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ABSTRACT 

An i m p o r t a n t  a s p e c t  o f  t h e  d e s i g n  of  c o s t -  
e f f e c t i v e  HVAC s y s t e m s  t o d a y  is  ( a )  s e n s i t i v i t y  t o  
t h e  c o s t  i m p a c t  o f  t h e  i n t e r p l a y  of  u t i l i t y  demand 
c h a r g e s ,  t ime-of-day r a t e s ,  g a s  r a t e s ,  a n d  g a s l e l e c -  
t r i c  u t i l i t y  i n c e n t i v e  p rograms  v i s - a - v i s  HVAC s y s t e m  
o p t i o n s ;  and  ( b )  f a m i l i a r i t y  w i t h  t h e  r a n g e  o f  e l e c -  
t r i c ,  g a s ,  and e l e c t r i c / g a s  s y s t e m  o p t i o n s  a v a i l a b l e  
t o  t a k e  a d v a n t a g e  o f  t h e  c o s t  o p p o r t u n i t i e s  a n d  a v o i d  
t h e  c o s t  p e n a l t i e s  i n  s p e c i f i c  u t i l i t y  s i t u a t i o n s .  
When t h e s e  f a c t o r s  are f u l l y  e v a l u a t e d  a n d  i n c o r p o -  
r a t e d  i n t o  HVAC d e s i g n  f o r  medium-to-large b u i l d i n g s ,  
it is p o s s i b l e  t o  s t r u c t u r e  s y s t e m  a r r a n g e m e n t s  t h a t  
r e d u c e  e n e r g y  o p e r a t i n g  c o s t s  v e r y  s i g n i f i c a n t l y  com- 
p a r e d  t o  c o n v e n t i o n a l  a l l - a i r  VAV s y s t e m s  and  a l s o  t o  
a l l - a i r  VAV i c e  t h e r m a l  s t o r a g e  s y s t e m s ,  a t  a compa- 
r a b l e  f i r s t  c o s t .  T o  c o n t r i b u t e  t o  t h e  e v a l u a t i o n  o f  
t h e s e  f a c t o r s ,  t h i s  p a p e r  d o e s  t h e  f o l l o w i n g :  

1. D e s c r i b e s  t h r e e  c o l d  a i r - w a t e r  HVAC s y s t e m s  ( e l e c -  
t r i c ,  g a s ,  e l e c t r i c / g a s )  d e v e l o p e d  by t h e  a u t h o r  
f o r  o f f i c e  b u i l d i n g s  a n d  s h o p p i n g  c e n t e r s  t o  ( a )  
r e d u c e  t h e  f i r s t  c o s t  and  t h e  e n e r g y  c o s t  o f  c o l d  
a i r  s y s t e m s ,  ( b )  p r o v i d e  c o l d - a i r  s y s t e m  o p t i o n s  
s u i t a b l e  f o r  a  w i d e  r a n g e  of  g a d e l e c t r i c  r a t e  
s t r u c t u r e s ,  and  ( c )  p r o v i d e  c o l d - a i r  s y s t e m s  t h a t  
do  n o t  o v e r d r y  t h e  a i r  a s  do  c o l d  a l l - a i r  s y s t e m s  
i n  many c a s e s .  

2. P r e s e n t s  a s t u d y  b a s e d  on  a 1 5 9 , 0 0 0  f t L  o f f i c e  
b u i l d i n g  i n  n o r t h e r n  New J e r s e y  which  c o m p a r e s  
f i v e  HVAC s y s t e m s  ( t h e  t h r e e  c o l d  a i r - w a t e r  s y s -  
t ems ,  a  c o l d  a l l - a i r I p a r t i a l  ice s y s t e m ,  a n d  a 
c o n v e n t i o n a l  5 5 ° F  all-air VAV s y s t e m )  i n  t e r m s  o f  
peak r e f r i g e r a t i o n  r e q u i r e m e n t ,  p r i m a r y  a i r  d i s -  
t r i b u t i o n ,  f a n  demand,  peak  demand ( summer /win te r )  , 
a n n u a l  e n e r g y  u s a g e  ( o n l o f f - p e a k ) ,  g a s  i n p u t ,  
a n n u a l  demand c o s t ,  a n n u a l  e n e r g y  u s a g e  c o s t ,  
t o t a l  a n n u a l  e n e r g y  c o s t ,  and  s y s t e m  f i r s t  c o s t .  

3. Shows t h e  i m p a c t  o f  v a r i o u s  u t i l i t y  r a t e  s t r u c -  
t u r e s  on t h e  e n e r g y  c o s t  o f  t h e  f i v e  HVAC s y s t e m s  
b e i n g  compared .  

