  
cos t - e f f ec t i venes s .  For t h e  4.5-kW coo le r  wi th  a  35-m2 c o l l e c t o r  
a r r a y  (Figure 5-9), t he  c o s t / b e n e f i t  r a t i o  is  0.94 with $108/m 2  

c o l l e c t o r s .  With s o l a r  ho t  water  inc luded ,  t h i s  system should remain 
cos t - e f f ec  i v e  wi th  c o l l e c t o r  k o s t s  i n  t h e  $140 t o  $161/m2 range. 
For $lO8/mf? c o l l e c t o r  c o s t ,  t h e  9.0-kW system (Figure 5-8) i s  cos t -  
e f f e c t i v e  only w i th  t h e  lowest c o l l e c t o r  a r e a s ,  whi le  t h e  2.3-kW 
system (Figure  5-10) is  c o s t - e f f e c t i v e  with a l l  but t h e  l a r g e s t  
c o l l e c t o r  s i z e s .  

When a  des i ccan t  cool ing  system i s  added t o  a  s o l a r  hea t ing  system, a  
s i g n i f i c a n t  i n c r e a s e  i n  t h e  d i sp l aced  f o s s i l  f u e l  energy can be 
achieved.  This  i s  the  case  f o r  t he  9.0-, 4.5-, and 2.3-kW coo le r  
s i z e s  (F igures  5-11, 5-12, and 5-13, r e s p e c t i v e l y ) .  A s  p r ev ious ly  
d i s cus sed ,  t he  a d d i t i o n  of a  de s i ccan t  coo le r  t o  a  s o l a r  h e a t i n g  
system may r e s u l t  i n  cos t - e f f ec t i venes s .  However, even i f  t h e  
c o s t / b e n e f i t  r a t i o  i s  g r e a t e r  than 1.0,  the  a d d i t i o n  of a  de s i ccan t  
cool ing  system r e s u l t s  i n  l a r g e r  a l lowable  c o l l e c t o r  a r e a  and g r e a t e r  
f o s s i l  f u e l  displacement f o r  t h e  same c o s t / b e n e f i t  a s  a  heating-only 
system. For example, i n  F igure  5-12 a  hea t ing  system wi th  c o l l e c t o r  
a r e a  of 10 m2 ha s  a  c o s t / b e n e f i t  r a t i o  of 1.23 nd a  f o s s i l  f u e l  9 displacement of 6% a t  a  c o l l e c t o r  cos t  of $215/m . For t he  same 
c o s t / b e n e f i t  r a t i o  and c o l l e c t o r  c o s t ,  a  s o l a r  hea t ing  and 4.5-kW 
d e s i  cant  cool ing  system would have a  c o l l e c t o r  a r e a  of approximately 5 30 m and a  59% f o s s i l  f u e l  displacement .  Thus, i f  s o l a r  h e a t i n g  can 
be j u s t i f i e d  ( e i t h e r  economicolly o r  f o r  f o s s i l  f u e l  conse rva t ion )  
f o r  r e s i d e n t i a l  use  i n  Washington, D.C., the  a d d i t i o n  of de s i ccan t  
cool ing  w i l l  s i g n i f i c a n t l y  i n c r e a s e  t h e  p o t e n t i a l  f o s s i l  f u e l  
displacement a t  t he  same cost /benef  i t  r a t i o .  

F igures  5-14 through 5-20 show t h e  same p l o t s  f o r  Dodge C i ty .  These r e s u l t s  
a r e  f o r  a  s o l a r  system wi th  no a u x i l i a r y  coo l ing ,  so the  house a i r  cond i t i ons  
leave  t he  comfort zone dur ing  t h e  t imes when t h e  desiccant coo le r  cannot meet 
t h e  house cool ing  load.  

A s  i n  t h e  case  of Washington, D . C . ,  s o l a r  h e a t i n g  is  not  cos t  compet i t ive  i n  
Dodge C i ty  under t h e  c o s t  assumptions of t h i s  s tudy .  I n  a d d i t i o n ,  s o l a r  
hea t ing  p lus  des i ccan t  cool ing  i s  never cos t  compet i t ive  f o r  9.0-kW (Figure  5- 
14) o r  4.5-kW (Figure  5-15) des i ccan t  systems. The only yst compe t i t i ve  
system is  a  2.3-kW des i ccan t  coo le r  (F igure  5-16) wi th  a  20-m c o l l e c t o r  a r e a  

2  and a  c o l l e c t o r  cos t  of $108/m . The c o s t / b e n e f i t  r a t i o s  tend t o  be h ighe r  i n  
Dodge C i ty  than i n  Washington, D.C . ,  and r i s e  a t  much f a s t e r  r a t e s  with 
i nc reas ing  c o l l e c t o r  a r e a .  
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A s  p r e v i o u s l y  d i s c u s s e d ,  t h e  h i g h  c o s t l b e n e f i t  r a t i o s  f o r  Dodge C i t y  r e s u l t  
from t h e  combinat ion of low n a t u r a l  g a s  r a t e s  and a  r e l a t i v e l y  h i g h  h e a t i n g  
l o a d .  To i l l u s t r a t e  t h i s  p o i n t ,  F i g u r e  5-17 i s  a  p l o t  of c o s t l b e n e f i t  r a t i o  
v e r s u s  c o l l e c t o r  a r e a  f o r  Dodge C i t y  u s i n g  Washington, D.C. ,  e l e c t r i c i t y  and 
n a t u r a l  g a s  r a t e s .  A l a r g e  d e c r e a s e  i n  t h e  c o s t l b e n e f i t  r a t i o  o c c u r s ;  t h e  
d e s i c c a n t  s y s t e  s are c o s t - e f f e c t i v e  f o r  p a r t  o r  a l l  of t h e  c o l l e c t o r  s i z e s  3 2 from 20 t o  42 m a t  $10811~ . Thus, w i t h  s u f f i c i e n t l y  h igh-cost  c o n v e n t i o n a l  
ene rgy  s o u r c e s  (on t h e  o r d e r  of Washington, D . C . ,  1978 p r i c e s ) ,  s o l a r  h e a t i n g  
and d e s i c c a n t  c o o l e r s  i n  t h e  2.3- t o  4.5-kW range ,  wi thou t  a u x i l i a r y  c o o l i n g ,  
can  be c o s t - e f f e c t i v e  i n  Dodge C i t y  a t  c o l l e c t o r  c o s t s  up t o  a p p r o x i m a t e l y  
$161/m2. The a d d i t i o n  of s o l a r  h o t  w a t e r  sys tems wou1.d r e s u l t  i n  f u r t h e r  
i n c r e a s e s  i n  c o s t - e f f e c t i v e n e s s .  