INTRODUCTION 

E l e c t r i c  u t i l i t y  r a t e  s t r a t e g i e s  and i n c e n t i v e  
p rograms  t o  r e d u c e  peak  demand h a v e  i n d u c e d  a  g rowing  
number o f  b u i l d i n g  o w n e r s  t o  i n s t a l l  ice t h e r m a l  s t o r -  
a g e  as  a  s o u r c e  of  c o o l i n g .  The  u s e  o f  ice s t o r a g e  
h a s  l e d ,  i n  t u r n ,  t o  i n c r e a s e d  u s e  o f  c o l d  a i r  s y s -  
t e m s  ( p r i m a r i l y  40°F  all-air VAV s y s t e m s )  t o  accom- 
p l i s h  t h e  f o l l o w i n g :  r e d u c e  t h e  q u a n t i t y  o f  a i r  re- 
q u i r e d  t o  h a n d l e  t h e  c o o l i n g  l o a d  a n d ,  as  a c o n s e -  
q u e n c e ,  r e d u c e  t h e  s i z e  a n d  c o s t  o f  t h e  a i r  d i s t r i b u -  
t i o n  s y s t e m  and  t h e  n e t  c o s t  o f  ice t h e r m a l  s t o r a g e  
HVAC s y s t e m s .  

However, t h e  b e n e f i t s  o f  c o l d - a i r  d i s t r i b u t i o n  
a r e  n o t  l i m i t e d  t o  a l l - a i r  HVAC s y s t e m s ,  t h e r m a l  s t o r -  
a g e  HVAC s y s t e m s ,  o r  e l e c t r i c  HVAC s y s t e m s .  The  

a p p l i c a b i l i t y  o f  c o l d  a i r  s y s t e m s  i s  much b r o a d e r  t h a n  
h a s  been r e c o g n i z e d .  

C o l d  a i r - w a t e r  HVAC s y s t e m s  h a v e  been  d e v e l o p e d  by 
t h e  a u t h o r  i n  o r d e r  t o  expand  t h e  c o s t - e f f e c t i v e  ap-  
p l i c a b i l i t y  o f  c o l d - a i r  s y s t e m s  i n  s e v e r a l  ways: ( 1 )  
by r e d u c i n g  t h e  electric demand a n d  e n e r g y  c o s t  as  
w e l l  a s  t h e  c o n s t r u c t i o n  c o s t  o f  c o l d - a i r  s y s e m s ,  ( 2 )  
by p r o v i d i n g  g a s  a s  w e l l  as  e l e c t r i c  c o l d - a i r  s y s t e m  
o p t i o n s  t o  t a k e  a d v a n t a g e  o f  a  w i d e  r a n g e  o f  u t i l i t y  
rate s i t u a t i o n s ,  a n d  ( 3 )  by r e s o l v i n g  t h e  p rob lem of 
o v e r d r y  a i r  t h a t  r e s u l t s  i n  many b u i l d i n g s  f rom 40°F  
a l l - a i r  s y s t e m s .  

T h e  o v e r d r y - a i r  p rob lem stems f r o m  a c h a r a c t e r i s -  
t i c  o f  c o l d  a l l - a i r  HVAC s y s t e m s  t h a t  i s  e n e r g y  w a s t e -  
f u l  a n d  t h a t  p a r t i c u l a r l y  l i m i t s  t h e i r  a p p l i c a b i l i t y  
i n  humid a r e a s .  I n  40°F  a l l - a i r  s y s t e m s ,  t h e  q u a n t i t y  
o f  c o l d  a i r  d i s t r i b u t e d  i s  e s t a b l i s h e d  by t h e  s e n s i b l e  
c o o l i n n  r e a u i r e m e n t .  T h e  r e s u l t ,  i n  a  b u i l d i n g  w i t h  - .  
normal  o f f i c e  o c c u p a n c y  o f  o n e  p e r  1 0 0  i t 2  a n d  
a  s e n s i b l e  l o a d  be tween  2 0  and  3 0  ~ t u / f t ~ ,  i s  a  low 
r e l a t i v e  h u m i d i t y  o f  30% t o  35% R H  a t  a  d e s i g n  d r y  
b u l b  t e m p e r a t u r e  o f  75°F  ( a s  compared  w i t h  t h e  u s u a l  
d e s i g n  c o n d i t i o n  o f  50% R H  a t  7 5 ° F ) .  T h e  u n u s u a l l y  
l a r g e  d i f f e r e n c e  be tween  i n d o o r  a n d  o u t d o o r  a b s o l u t e  
h u m i d i t y  and v a p o r  p r e s s u r e  i n c r e a s e s  m o i s t u r e  migra-  
t i o n  t h r o u g h  t h e  b u i l d i n g  e n v e l o p e  i n t o  t h e  c o n d i t i o n -  
e d  s p a c e ;  t h i s  c a n  c a u s e  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  r e f r i g e r a t i o n  l o a d  a n d  t h u s  i n  t h e  s i z e  o f  t h e  ice 
p l a n t  r e q u i r e d  i n  40°F  a l l -air  HVAC s y s t e m s .  