F i g u r e s  5-18, 5-19, and 5-20 show c o s t l b e n e f i t  r a t i o  p l o t t e d  v e r s u s  d i s p l a c e d  
f o s s i l  f u e l  f o r  9.0-, 4.5-, and 2.3-kIJ s o l a r  hea t ing-on ly  and h e a t i n g /  e s i c -  
can t -coo l ing  sys tems i n  Dodge C i t y  a t  c o l l e c t o r  c o s t s  of $ 1 0 7 . 6 5 1 2  and 
$215.30/m2. The p e r c e n t a g e  of f o s s i l  f u e l  d i s p l a c e d  i n c r e a s e s  w i t h  t h e  
a d d i t i o n  of  d e s i c c a n t  c o o l i n g  i n  a l l  c a s e s .  A s  b e f o r e ,  d e s i c c a n t  c o o l i n g  p l u s  
h e a t i n g  r e s u l t s  i n  a l a r g e r  a l l o w a b l e  c o l l e c t o r  a r e a  and g r e a t e r  f o s s i l  f u e l  
d i sp lacement  f o r  t h e  same c o s t /  e n e f i t  r a t i o  a s  a  hea t ing-on ly  system. A 
s o l a r  h e a t i n g  sys tem w i t h  a  20-I$ c o l l . e c t o r  a r e a  d i s p l a c e s  26% of  t h e  f o s s i l  
f u e l  r equ i rement .  With $215/m2 c o l l e c t o r s  t h e  c o s t l b e n e f  i t  r a t i o  i s  1.92 
The a d d i t i o n  of a 4.5-kW d e s i c c a n t  c o o l e r  r e s u l t s .  i n  approx imate ly  a  35-m i 
c o l l e c t o r  a r e a  and a f o s s i l  f u e l  d i sp lacement  of 65% w i t h  the  same c o s t l b e n e -  
f i t  r a t i o  and c o l l e c t o r  c o s t  ( s e e  F i g u r e  5-19). Th i s  r e p r e s e n t s  a n  i n c r e a s e  i n  
f o s s i l  f u e l  d i sp lacement  by a  f a c t o r  g r e a t e r  t h a n  two. 





SECTION 6.0 

CONCLUSIONS AND RECOMMENDATIONS 

This  r e p o r t  de sc r ibes  the  r e s u l t s  of t h e  development and a n a l y s i s  of computer 
s imula t ions  of s o l a r  space hea t ing ,  s o l a r  de s i ccan t  cool ing  (us ing  a n  a x i a l -  
f low, disc-type dehumidif ier  wi th  s i l i c a  gel) ' ,  and e l e c t r i c a l l y  d r iven  vapor- 
compression a i r - cond i t i on ing  sys'tems f o r  r e s i d e n t i a l  hea t ing  and cool ing .  The 
o b j e c t i v e  of t h e  s tudy was t o  e v a l u a t e  r e s i d e n t i a l  s o l a r  de s i ccan t  coo l ing  
p o t e n t i a l  and i d e n t i f y  optimum system conf igu ra t i ons ,  c l i m a t i c  cond i t i ons ,  and 
economic parameters.  The system chosen f o r  s tudy  was a  disc- type des i ccan t  
bed con f igu ra t i on  i n  t he  r e c i r c u l a t i o n  mode (F igures  2-3 and .2-4). 

The TRNSYS computer program, i n  con junc t ion  wi th  s p e c i a l  de s i ccan t  coo le r  
rou t ines ,  proved t o  be a  va luable  t o o l  i n  eva lua t ing  the  seasona l  performance 
of s o l a r  heatingldesiccant-cooler systems a t  t he  f i v e  l o c a t i o n s  s tud i ed .  The 
a b i l i t y  t o  perform a t r a n s i e n t  a n a l y s i s  i s  important  because t h e  e f f e c t s  of 
vary ing ,ambient  cond i t i ons  and s o l a r  energy inpu t  t o  a  des i ccan t  c o o l e r  cannot 
be de t ec t ed  i n  a  l i m i t e d  number of s t eady - s t a t e  ana lyses .  The r e s u l t s  from 
t h e  TRNSYS s imu la t i ons ,  t h e  economic ana lyses ,  and t h e  vapor-compression 
coo le r  s imu la t i on  programs a l low eva lua t ion  and comparison of t h e  v a r i o u s  
sys  tems . 
A s  descr ibed i n  t he  previous s e c t i o n s ,  s e v e r a l  s o l a r  heatingldesiccant-cooling 
annual  s imula t ions  were performed f o r  f i v e  U.S. c i t i e s  with d i v e r s e  c l i m a t i c  
cond i t i ons .  Five conc lus ions  regard ing  system performance were drawn from 
t h e s e  s imula t ions :  

Those c l ima te s  t h a t ,  exper ience  both high hea t ing  loads  i n  t h e  w in t e r  
and high cool ing  loads  i n  t h e  summer a r e  t he  most s u i t a b l e  cand ida t e s  
f o r  s o l a r  hea t ing  and des i ccan t  cool ing .  By having l a r g e  hea t ing  and 
cool ing  l o a d s ,  t h e  s o l a r  system can be matched t o  t h e  hea t ing  and 
coo l ing  energy requirements  without  a d d i t i o n a l  c o l l e c t o r  a r e a  being 
requi red  f o r  t h e  cool ing  season.  The s o l a r  system can then  be 
u t i l i z e d  year-round t o  t h e  maximum ex ten t .  

Washington, D.C.,  i s  t he  most promi.sing of t he  f i v e  c i t i e s  examined 
for .  t he  a p p l i c a t i o n  of a  s o l a r  hea t ing  and des i ccan t  coo l ing  system 
with a  vapor-compression coo le r  backup. This r e s u l t s  from t h e  favor-' 
a b l e  c l i m a t i c  cond i t i ons ,  namely, t h e  high hea t ing  and coo l ing  loads  
and high r e l a t i v e  humidity.  Dodge Ci ty ,  Kans., shows promise f o r  
s o l a r  hea t ing  and des i ccan t  cool ing  without  vapor-compression coo le r  
backup. Although t h e  room c.ondi t ions i n  a Dodge C i t y  home would 
occas iona l ly  leave  t h e  comfort zone dur ing  peak cool ing  loads ,  a  
reasonable  degrcc of comfort c o u l d  he maintained dur ing  t h e  summer 
months without  a u x i l i a r y  cool ing .  Other l o c a t i o n s  wi th  s i m i l a r  
c l i m a t i c  cond i t i ons  have t h e  same promise a s  t he se  two c i t ies .  

The des i ccan t  coo le r  system which was modeled is p r e f e r e n t i a l l y  a  
l a t e n t  r a t h e r  than s e n s i b l e  coo le r .  The s t eady - s t a t e  s imu la t i ons  
c l e a r l y  showed t h a t  t h e  p o t e n t i a l  l a t e n t  cool ing  capac i ty  i s  l a r g e r  
than the  p o t e n t i a l  s e n s i b l e  c a p a c i t y  a t  a  given des i ccan t  regenera-  
t i o n  temperature .  Thus, t h e  modeled des i ccan t  coo le r  system would 



provide  optimum cool ing  performance i n  humid c l i m a t e s  such a s  
Washington, D.C. ,  and would perform l e s s  e f f i c i e n t l y  i n  dry  c l ima te s  
wi th  l a r g e  s e n s i b l e  cool ing  loads ,  such a s  Phoenix, Ariz .  

The thermal  performance of the  des i ccan t  cooler  is  bes t  understood i n  
terms of t h e  i n t e r a c t i o n  of t h e  des i ccan t  system with t h e  s o l a r  
c o l l e c t o r / s t o r a g e  o u t l e t  ( r egene ra t i on )  temperature .  Due t o  t h e  
c y c l i c  n a t u r e  of t h e  s o l a r  i npu t ,  t h e  average r egene ra t i on  tempera- 
t u r e  from t h e  c o l l e c t o r s  is  a  major f a c t o r  i n  the  optimum coupl ing of 
s o l a r  c o l l e c t o r s  wi th  des i ccan t  coo le r s .  

For combined s o l a r  space heating/desiccant-cooling systems,  t h e  
optimum matches of system s i z e s  and c o l l e c t o r  a r e a s  f o r  Washington, 
D.C . ,  (with a u x i l i a r y  coo l ing )  a r e  a  4.5-kW des iccant  cool  r wi th  35- 5 m2 c o l l e c t o r  a r e a  and a  9.0-kW des i ccan t  coo le r  wi th  50-m c o l l e c t o r  
a ~ e d .  T h l s  s e l e c r l o n  i s  bafied nn t h e  nh jcc t ive  of maximizing both 
cool ing  c a p a c i t y  and des i ccan t  coo le r  off- t ime ( t h a t  i s ,  tuaxirnizing 
EER). These system s i z e s  a r e  smal le r  than those t y p i c a l l y  found i n  
Washington, D.C. ,  homes, so  t he  vapor-compression harkup would meet a  
p o r t i o n  of t he  cool ing  load.  This  s t r a t e g y  i s  p r e f e r a b l e  t o  l a r g e  
s o l a r  de s i ccan t  cool-ers t h a t  a r e  s i zed  t o  meet t he  f u l l  cool ing  load  
wi th  no backup f o r  two reasons:  1) s o l a r  de s i ccan t  coo le r s  s i zed  t o  
meet peak cool ing  loads  would be u n d e r u t i l i z e d  during a  major p o r t i o n  
of the  cool ing  season; and 2)  t h e  c o l l e c t o r  a r ea  r equ i r ed  f o r  such a  
des i ccan t  c o o l e r  would probably f a r  exceed t h a t  requi red  f o r  h e a t i n g ,  
even i f  the  h e a t i n g  and coo l ing  loads  were near ly  equa l ,  r e s u l t i n g  i n  
u n d e r u t i l i z a t i o n  of t h e  c o l l e c t o r s  during the  hea t ing  season. S i z ing  
d e s i c c a n t  c o o l e r s  f o r  peak cool ing  loads  would tend t n  reduce t he  
c o s t - e f f e c t i v e n e s s  of t h e  s o l a r  systems. 

With t h e  economics a n a l y s i s  program and c o s t  assumptions descr ibed  i n  Sec t ion  
5.0, t h e  p re sen t  worth of 20-year l i f e - c y c l e  c o s t s  was determined f o r  each of 
t h e  annual  s o l a r  space heatingldesiccant-cooler si.ml.lla t i o n s  (Sec t ion  3.7.3) 
and natural-gas-space-heating/vapor-compression-cooler s imu la t i ons  (Sec t ion  
4.0) .  The percentage of f o s s i l  f u e l  d i sp l aced  by the  s o l a r  systems was a l s o  
determined.  Conclusions r e s u l t i n g  from t h i s  a n a l y s i s  f o r  combined hea t ing  and 
c o o l i n g  systems (assuming a  1985 system i n s t a l l a t i o n )  a r e  a s  fol lows:  

Economic cons ide ra t i ons  i n d i c a t e  t h a t  humid c l ima te s  with r e l a t i v e l y  
high convent iona l  f u e l  c o s t s  a r e  the  p r e f e r r e d  cond i t i ons  f o r  t h e  
s o l a r  de s i ccan t  coo le r  modeled i n  t h i s  s tudy.  

Analysis  of l i f e - c y c l e  c o s t  and f o s s i l  f u e l  displacement i n d i c a t e s  
2  t h a t  a  4.5-kW d e s i c c a n t . c o o l e r  with a 35-rn c o l l e c t o r  a r e a  and a u x i l -  

i a r y  vapor-compression coo l ing  backup i s  the  p re fe r r ed  c o n f i g u r a t i o n  
f o r  Washington, D.C.;  wi th  no backup cool ing ,  i t  i s  t h e  p r e f e r r e d  
c o n f i g u r a t i o n  f o r  Dodge C i ty .  

The s o l a r  heating/desiccant-cooling system wi th  backup approaches 
c o s t  compet i t iveness  i n  Washington, D.C. ,  a t  i n s t a l l e d  c o l l e c t o r  

2  c o s t s  under $215/m , but no t  i n  Dodge C i t y  (without backup), due t o  
. low c o s t s  f o r  convent iona l  f o s s i l  f u e l s  i n  the  l a t t e r  l o c a t i o n .  



When a des i ccan t  cool ing  system i s  added t o  a  s o l a r  space h e a t i n g  
system, a  s i g n i f i c a n t  i n c r e a s e  i n  d i sp l aced  f o s s i l  f u e l  energy can be 
achieved.  For t he  same c o s t j b e n e f i t  r a t i o  ( cos t - e f f ec t i venes s )  and 
c o l l e c t o r  cos t  per square meter ,  t he  a d d i t i o n  of a  de s i ccan t  coo le r  
r e s u l t s  i n  a  l a r g e r  economically a l lowable  co1, lector  a r e a  and a  
s i g n i f i c a n t  i n c r e a s e  i n  f o s s i l  f u e l  displacement .  Thus, i f  res iden-  
t i a l  s o l a r  space hea t ing  can be j u s t i f i e d  ( e i t h e r  economically or by 
f o s s i l  f u e l  conse rva t ion ) ,  then the  a d d i t i o n  of a  de s i ccan t  coo le r  i n  
c e r t a i n  c l ima te s  can s i g n i f i c a n t l y  i n c r e a s e  f o s s i l  f u e l  displacement  
without a f f e c t i n g  system cos t - e f f ec t i venes s .  