C o l d  Air-Water S y s t e m  F u n c t i o n a l  O v e r v i e w  
C o l d  a i r - w a t e r  s y s t e m s  r e s o l v e  t h e  d r y - a i r  p rob lem a n d  
g a i n  d e s i g n  f l e x i b i l i t y  by s e p a r a t i n g  d e h u m i d i f i c a t i o n  
a n d  s e n s i b l e  c o o l i n g .  T h e  s y s t e m s  d i s t r i b u t e  a  s m a l l  
q u a n t i t y  o f  40°F  p r i m a r y  a i r  -- which  h a n d l e s  a l l  o f  
a  b u i l d i n g ' s  d e h u m i d i f i c a t i o n  and  up  t o  h a l f  o f  t h e  
s e n s i b l e  c o o l i n g  a t  d e s i g n  c o n d i t i o n s  -- and  p r o v i d e  
t h e  b a l a n c e  o f  s e n s i b l e  c o o l i n g  v i a  f a n - i n d u c t i o n  
t e r m i n a l  c o i l s  t h a t  c i r c u l a t e  53" t o  58OF c h i l l e d  
w a t e r .  

Ey s e p a r a t i n g  d e h u m i d i f i c a t i o n  a n d  s e n s i b l e  c o o l -  
i n g  -- d e h u m i d i f y i n g  i n  t h e  c e n t r a l  a i r  h a n d l e r  and 
c o o l i n g  p r i m a r i l y  a t  t e r m i n a l  c o i l s  -- t h e  a i r - w a t e r  
s y s t e m s  make i t  p o s s i b l e  t o  r e d u c e  t h e  q u a n t i t y  o f  40°F 
a i r ,  r a i s e  t h e  t e m p e r a t u r e  o f  s e c o n d a r y  s e n s i b l e  c o o l -  
i n g  a t  t e r m i n a l s ,  i n c r e a s e  s e n s i b l e  c o o l i n g  a t  t e r m i -  
n a l s  w i t h o u t  d e p r e s s i n g  r e l a t i v e  h u m i d i t y  ( t h e r e  is 
n o  c o n d e n s a t i o n  a t  t e r m i n a l s ) ,  a n d  s e l e c t  f r o m  a v a r i -  
e t y  o f  c o o l i n g  methods  and  e n e r g y  s o u r c e s  t o  p r o d u c e  
t h e  c o l d  p r i m a r y  a i r  o n  t h e  o n e  h a n d ,  a n d  t h e  h i g h e r -  
t e m p e r a t u r e  c h i l l e d  w a t e r  f o r  s e n s i b l e  c o o l i n g  o n  t h e  
o t h e r .  

Cold  Air-Water  S y s t e m  B e n e f i t s  
As a  r e s u l t ,  t h e  40°F  a i r - w a t e r  s y s t e m s ,  which  w e r e  
d e v e l o p e d  f o r  s h o p p i n g  c e n t e r s  and  medium- to- la rge  
o f f i c e  b u i l d i n g s ,  p r o v i d e  t h e  f o l l o w i n g  b e n e f i t s :  
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Cold a i r - w a t e r  s y s t e m s  d i s t r i b u t e  o n e - t h i r d  t o  
o n e - h a l f  a s  much p r i m a r y  a i r  a s  c o l d  a l l - a i r  s y s -  
tems, t h e r e b y  r e d u c i n g  f a n  e n e r g y  and t h e  s i z e  
and c o s t  o f  t h e  p r i m a r y  a i r  h a n d l e r  and  d u c t w o r k .  

Cold a i r - w a t e r  s y s t e m s  p r o d u c e  a  r e l a t i v e  humidi-  
t y  o f  38% t o  50% RH, g i v e n  normal  o f f i c e  occupan- 
c y ,  a s  compared w i t h  30% t o  3% RH i n  t h e  c o l d  
a l l - a i r  s y s t e m s .  Thus  t h e  a i r - w a t e r  s y s t e m s  
a v o i d  t h e  a l l - a i r  s y s t e m  p r o b l e m ,  which i s  p a r t i c -  
u l a r l y  a c u t e  i n  humid a r e a s ,  o f  e x c e s s i v e  mois- 
t u r e  m i g r a t i o n  i n t o  t h e  s p a c e  f rom t h e  o u t s i d e  
and a  s u b s t a n t i a l  i n c r e a s e  i n  t h e  r e f r i g e r a t i o n  
l o a d  and i n  t h e  s i z e  o f  t h e  ice p l a n t .  

Annual  e n e r g y  o p e r a t i n g  c o s t  f o r  t h e  40°F air- 
w a t e r  s y s t e m s  is 25% t o  35% l e s s  t h a n  f o r  t h e  
40°F a l l - a i r  s y s t e m  and 35% t o  45% less t h a n  i n  
a  c o n v e n t i o n a l  a l l - a i r  VAV s y s t e m ,  b a s e d  on  a  
c o m p a r a t i v e  s t u d y  d e s c r i b e d  s u b s e q u e n t l y  t h a t  was  
done  f o r  a  s i x - s t o r y  o f f i c e  b u i l d i n g  i n  n o r t h e r n  
New J e r s e y .  

The f i r s t  c o s t / c o n s t r u c t i o n  c o s t  o f  c o l d  a i r -  
w a t e r  s y s t e m s  is less t h a n  t h a t  o f  c o l d  a l l - a i r  
s y s t e m s ,  d u e  t o  t h e  s a v i n g s  i n  p r i m a r y  d u c t s  and 
a i r  h a n d l e r .  

Depending on  t h e  u t i l i t y  r a t e  s t r u c t u r e  i n  a  s p e -  
c i f i c  l o c a t i o n ,  c o l d  a i r - w a t e r  s y s t e m s  may select 
f rom t h e  f o l l o w i n g  o p t i o n s  t o  p r o d u c e  t h e  40°F 
p r i m a r y  a i r  and t h e  c h i l l e d  w a t e r  f o r  53" t o  58OF 
s e c o n d a r y  c o o l i n g :  

( a )  40°F p r i m a r y  a i r :  

- ice t h e r m a l  s t o r a g e  
- e f f i c i e n t  r e f r i g e r a t i o n  s u c h  a s  l i q u i d  

o v e r f e e d  
- d e s i c c a n t - d r i e d  a i r  t h a t  is a i r -washed  t o  

d r o p  t h e  t e m p e r a t u r e  t o  40°F 

( b )  C h i l l e d  w a t e r  f o r  53" t o  58OF s e c o n d a r y  
c o o l i n g  : 

- vapor  c o m p r e s s i o n  r e f r i g e r a t i o n  w i t h  a  
c h i l l e r  b a r r e l  ( i n  s y s t e m s  w h e r e  t h e  com- 
p r e s s o r  makes ice a t  n i g h t )  

- g a s  a b s o r p t i o n  m a c h i n e  
- g a s  e n g i n e - d r i v e n  c h i l l e r  (where  t h e  e n g i n e  

h e a t  c a n  b e  u s e d ,  a s  f o r  d e s i c c a n t  r e g e n e r -  
a t i o n  i n  a  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  
s y s t e m )  

T h i s  p a p e r  p r e s e n t s  t h r e e  c o l d  a i r - w a t e r  s y s t e m  
o p t i o n s ,  f o l l o w e d  by t h e  r e s u l t s  o f  a s t u d y  compar ing  
t h e  a i r - w a t e r  s y s t e m s  w i t h  a  40°F a l l - a i r  s y s t e m  and  
a  c o n v e n t i o n a l  55OF a l l - a i r  VAV s y s t e m .  The f i v e  
s y s t e m s  are compared i n  terms o f  e n e r g y  demand, e n e r -  
gy u s a g e ,  and energy  c o s t ,  a s  well a s  f i r s t  c o s t .  
Air d i s t r i b u t i o n  is compared i n  t e r m s  oE p r i m a r y  f a n  
c a p a c i t y ,  maximum pr imary  a i r  d i s t r i b u t i o n  ( i n t e r i o r ,  
p e r i m e t e r ) ,  and  f a n  demand ( b o t h  p r i m a r y  and  second-  
a r y  f a n s ) .  The  c o m p a r a t i v e  s t u d y  is based  on a  
159.000 f t 2 ,  s i x - s t o r y  o f f i c e  b u i l d i n g  w i t h  a  maximum 
c o o l i n g  load o f  510  t o n s .  

406F AIR-WATER SYSTEM OPTIONS/UTILITY OPTIONS 

I n  t h e  t h r e e  c o l d  a i r - w a t e r  s y s t e m s  p r e s e n t e d  
h e r e ,  c o o l i n g  i s  e n e r g i z e d  by e l e c t r k i t y  i n  one  
(half o f f - p e a k ) ,  by a c o m b i n a t i o n  o f  g a s  and electri- 
c i t y  i n  a n o t h e r ,  and e n t i r e l y  by g a s  i n  t h e  t h i r d  
( e x c l u d i n g  pumps and f a n s ) .  A l l  t h r e e  i n c o r p o r a t e  

g a s  h e a t i n g .  
A l l  a r e  VAV s y s t e m s  t h a t  d i s t r i b u t e  0 . 1 6  t o  0.27 

c f m / f t 2  o f  40°F p r i m a r y  a i r  f rom t h e  c e n t r a l  a i r  , 
h a n d l e r  t o  f a n - i n d u c t i o n  c o i l  t e r m i n a l s  (FICUs).  I n  
e a c h  c a s e  t h e  c o l d  p r i m a r y  a i r  p r o v i d e s  a l l  dehumidi -  
f i c a t i o n  a n d  35% t o  50% o f  t h e  s e n s i b l e  c o o l i n g .  
T h e r e  i s  no  c o n d e n s a t i o n  a t  t e r m i n a l s .  

C h i l l e d  w a t e r  f o r  t e r m i n a l  c o i l s  is d i s t r i b u t e d  
a t  53" t o  58OF f rom t h e  c e n t r a l  p l a n t  v i a  i n t e g r a t e d  
s p r i n k l e r  p i p i n g .  FICUs, i l l u s t r a t e d  i n  F i g u r e  1, 
s e n s i b l y  c o o l  r e c i r c u l a t e d  a i r  a s  r e q u i r e d ,  mix it 
w i t h  t h e  40°F v e n t i l a t i o n  a i r ,  a n d  s u p p l y  t h e  mixed 
a i r  a t  a c o n s t a n t  volume. 