P o t e n t i a l  system conf igu ra t i ons  f o r  c'limates not  examined i n  d e t a i l  i n  t h i s  
s tudy  can be proposed.' For t he  h o t ,  dry c l ima te  of Phoenix, Ar i z . ,  . a  system 
c o n s i s t i n g  of a  r e l a t i v e l y  small  so la r - regenera ted  des i ccan t  wheel and a  l a r g e  
evapora t ive  coo le r  could p o t e n t i a l l y  provide t h e  r equ i r ed  degree of comfort. 
I n  such a  dry c l imate ,  t h e  l a r g e  evapora t ive  coo le r  should be a b l e  t o  provide 
t h e  requi red  s e n s i b l e  cool ing .  The a d d i t i o n  of a  de s i ccan t  wheel would 
main ta in  t h e  r e l a t i v e  humidity of t h e  condi t ioned space w i t h i n  a c c e p t a b l e  
l i m i t s .  For a  warm, very humid c l ima te  such a s  Char les ton ,  S.C., a  l a r g e  
so la r - regenera ted  des i ccan t  wheel combined wi th  a  r e l a t i v e l y  small evapora t ive  
coo le r  should be t he  optimum system. A l a r g e  des i ccan t  wheel is  requi red  t o  
meet the  l a r g e  l a t e n t  cool ing  load.  

Thus, i t  should be pos s ib l e  t o  a l t e r  t h e  cool ing  c a p a c i t i e s  of t h e  i n d i v i d u a l  
components of a  s o l a r  de s i ccan t  cool ing  system, namely, t h e  des i ccan t  wheel 
( l a t e n t )  and evapora t ive  coo le r  ( s e n s i b l e ) ,  i n  order  t o  match t h e  system to .  
l o c a l  c l i m a t i c  cond i t i ons .  This i s  a  d i s t i n c t  advantage over o t h e r  c o o l e r  
t ypes  f o r  which t h e  r a t i o  of s e n s i b l e  t o  l a t e n t  cool ing  output  i s  f i xed .  
System c o s t s  should be reduced by matching t h e  s i z e s  of t he  components w i th  
l o c a l  requirements  t o  minimize exces s ive  l a t e n t  o r  s e n s i b l e  c a p a c i t i e s .  
However, f o r  each case  t he  t o t a l  s o l a r  heating/desiccant-cooler system must be 1 
compared on a  l i f e - c y c l e  basis t o  t he  convent ional  system employing energy 
from f o s s i l  f u e l s  t o  determine i f  t h e  s o l a r  de s i ccan t  coo le r  w i l l  be cogt- 
e f f e c t i v e .  

I n  s p i t e  of t he  apparen t  p o t e n t i a l  f o r  s o l a r  space heatingldesiccant-cooler 
systems i n  c e r t a i n  c l i m a t i c  cond i t i ons ,  a d d i t i o n a l  work remains t o  be done t o  
prepare  s o l a r  de s i ccan t  coo le r  systems f o r  r e s i d e n t i a l  a p p l i c a t i o n .  The major 
a r e a s  of work inc lude :  

s e l e c t i o n  of t he  optimum des i ccan t  dehumidi f ie r  bed con f igu ra t i on  
(d i sc - type ,  a s  modeled i n  t h i s  s tudy,  o r  a l t e r n a t e s ,  such a s  c ross -  
cooled i so thermal  beds o r  concen t r i c  drums); 

op t lmlza t ion  of o the r  des i ccan t  coo le r  system components, such a s  t h e  
r e g e n e r a t i v e  heat. exchangers and evapora t ive  coo le r s ;  

c o n s t r u c t i o n  and t e s t i n g  of p ro to type  des iccant  coo le r  systems; 

d e f i n i t i o n  of expected des i ccan t  coo le r  system c a p i t a l  c o s t s  and 
methods,. i f  any, of cos t  reduc t ion ;  



minimizat ion of p a r a s i t i . ~  power r equ i r ed  f o r  des iccant  coo le r s ;  and 

comparison of s o l a r  de s i ccan t  c o o l e r s  wi th  competing coo le r  types  i n  
terms of cos t - e f f ec t i venes s  and f o s s i l  f u e l  displacement .  

SERI and . s e v e r a l  o t h e r  o rgan iza t ions  under c o n t r a c t  t o  t he  U.S. Department of 
Energy a r e  con t inu ing  work i n  t he se  a r e a s  i n  'o rder  t o  de f ine  t he  f u t u r e  r o l e  
of s o l a r  d e s i c c a n t  coo l ing .  The a n a l y s i s  techniques developed i n  t h i s  s tudy  
should. prove t o  be u s e f u l  i n  comparing the  performance of va r ious  coo l ing  
systems and i n  de te rmin ing  which sys tem(s)  should'  '; u l t i m a t e l y  be c a r r i e d  
through t h e  commercial izat ion s t a g e  f o r  t h e  r e s i d e n t i a l  market. 
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APPENDIX A 

SAMPLE RESULTS FROM. SIMZTLATION OF ANNUAL SOLAR ~ T I N G  AND DESICCANT 
COOLING PERFORMANCE 
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UHcEL J I A K E T E P  8 - 9 7  Y 
FLCA LT'IGTH 1 . 2 2 7 5  M 
i r h : ~ ~  ?on I .jq:q; 

5 E t J S I X C i  A!!C L L T i N T  AUXILIAFcY COOLING TO HOUSE 

F:ET PLATE t b I R ,  
P4EL 1 35.0 

STORIIGE 8 

PHNX 7 



S O L 8 4  OESICCAt4T 
SYSTEM P E v O R t i b N C E  ------------------ 

JA:I FED naw APR n a y  JUN JUL AUG SEP O C T  NOV OEC TOTAL  ..................................................................................................................... 
I N C I O E N T  SOL8R 

(J) d.8BE+lO l i R B E * I J  2.58E*10 2.95 i t10 3.076+16 2.9iE*10 2.83EtlO 2190EtiO 2.$9E*13 ?.6SEtlO 2.03Et10 1.8OEtlO 2 . 9 9 E t l l  
USEFUL j Z L 4 R  
COLLECTFG (J) 6.89E+99 b.66€*09 9 i k S E t 0 9  l.:4E+lC 1.19EtiO 1.23EtiO 1.23E+iO 1.28Et10 :.04€*13'~.91E+C9 6.91Et09 6.90€*09 I . L & E * l I  

CGLLECT3Q 
EFFICIE:ICV, PCT 37. 35. 37. 39. 39. 42. 44. 44. " (t2., 3 n. 34. 38. 39. 

C0OLI: iG CAPA- 
C I T Y  i U @ C L I i O  0. , 1. Z. ibEtJ8 1.7rE*09 1.91€*09 3.07E*09 4.17E*09 4.11Et09 3;43E+O9 ;.63E+09 4.72Et08 t .  Z.GBE*lO -------------- 

S E N S I a L E  ( J l  0. 0. 2.15E+O8 1.74Et09 1.91E*09 2.96€+09 3,67E*O9 3.6SEt09 2.75E*09 L.55E*09 4.72Et68 t .  1.89€*16 
LPTEII;' (JI 3. 3 .  i.ZOE+Ob l.Z6E+G6 2.30Et06 1.07EtOB 5.OCE*08 S.OOEtO8 6.76Et I8  :.53E+t7 6.83EtO4 6. 1.87Et09 

S 9 L 8 P  ERESGY 
SUPPLIED -------------. 

CCOCIRG ( J )  S .  C i .  9.ilAEt.09 4.28Et09 O.87Et09 7.71E*O9 9.31Et09 9.SM*09 6.90EtD9 3.82€*09 1.27Et09 C .  4. 8bE t iC  
HEETlnS (J) 2 .9h f t04  9.32Et08 t.OJc+O9 1.50E*08 9.82Et07 3.71Et05 0. 0.- 0 .  : ..89E+03 2.65Et0 ¶.1.90E*09 6.79EtC9 

PEPCEtJT COLLEC- 
1 5 0  S G L W  I J S i O  -------------- 

COPLING (J)  0. C .  39. 37. L i  . 63. 76. 73. $ 7 -  38. 23. 0. 54. 
H E P T I I I G  (J)  5 3 .  14. 11. 1. 1. 0. 0 .  0. G .  2 .  4. 28. 23. 

TOTAL P P ; ? d S I l I C  
EtbEDGV (J)  0 1  0 .  4.82EtO7 3.17E*3 3 3.44E*O 8 5.70Et08 7.92EtO8 7.81EtOR 6.2SEtU8 S.OSEtO8 I.OZEtO8 C. 3.89Et03 

COOLIXG COP 0.64 0.60 .24 * 0 1  eS9 .10 . S5 .11 150 a43 .37 0.00 .43 

OESICCA!(I 
DUTY CYCLE 0.03 O.C0 .39 -18  - 1 9  .34 .47 -47 .J8 - 1 6  - 0 6  0.00 .28 



LCC4TION t FOCI  YOQTM. TEU4S LPTITUOE 8 32.03 DECREES N 

YEAR 1 :965 

MOUSE OESC'IPTI3N 8 

fMC STOCl. 167.3 I42 FLCOR SPACE 
178.6 WZ OUTSIDE MALL SPdCE 
PITCU GF R3OF t 3 Z . C  OEGPEES 
:4ORTH-SOUT'i 0RIE:ITPT 1014 
U = 1.33 J/SEC-MZ-C i Y A L L S  t YINDOYSI 
U = - 2 8  J/SLC-HZ-C (ROOF) 

N O r I U i L  OPEPATING CAP4CiTV 4 1  29.4 C 4NO 50 RH 1 4.5 KN 
OSCUYIOIFIEH I 

os:rtO ~ E C  
GFL TYPE : S I L I C A  
PbPI ICL;  SUQFPCE &RE4 PER U N I T  OEHUMIOIFIER VOLUME : 1 5 7 3  M2/MS 
hhEEL OIA*ETEP I - 9 7  N 
FL'JY LE;4GTH : . I 2 7 5  H 
WEEL SOM t .osiec 

COLLECTOR : 

FLPT DLPTE ( P I R )  
44E4 t 3S.C W2 

FTYR 6 

PEOOLE OED 
VOLUHE I 13.1 V 3  



SOL b R  DESICCANT 
SVSTE P PEPFORMANCE 
----------------a- 

J  LY FEq H AR APP HAV JUN JUL PUG SEP OCT NOV DEC TOTAL 
---------------------------------------------------------------------------------*----------------------------------- 

1:ICIOEltT SOLAR 
(J)  1.3SE*l: l.C6E*1S 1*76E* lO  2*C3E*lF Z.S2E*iC 2.43€*10 2.4GE*lC 2.SGE4iO Z.tBE*iO 1.95E*10 1.59E*lO I.O6E*iO 2 .3OE* l l  

USEFUL SCLbR 
COLLECTEC IJ) 0.92E*09 S .SSE*G~ 6.12E*09 6 .7 iE*09  7 .81€*09  9.26E409 9.43E409 9.SOE409 8.69E*J9 6.93E*09 5.81€*09 3.77E*09 8 . ~ 3 E * 1 0  

COLLECTCG 
EFF ICIE:4CY* P C 1  

B U I L O I N G  LOAO -------------- 
COOLI t tC  ( J l  

ZENSISLE (J )  
L L T E I t T  ( J l  

H E b l I N G  I J )  
TOTbL I J  b 

COOLING CAob- 
C I T Y  ~ u D D L I E C  -------------- 

Sit4;ISLZ ( J l  
LPTCNT 1Jb 

SOLAD ENCIGY 
SUPVL :EC -------------- 

C X J L I I I G  tJ l  0 .  'I. 0 .  2 .3€6+09 3.10E*09 6.24E409 7.096*09 7.01€*09 5.2bE*05 SrC9EtC9 0 .  C .  3 . ~ 6 E * l U '  
N E P T I H C  I J I  4. 99E*C9 5.ZCE*O? 5 . l L E * 0 9  1.BSE408 6.76E*O7 0. 0 .  0. 6.2?E*O7 1.25€+09 1.83E*O9 3.7CE409 Z.CIE* lJ  

bUYI,L?P!?V 
SUPPL I i O  -------------- 

CCSLIt !G f i b  2. 0. 0 .  1.3OE*O8 7*05E*OB 3*19E*09  3.8SE*O9 3.87E*09 2.56E4OS 5.98€*08 0. C .  1.49E*13 
H E h T I ? l G  ( J l  S. l8E+C9 Z.C2E*;9 9.23E403 0. 0 .  0. 0 .  8. D. J.  a. 5.13E*09 l . l 3 E * 1 3  

PECCC!;T CLDG 
LOLG 9V S'YL,LP , -------------- 

CCOLIPIS IJI .. t .  0. 89. 73. so. 53. 52. 55.  77. 0 .  a. s a. 
uEbTr t :G  t J )  61. 72. 95. 100. 100.  100.  100. 100.  100 .  1 G C .  I G O .  CrZ. . 65. 