F i g u r e  1 F a n - i n d u c t i o n  c o i l  t e r m i n a l  (FICU) o p e r a t i n g  
i n  c o l d  a i r - w a t e r  V A V  s y s t e m  w i t h  p a r t i a l  i c e  t h e r m a l  
s t o r a g e  a t  t h e  a u t h o r ' s  Herndon,  V i r g i n i a  o f f i c e s .  
FICU m i x e s  a  s m a l l ,  v a r i a b l e  q u a n t i t y  o f  40°F p r i m a r y  
a i r  w i t h  r e c i r c u l a t e d  a i r  t h a t  is s e n s i b l y  c o o l e d  a t  
t e r m i n a l  c o i l s ,  a s  r e q u i r e d ,  w i t h  53' t o  58OF c h i l l e d  
w a t e r .  

1 .  E l e c t r i c  C o o l i n g :  I c e  D e h u m i d i f i c a t i o n  (40°F)/Same 
Compressor  + C h i l l e r  B a r r e l  S e n s i b l e  C o o l i n g  (55°F) 

I n  t h i s  s y s t e m ,  shown s c h e m a t i c a l l y  i n  F i g u r e  2 a n d  
p s y c h r o m e t r i c a l l y  i n  F i g u r e  3 ,  c o m p r e s s o r s  p r o d u c e  
i c e  d u r i n g  o f f - p e a k  h o u r s .  D u r i n g  t h e  day  m e l t i n g  
ice p r o d u c e s  34°F c h i l l e d  w a t e r  t h a t  c o o l s  p r i m a r y  
a i r  t o  40°F.  

One o f  t h e  same c o m p r e s s o r s  o p e r a t e s  a t  a h i g h e r  
e v a p o r a t i v e  t e m p e r a t u r e  d u r i n g  t h e  d a y ,  i n  c o n j u n c t i o n  
w i t h  a  c h i l l e r  b a r r e l ,  t o  p r o d u c e  55°F c h i l l e d  w a t e r  
f o r  s e n s i b l e  c o o l i n g  a t  FICU t e r m i n a l s .  

2.  E l e c t r i c / G a s  C o o l i n g :  E f f i c i e n t  V a ~ o r  Compress ion  
D e h u m i d i f i c a t i o n  ( 4 0 ° F ) / A b s o r p t i o n  Machine S e n s i b l e  
C o o l i n g  (55°F)  

F i g u r e  4  shows t h i s  s y s t e m  s c h e m a t i c a l l y .  T h e  psy- 
c h r o m e t r i c  p r o c e s s  i s  t h e  same a s  t h a t  shown i n  F i g u r e  
3.  E f f i c i e n t  v a p o r  c o m p r e s s i o n  r e f r i g e r a t i o n  ( i n  t h i s  
c a s e  l i q u i d  o v e r f e e d )  p r o d u c e s  40°F p r i m a r y  a i r .  

A d i r e c t - f i r e d  g a s  a b s o r p t i o n  c h i l l e r - h e a t e r  pro-  
d u c e s  55OF c h i l l e d  w a t e r  f o r  FICU s e n s i b l e  c o o l i n g  -- 
a s  w e l l  a s  h o t  w a t e r  f o r  s p a c e  h e a t i n g  I n  w i n t e r .  

3.  Gas  C o o l i n g :  2-Wheel 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  
IAir-Washed - 40°F) /Engine-Dr iven  C h i l l e r  S e n s i b l e  
C o o l i n g  (55°F)  
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F i g u r e  2 Cold  a i r - w a t e r  VAV system: I c e  t he rma l  s t o r a g e  p r o v i d e s  100% o f  dehumid- 
i f i c a t i o n  and 35% t o  50% o f  s e n s i b l e  c o o l i n g  v i a  a  sma l l  q u a n t i t y  o f  40°F p r i m a r y  
a i r ;  same compressor opera tes  d u r i n g  t h e  day a t  a  h i g h e r  e v a p o r a t i v e  temperature ,  
i n  c o n j u n c t i o n  w i t h  a  c h i l l e r  b a r r e l ,  t o  p r o v i d e  53" t o  58°F c h i l l e d  wa te r  f o r  
s e n s i b l e  c o o l i n g  a t  f a n - i n d u c t i o n  c o i l  t e r m i n a l s  (FICUS): gas heat.  

Key: 80  

1 .  Outside air enlaring enthalpy wheel, 91'FDE. 76'FWB. 
2. Outside air leaving enlhalpy wheel. BI'FDB, 68qr. 
3. Primary air leaving supply fan. 8SFDB. 68gr. 
4. Primary air leaving ice cail. 4UFDB. 36qr.. sat. 
5, Room condition. 7SFDE. 4O%RH, 52gr. 
6. Plenum condition (recirculated air), 7TFDE, 52qr. 
7. Plenum air leaving cooling coil. 64'FDE. 52gr, 
8. Mixture of primary air and plenum air In 

terminal unit. 61'FDB. 50gr. 

WEr EULE TEMP 

TEMP DEG. F 

F i g u r e  3  A i r  c o n d i t i o n i n g  process f o r  F i g u r e  2 c o l d  a i r - w a t e r  HVAC system 
and F i g u r e  4 c o l d  a i r - w a t e r  HVAC system. 
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F i g u r e  b Cold a i r - w a t e r  V A V  s y s t e m :  E f f i c i e n t  v a p o r  c o m p r e s s i o n  r e f r i g e r a t i o n  
( e . g . ,  l i q u i d  o v e r f e e d )  d e h u m i d i f i e s  t h e  s m a l l  q u a n t i t y  o f  40°F p r i m a r y  a i r ;  a 
d i r e c t - f i r e d  g a s  a b s o r p t i o n  c h i l l e r - h e a t e r  p r o v i d e s  t h e  b a l a n c e  o f  s e n s i b l e  c o o l -  
i n g  v i a  53O t o  58'F c h i l l e d  w a t e r ,  which  i s  d i s t r i b u t e d  from t h e  c e n t r a l  p l a n t  
t h r o u g h  i n t e g r a t e d  s p r i n k l e r  p i p i n g  t o  f a n - i n d u c t i o n  c o i l  t e r m i n a l s  (FICUS). 

I n  t h e  g a s  c o o l i n g  s y s t e m ,  as  shown s c h e m a t i c a l l y  
i n  F i g u r e  5 and p s y c h r o m e t r i c a l l y  i n  F i g u r e  6 ,  incom- 
i n g  o u t s i d e  a i r  is d r i e d  i n  a two-s tage  d e s i c c a n t  
c o n d i t i o n e r .  The d e h u m i d i f i e d  v e n t f i l a t i o n  a i r  i s  
a f t e r c o o l e d  t o  55OF f rom a g a s  e n g i n e - d r i v e n  c h i l l e r ,  
t h e n  s a t u r a t e d  w i t h  n o n r e f r i g e r a t e d  w a t e r  i n  a n  a i r  
washer  t o  d r o p  t h e  t e m p e r a t u r e  t o  40°F. ( N o n r e f r i g -  
e r a t e d  w a t e r  c i r c u l a t e s  c o n t i n u o u s l y  i n  t h e  a i r  wash- 
e r . )  The c o l d  p r i m a r y  a i r  i s  d i s t r i b u t e d  i n  v a r i a b l e  
volume (0 .16  t o  0 .27  c f m / f t 2 )  t o  FICU t e r m i n a l s ,  a s  
i n  t h e  o t h e r  two a i r - w a t e r  s y s t e m s  d e s c r i b e d  h e r e .  

C h i l l e d  w a t e r  f o r  s e c o n d a r y  c o o l i n g  (55OF) is 
produced by t h e  e n g i n e - d r i v e n  c h i l l e r .  E n g i n e  h e a t  
r e g e n e r a t e s  t h e  d e s i c c a n t ,  w i t h  backup f rom a g a s  
b o i l e r .  E n g i n e  h e a t  c o n t r i b u t e s  t o  w i n t e r  s p a c e  
h e a t i n g  a l s o ,  when t h e  e n g i n e  is  o p e r a t i n g  t o  d r i v e  
t h e  c h i l l e r .  

D e s i c c a n t  Subsystem. The  d e s i c c a n t  s y s t e m  i n -  
c l u d e s  two r o t a t i n g  d e s i c c a n t - i m p r e g n a t e d  w h e e l s .  
The f i r s t  whee l  i s  an e n t h a l p y  e x c h a n g e r  t h a t  h a n d l e s  
30% t o  50% of t h e  b u i l d i n g ' s  d e h u m i d i f i c a t i o n  w i t h o u t  
t h e  need f o r  e x t e r n a l  h e a t  t o  r e g e n e r a t e  t h e  d e s i c -  
c a n t .  This  w h e e l  a b s o r b s  b o t h  h e a t  and m o i s t u r e  f rom 
t h e  incoming  a i r s t r e a m  and t r a n s f e r s  them t o  t h e  
d r i e r  e x h a u s t  a i r s t r e a m .  

A s  a r e s u l t ,  t h e  second w h e e l ,  which c o m p l e t e s  
t h e  d e h u m i d i f i c a t i o n  p r o c e s s ,  h a s  a l i g h t e r  t a s k  o f  
m o i s t u r e  r e m o v a l  and  r e q u i r e s  30% t o  50% less e x t e r -  
n a l  h e a t  f o r  d e s i c c a n t  r e g e n e r a t i o n  t h a n  a o n e - s t a g e  
d e s i c c a n t  s y s t e m .  (The  t h e r m a l  c o e f f i c i e n t  o f  per -  
f o r m a n c e ,  COP, o f  t h e  two-wheel r e g e n e r a t i o n  p r o c e s s  
i s  1.5 t o  2 a t  d e s i g n  c o n d i t i o n s . )  