PEoC; ti1 COLLEC- 
TED S'YLA2 U S E 9  -------------- 

C'YOLIl4G ( J l  C .  0 .  0. 35. 4.0. 61.  75. 75. 60.  52. 0. 0. 59. 
WEbTING (J I  99.  96. 84. 3. 1. 9 .  0 -  0. 1. 2. 31. 94. 80. 

TOTAL P b e b S I T I C  
E!4E'GV (J)  0. 3 .  r i .  2.34E*C9 3 .49E* t8  6.56E*08 7.92E4OA 7.78€*08 5.3OE*09 3..88E*08 0. 0. 3.73€*09 

COOLING EER 0.60 O.CO F.JG 14.54 14 .12  12.25 12.00 11.93 12.09 13.95 9.00 0.30 12.1.5 



~*****~I*.*+*****.*************C 

1 

O E S I C C A N T  C O O L I N G  S I L U L A T I O N  

* * + * ~ * . * * ~ * . * * * * + * * ~ C . * * * * * * ~ . * *  

L C L ' A T I O : I  I DODGE C I T Y *  X S  L h T I T U O E  I 3 7 . 7 1  D E G R E E S  N  

TMO ' T O C V *  l t 7 . 3  M? F L C 9 R  S P A C E  
1 7 9 . 4  M i  O ' l T f I O E  W A L L  S P I I C E  
P I l C r  OF Q l O F  I 4C.O D E G R E E S  
N 0 5 T H -  S C U T Y  O R I E N T A T I O N  
C = 1.2:J J I S E C - 1 4 2 - C  I W A L L S  W I t I D O M S l  
U  I . i R  J 7 S E C - M Z - C  (ROOF) 

R O Y I t d S L  O a E R A T I N G  C A P A C I T Y  A T  2 9 . 4  C A N 0  5 9  R H  I 4 . 5  KW 
O E W W I O L F I C R  I 

P A C U C O  ,3CO 
G E L  'YQE I S I L I C A  
P A ' T I C L L  S U R F A C E  A 2 E A  PER U l l I T  O E H U N I O I F I E R  V O L U M E  I 1 5 7 3  M 2 / M 3  
WHEEL O I A F E T E R  I .9? ?I 
F L 3 U  L F N G T H  1' , 0 2 7 5  M'  
WWEEL Son * . i 913 t i  

S E N S I S L E  A Y C  L 4 l E N T  A U X I L I A R Y  C O O L I N G  T O  H O U S E  

S T O R A G E  I 



S O L & ?  0ESICCP:JT 
S Y S T E M  PERFORMANCE ------.--"-------- 

B U I L D I N G  L O A D  -------------- 
C O O L I N G  (J l  

S E t l ; I 3 L E  (J l  
L A l E ' 4 T  (J)  

n E A l 1 f ; G  (J l  
T C T A L  (J )  

C O O L I Y C  . C b o b -  
C I T Y  i U o O L I E O  -------------- 

SEN519LE ( J l  
L4TE:dT (J)  

A U Y I L  I;!?* 
S U P O L  I E O  -------------- 

C O O L I t I C  (J l  
H E b T 1 : I G  (31 

PE'CENT E L D G  
L O L C  3 Y  Z O L P R  -------------- 

C C C L I t i G  (J l  
H E L T I a G  I J )  

PEF C'NT C 3 L L E C -  
T E D  5 3 L L ;  a;E'Y -------------- 

C I J O L I ' i G  (J) 
H E L T 1 : I G  (J l  

T O T A L  ~ 3 l 4 4 S I : I C  
E a E R G Y  (J l  

D E S I C C A N T  
D U T Y  C Y C L E  

P C 1  I N  COMFORT 

J,AY F E ~  MAR APR n b v  JUN' JUL AUG SEP OCT NOV OEC T O T A L  
.---------------------------------*---------------------------------------------------------------------------------- 

C .  C. 0 .  8i. 99. 78.  5 7 .  5 7 .  54. 0. 0. 0. 61. 
5 8 .  55. 1 0 0 .  Z O O *  1 0 0 .  1 0 0 .  1 0 0 .  1 0 6 .  $00 .  1OC. 7 8  50. 66. 



+ + + + + + + + r + r + + + + r i + + + + + + + + + ~ + + ~ + +  
+ + 
+ OESICCANT COOLING S I k U L A T I O N . +  
+ 
++ccI++++++++++c+~Lc+++++L++c+++ 

INPUT P A F b I f T E Q S  
---------i------ 

LOCATION t CHASLESTON. SC L A T I r U O E  I 32.90 OEGREES N 

TEAR I i9t3 

HOUSE OESCPIPTEON I 

TUG STOR!. 167.3 N2 FLCOR SPPCE 
:TO.* WZ 9fITSIQi:  W4LL SPACE 
PITCH OF ??OF t 3 3 . 0  ,DEGREES 
f4ORlH- SGUrV 0QIF:4TATIO?4 
U f 1.33 JISEC-HZ-C (UPLLS + MINOOYSI 
U = .24 J/:EC-HZ-C (ROOF) 

CCOLEE U A I T  OESCRIPTION I 

NOHIt i4L GPERbTING CAP4CITV b T  29.4 C AN0 S C  RH 8 b.5 KW 
OEMUnI'OI F I F K  I 

PACqEC RED 
2C.L 7Y-= t S I L I C 4  
' J A 1 1 I a I  SURFACE APE4 PEG. U N I T  OEHUHIOIFIER VOLUME 8 1573 UZ/M3 
akEEL J I A t l E T E q  1 -97  t i  
'LOU L=1GIH I ,5215 H 
YHEEL SaM I .09180 

SERSIRLE 1 4 0  LATENT AUXILIARY COOLING TO HOUSE 

FLAT PLATE ( P I P )  
PREP I 3 5 2 C  1 2  



S O L P Q  D E S I C C A N T  
S lSTEP P E R F O R 9 A N C E  ------------------ 

J lr:l FE A w PR PPR H A Y  JU N JUL AUG SEP O C T  NOV BEC TOTPL 
----.-----.--------------------------------------------------------.----------*-------------------------------------- 

1 : t C I O E : t l  i 9 L 4 R  
(J) l . Z S E * l G  l . J J E * l O  Z . l C E * l C  ? . 0 9 E * l C  1 . 9 8 E * I O  1 . 7 9 E * l J  2 . i 7 E * 1 0  Z .OiE* lO 1 . 9 8 E * l <  2 . 1 6 E * 1 0 , 1 . 6 3 E * l O  : .38E*lC Z . i 7 E * l t  

UfEFUC S C C 4 R  
C'JLL'CTSC (J) 4 * € 5 E * 3 9  4 .96E*C9 7 . 1 € E * J 9  6 . 3 9 E 1 0 9  6 . 8 7 E 4 0 9  6 . 5 7 ~ * 0 9  7 . 6 6 E + 0 9  7 .68E*09 7.37EtOG 7 . 3 0 € * 0 9  5 . 9 0 E t 0 9  5 . 3 8 f * 0 9  7 . 7 9 E t l G  

~ ~ J I L O I Y G  L C P O  

sum r a o v  
S U p p L  I E O  -------------- 

CC:Lit!G 1.J) 
HELT1:IG IJ) 

O Z S I C C P N T  
OlJTV C V C L E  0 . G i l  J . C C  C.Gi . 1 4  .Z? . 3 4  . 4 1  e 4 5  - 2 9  .LO C.OC 0 .06  - 2 9  







Table B-1 

- . - . . - - - - 1.: - -. , r q  p _ t ~ a a a ~ l r ~ :  - L j  " 1 ----*-------------  
!. I J B N  . F i l  * L  F' APC FA* . 

;; 
J U ! ~  J J L  ~ U G  SIP oc T Y J V  OEC TOTLLL j 

i . L -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  i. -. ---, 

9 U I L 3 I : l ;  i c a 2  1.i - - - -- - - - - - - - -- k, 

I.). - .  c. 
1 - l ; a O ~ I . y ; - - . j . j ~ J . .  a -  C ~ , 2 1 s 3 ; l ) n R g F + I l q  4 . 5 7 = + ? q  ' f U - h 2 6 F * O Q  X-h?C*Gq 1.8- :..j - - - - , : = ~ - ! ? z E t k ' : .  

: . I I 0. 0. C .  ? .CkI *OR 1.79E*OLI T . 3 3 f * ' 0 ~  Z . 3 1 € + 3 4  S.?ZE+OS 2 . 4 9 E + 0 9  1 . 2 9 5 t C 9  0. 0 .  l . ? Z E + l O  :: 
! ' L l T : , ! r  .: Jl .s. 
5.1 '? . C .  5 . n 7 f r 0 7  ?.90K*OR 1 .24CtG9 1 . ? 3 < + 0 7  1 . 9 C E * 0 9  i . i ~ E c 0 9  S . h i E + 0 4  0 .  

c,:,lq -clnq ~J&;*o?, 1 , ~ ; F . G Q  3 - n F . n q  7 m-~.~~ , - yJn 
0. ? . 5 1 5 + 3 7  :: , +-..-~~~TuL-.uLI-Lz= 3 L L T Y * ~ ~  u ; * c i &  b l E L i U .  

r;! T C T d i  . . i J I  l .Z?i*i i  9 . 1 7 Z + C 9  6 * 6 5 C * ; 9  3 . 4 1 1 * 0 9  5 . 5 8 E 1 0 9  b.S3E*,17 9.Y9E*OY 9 . 2 9 € * 0 9  b.SCE*J9 5 . 7 * E * 0 9  b . b 2 € + 0 9  9 . 7 9 E t C 9  Y . I C E * I O  



Table B-2 

I:i 
;.: ---------------- 
I. 1 

L O C A T I ~ ~  I JPCHI:!GTOII. > C  r = a i  I 1 9 5 5  
~ U ~ P = = ~ ~ ~ ~ Y _ I L C C L E U T U ~ ~  ~ J U U  T N .  C A  7 1 r r t r  ; '3.m itu - - - 

VPPOS C O ' 4 P R i S S I O N  
<vZT;!.j p F > F n u u c -  ------------------ 

?. 

J L N  Ff9 M O P  L P D  flay JUN J7L P U G  SE? 3C T Y O V  CEC ,TOTftL I.; ------------.-.-------------------------------.-------------------------;----,-----------------------------------:---- 1.: 
9UILJIN; . LDLO '-7 --- -- - - - - - - - -- >a 

n. 6 . ~ k = * n 7  j . q % - + o s  L . I  m u - Q  h. ~ * ~ 1 9 4  ~ ~ , ~ ( ~ ~ s  - - n .  n . 
i. 

C .  C .  i . i ' X h O 7  1 . 0 5 E + 0 9  E.Y5t*O4 2 . 8 T E * j 9  3 . '32E*J9 1 . 3 ? 5 + E 9  4 . 1 5 F + ? $  0. 0.  
6 = * 4 i 1 d  

I.SlE+L1) :: if LAIIIIT I Jl 3:  0 .  C .  S.sCF+CT 9.42E+OA I.Z;i*SY 2 . 3 * i * 0 9  2 . .39€*19 L.bbE+;q 7.25i+JA C .  0 .  3.17E+O? i- 
j J W  I ,  1 - 7 1 -  +(n o .ue . r% - c . F ~ ~ Q  > - u u i . ; , n s  ~ - m - , ' ~ : r n r  L- r k = + 1 7  -&-p-;'r.na s - 7 , 1 ~ ~ . 1 r  ,:I:. 

- - -  
r.; T O T S -  IJl I . ? l c * l C  9 . 1 7 f * ? 5  b .B5f+;Y Z..)aI*C9 3 . 0 . 3 5 + 0 9  s . b 7 Z + E 9  5 . 2 4 E t 0 9  b . jbi 'h09 3 . 9 8 2 1 6 9  3 . 2 O E + 0 9 , € . b Z E + O 3  9 .7J-I+C9 I.C2:*11J 2 

I . .  
PC1 I ?  :0 i 'J" i  1 1 0 .  1 0 5 .  102. 10 0. 19. 9 7 .  9 9 .  95 * 9 9 .  9 9 .  IJG. 1 0 0 .  99. L, 

.,a 

i7- i d  

?I i 



- -- ~- - 

Table B-3 

- -  - - -- - - i.1 ------------------ 
.;,! J  a : ~  F f 7 '  'YLR ~ P I ?  N A Y  JU:d JdL I U G  SE? OC 1 N3V 3iC -,,-----,-,---.-,--------------------------------------------------------------------- * ------------------------------ c *  

-? 1 :.. 
. ----I--- ------ > a  

m. 
= + O q  7 . S b c t u 6 . . I Z L 1 0 q  5- 7 q F * . l q  L h : + C q  0 .  !.j_---~3 1-1 ti -LA *a  a t& F .  - -~ . IcE+u. . . - . :~  

0. C. Z . . ? + I * i n  7. iZE+CtI  i .BZE*O) 5 .22E109 4 .56E+09 1.43E+29 0 .  C. 0. t .bCE*lO :,; 
?. (1. -*.>LE+J7 2 . b 9 i r 0 8  7. :JC*68'1. i i '+JY 6 . 3 3 E r 3 6  5.9'32157 0 .  0. 0.  2.93E139 i- , ",,;+"q -*"s 4.. rs;tnx %.s?,-+?n q- i .c*c.> L J J - + ~ @  - 4 3 9 1 0  2. 