D e h u m i d i f i c a t i o n  and  r e g e n e r a t i o n  o c c u r  a s  

f o l l o w s .  Each d e s i c c a n t - i m p r e g n a t e d  w h e e l  r o t a t e s  
t h r o u g h  two s e p a r a t e  airstreams: t h e  m o i s t ,  incoming  
o u t s i d e  a i r s t r e a m  and t h e  r e g e n e r a t i o n  a i r s t r e a m  t h a t  
is e x h a u s t e d  t o  t h e  o u t s i d e .  As t h e  w h e e l s  r o t a t e ,  
t h e  d e s i c c a n t  a b s o r b s  m o i s t u r e  f rom t h e  o u t s i d e  a i r -  
s t r e a m  and  t h e n  g i v e s  i t  up t o  t h e  r e g e n e r a t i o n  air- 
s t r e a m .  A f t e r  l e a v i n g  t h e  f i r s t  s t a g e  and  b e f o r e  
e n t e r i n g  t h e  s e c o n d - s t a g e  d e h u m i d i f i e r ,  t h e  incoming  
v e n t i l a t i o n  a i r  is p r e c o o l e d  t o  55OF f rom t h e  e n g i n e -  
d r i v e n  c h i l l e r .  

I n  f i r s t - s t a g e  r e g e n e r a t i o n ,  t h e  o u t g o i n g  ( r e g e n -  
e r a t i o n )  a i r  is t h e  r e l a t i v e l y  d r y .  b u i l d i n g  r e l i e f  
a i r .  The  s e c o n d - s t a g e  r e g e n e r a t i o n  a i r s t r e a m  may be  
e i t h e r  r e l i e f  a i r  o r  o u t s i d e  a i r ;  t h e  e i r  is h e a t e d  
( f rom t h e  g a s  e n g i n e )  p r i o r  t o  f l b w i n g  t h r o u g h  t h e  
r e g e n e r a t i o n  chamber.  The  d e s i c c a n t  i n  t h e  second-  
s t a g e  d e h u m i d i f i e r  is more  c o n c e n t r a t e d  t h a n  t h a t  i n  
t h e  f i r s t - s t a g e  whee l .  

The  d e s i c c a n t  used  i n  t h e  e n t h a l p y  e x c h a n g e r  c 
be a s i l i c a  g e l  o r  m o l e c u l a r  s i e v e  d e s i c c a n t ;  i n  
s e c o n d - s t a g e  w h e e l ,  t h e  d e s i c c a n t  c a n  be a s i l i c a  
g e l ,  m o l e c u l a r  s i e v e ,  o r  l i t h i u m  c h l o r i d e  d e s i c c a n  
o r  a c o m b i n a t i o n  o f  two o f  them. 

A two-wheel d e s i c c a n t  s y s t e m  o f f e r s  a n o t h e r  p e  
f o r m a n c e  a d v a n t a g e  o v e r  a  one-wheel  system, i n  add 
t i o n  t o  i ts  g r e a t e r  t h e r m a l  e f f i c i e n c y :  Rein ar a 
v e r y  humid o u t s i d e  c o n d i t i o n  does n o t  cause s u p e r s  
r a t i o n  i n  t h e  second  wheel ;  i n  a one-wheel  s y s t e m  
s u c h  s a t u r a t i o n  c a n  s i g n i f i c a n t l y  i m p a i r  p e r f o r m a n  
and  r e q u i r e  a  much h i g h e r - t e m p e r a t u r e  r e g e n e r a t i o n  
h e a t  . 
HVAC SYSTEMS COMPARATIVE ENERGYICOST STUDY 
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F igure  5 Cold a i r -water  VAV system: 2-stage desiccant  dehumid i f i e r  d r i e s  t h e  
small  q u a n t i t y  o f  pr imary a i r .  which i s  then a f te rcoo led  t o  55°F from a gas engine- 
d r i ven  c h i l l e r  and saturated w i t h  nonre f r ige ra ted  water t o  drop the  temperature t o  
40°F; t h e  engine c h i l l e r  produces 53" t o  58°F c h i l l e d  water f o r  secondary sens ib le  
c o o l i n g  a t  fan- induct ion c o i l  te rm ina ls  (FICUS) as w e l l  as cogenerated heat  f o r  
des iccant  regenerat ion: gas b o i l e r  prov ides backup heat. 

Key:  80 

1. Outside olr entering enthalpy wheel. 91'FDB, 76FWB. 
2. Outside air leavinq enthalpy wheel, 8l'FDB. 68qr. . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3. Space condition. 7SFDB. 6UFWB. 40XRH. 
4. Prlmory oir leavlnq supply fan. 8SFDB. 68gr. 
5. Primary air leaving precooling coil. 5SFDB. 58qr. 
6. Primary air leaving desiccant whwi. BSFDB, I4qr. 
7. Primary air leovinp oftercaaling cail. 5SFDB. 4UDWB. 
8. Primary oir leovlng oir washer. 4UF, soturoted. . . . 
9. Plenum air. 7TFDB. 52gr. 

10. Plenum air leaving terminal unit 
caalinq coil. 6CFDB, 52qr. 

I I. Supply air to spoce (mixture), 
61'FDB. Mqr. 

TEMP OEC. F 

F igure 6 A i r  cond i t i on ing  process f o r  F igure 5 c o l d  a i r -water  HVAC system 
w i t h  des iccant  dehumid i f icat ion,  a i r  washer t o  drop temperature t o  40°F. and 
h igher  temperature secondary sensib le  coo l ing  a t  FICU terminals .  