I J I  1 . 2 ~ 2 i + 1 0  1 .21=*1C I . ~ C f * i i S . Z . o d E * ? 9  3 . 6 3 E t 0 9  5.53E*C? 7 . l J E * 0 9  6.21EF39 I . o s i + G g  1147E*06 9 . l r E * 0 9  1 .30E* iO Y.lZE*LO r i  
0 9  3.@,3-+C.q 8.53 8.H- . -  . ' 9 ,  

i r =+OS. *!la l & C + ! l R  C - J T F t F 8  -111&43E*ln 

.': C!jO:['tG 3;:;- 
0 -  C .  Q L.77Fb l lq  c . . -  . - -  il. 

... 
1'- .-.LI.~..~...~~~?LL:J..-L n.  n .  7 - h a 1  a-1-. 
?. --- ----------- $ a  

C - . , : Y j T l ~ f  t ; I  0 .  b e  0. 3 . 1 4 f * l ' ~  1 .23E109 3 .19 i *09  6.05E*U9 5 .2bEt09 I .sSE*09 0 .  0. 0. 1.7CE*lO 
. ' i - - W Y l  UJ .i. 6 i ?. 7 . 5 i ; r > s  l.cn;*ny_L. ' 1 a : ? * & 9 + n q  - ; * P I  n -  . . -n._w3.3--*: 
i'! :! 
I.., SEtcEIr  7 . 1  

. . i J l  9 ,  C .  Y .  3 .  U. C .  0. 0.  0.  0 .  0. 0. 0. .-s 

I -- . . .u 

t4 T O l E -  P l ? i  < ; T I C  .. % .  

'4 i.1 E IdEo i t  ( J l  4. 0 .  0 .  4.461+33 1 . 6 5 ~ * 0 4  s . 7 5 ~ + 0 4  9 . 2 1 € * 0 4  8 . ~ 2 i t 0 4  1 . 7 8 ~ * ~ ~  0 .  0. 0. 2.59€+05 
I*- - - .  a. 

.:; CoOL1.c; c ? ?  c . 2 ~  0. G i  O.C? 2.50 2.59 2.50 2.50 2.50 2.50 c . 9 0  t . i 3  2. 

. . O . C O  2.50 i. 

-, sc 3 P-  ,. z I C T  c a A A J  c z K i n n n nl n n n  1 . S 1  -:a 

;'I :. 
!'1 V4D3' C3*? F. 

> P, ,< a ..,. 9 c r. 7 P L 4 1 7 4 7 6 1 1  7 .  qn n  7 n  .gg :. 
:''-"=r > v - '  9 :y 
i'! I" 

PCT I Y  :J .Y'O+l 1 ~ 3 .  1 C C .  1 0 3 .  93. 97. 92. 87. 86. 91). 100. 100. 100. 92. .,:. 

i! j I-: 

-- t; 
ir ----- I.! 

1.; 



Table B-4 

. . 
i ' 1  
I.; I l i L L U r ? . 4 5 E I 3 ? ? -  - 
!,I ---------------- 
1: 1 L ~ C ~ ~ I W :  t I IC~GE C I T Y ~ - L S ,  VEdF I 1 9 5 5  
, - - - d E = J c B . P s m i - u - L w L .  .- 
. .I  
I. i 

r! 
. VAPOR COUPRESiION 

:.A 

I, 
.- sr S . W U ~ W N . L  ti ------------------ I 

: 9 
< a  J P : I  FE e HIR PPR nav JUN J UL PUG SEP ar N ov O E Z  T O T A L  
I I -------------------------------------------------_----------------------------------------------------------------- I.: 
! C . . - - - -- -. -- - ---- -- .- n 
...- BuIL71!:5 LOCO 1.4 
: -----*--------  I;; 

! :  C. 

'.: C??LCIf lG JJ)  P . . P . . L I r E 3 L t i e j r l . E . ? G . L L L  L. I-- cr . . .  . o. -. ' ~~~s E % R ~ ~ ~ ~ Z A G  e_~ .14€ f  L ~ J . .  1.. S~<?.i&-t: 
. 2 .  a d .  L L  0) L .  5 .  0. 2 . 1 9 E * C 9  2.Y3E+OY 9 . 3 9 € * 3 @  4 . 9 7 E + G 9  4 .25E*59 1 . r u E * 0 9  0 .  0 .  . . l . Z l = + l G  
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TR-090 

Cost /Benefi t  Ra t io  

Desiccant  Co l l ec to r  
Cooler S i z e  Area 1985 Base Year 1990 Base Year 

Run  NO.^ (kW) (m2 1 $107 .65/m2 $215.30/m2 $107 .65/m2 $215 .30/m2 

WASH 2 
WASH 4 
WASH 6 
WASH 8 
WASH 10- 
WASH 12 
WASH 13 
WASH 14 ' 
WASH 15 
WASH 16 
WASH 17 
WASH 18 
WASH 19 
WASH 20 
WASH 21 
WASH 22 
WASH 23 
WASH 24 
WASH 25 
WASH 26 
WASH 27 
WASH 28 
WASH 29 

DODG 
DODG 
DODG 
DODG 
DODG 
DODG 
DODG 
DODG 
DODG 
D O G  
DODG 
DODG 

CHAR 8 9.0 5 0 1.10 1.66 0.77 1.11 
CHAR 11 4.5 35 0.90 1.29 0.66 0.91 
CHAR 13 13.5 50 1 -25  1 .a2 0.88 1.23 
CHAR I 4  4.5 35 0.89 1.28 . 0.66 0.90 

FTWR 3 4.5 3 5 1 :17 1.66 ' ' 0.88 I 1.19 
FTWR 5 2.3 35 1.13 1.62 0.87 1.17 
FTWR 6 4.5 35 1.16 1.65 0.87 1.18 . 

PMNX 2 9.0 3 5 1.56 2.08 1.21 1.54 
PHNX 4 4 . s  35 1 . ~ 0  2.02 i.21 1.53 
PHNX 7 4.5 3 5 1.31 2.02 1.21 1.54 

W e e  Tablo 3-17 f ~ r  t y p e  of auxiliary toolin&. ( i f  any) used with  each run. . 
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