ESL-HH-89-10-11

Proceedings of the Sixth Symposium on Improving Building Systems in Hot and Humid Climates, Dallas, TX, October 3-4, 1989 



An HVAC system energy/cost  s t u d y  based on a  s i x -  
s t o r y ,  159,000 f t 2  o f f i c e  b u i l d i n q  i n  n o r t h e r n  New Peak Coo l i ng  Load Summary, t ons  1 

~ e r s e ~  compared t h e  f o l l o w i n g  f i v e  HVAC systems: 
Load I t e m  Sens ib le  L a t e n t  T o t a l  ' 

System 1  ( E l e c t r i c  c o o l i n g )  - Convent iona l  a l l -  Transmiss ion 174 - 174 I 
a i r  VAV system (55°F) w i t h  vapor compression re -  
f r i g e r a t i o n / v ~ ~  t e r m i n a l  boxes w i t h  e l e c t r i c  
reheat .  

System 2  ( E l e c t r i c  c o o l i n g )  - Cold  a l l - a i r  VAV 
system (40°F) w i t h  p a r t i a l  i c e  thermal  s to rage /  
Fan- induct ion t e r m i n a l s  (FIUs) w i t h  e l e c t r i c  
reheat.  

System 3  ( E l e c t r i c  c o o l i n g )  - Cold a i r - w a t e r  VAV 
svstem/Ice thermal  s to raae  d e h u m i d i f i c a t i o n  v i a  
4 6 " ~  primary air/Same compressor and c h i l l e r  ba r -  
r e l  f o r  55°F s e n s i b l e  c o o l i n g  a t  f a n - i n d u c t i o n  
c o i l  t e r m i n a l s  (F ICUs)/Gas heat.  

System 4  ( E l e c t r i c / g a s  c o o l i n g )  - Cold  a i r -wa te r  
VAV system/Vapor compression ( 1  i q u i d  ove r feed )  
d e h u m i d i f i c a t i o n  v i a  40°F p r i m a r y  a i  r / A b s o r p t i o n  
c h i l l e r - h e a t e r  f o r  55°F s e n s i b l e  c o o l i n g  a t  
FICUS -- and w i n t e r  hea t i ng .  

System 5  (Gas c o o l i n q )  - Cold  a i r - w a t e r  VAV sys- 
tem/2-wheel des i ccan t  d e h u m i d i f i c a t i o n  ( a i r -  
washed t o  40°F)/Engine-dr iven c h i l l e r  f o r  55°F 
s e n s i b l e  c o o l i n g  and cogenerated heat  f o r  des i c -  
can t  regenerat ion/Gas b o i l e r  backup. 

The o f f i c e  b u i l d i n g  s t u d i e d  has t h e  f o l l o w i n g  
p h y s i c a l  c h a r a c t e r i s t i c s .  des ign  c o n d i t i o n s .  and 
peak loads: 

General B u i l d i n g  C h a r a c t e r i s t i c s  

o  Cons t ruc t i on  - S i x - s t o r y  s t e e l  s t r u c t u r e  w i t h  
conc re te  s lab,  double-glazed p e r i m e t e r  windows. 
b u i l t - u p  r o o f  deck, suspended a c o u s t i c  t i l e  
c e i l i n g .  
Gross f l o o r  area 
Net  l easab le  area 
Per imeter  zone area 
I n t e r i o r  zone area 
Common l o b b i e s / c o r r i d o r s  
Core area/suppor t  s e r v i c e s  

Es t ima te  o f  Peak C o o l i n q  and Hea t inq  

o  Summer o u t s i d e  des ign  c o n d i t i o n s  
- Temperature 91 FDB 
- Mean d a i l y  range 21 FDB 
- R e l a t i v e  h u m i d i t y  43% 
- Summer sunshine 6  5% 

o  Win te r  o u t s i d e  des ign  c o n d i t i o n s  
- Temperature 10 FDB 
- Win te r  sunshine 4 5% 

o  Summer/Winter occup ied temperature  75 FDB 
Win te r  unoccupied temperature 65 FDB 

o  V e n t i l a t i o n  r a t e  0.18 c f m / f t 2  

0 I n t e r n a l  l o a d s  
- Number o f  people 100 f t 2 /pe rson  - Sens ib le  h e a t  pe r  person 250 Btuh 
- La ten t  heat  per  person 245 Btuh 
- Average occupancy 90% 
- L i g h t i n g  l o a d  2 w a t t s / f t 2  
- Equipment l o a d  1. 5  w a t t s / f t 2  

I n t e r n a l  179 36 21 5  

V e n t i l a t i o n  36 85 121 

TOTAL TONS 389 121 

A i r  D i s t r i b u t i o n / F a n  Demand 
Tab le  1  compares t h e  systems i n  terms o f  peak r e f r i g -  
e r a t i o n  requ i rement ,  minimum p r i m a r y  ( v e n t i l a t i o n )  
a i r ,  maximum p r i m a r y  f a n  capac i t y .  maximum p r i m a r y  
a i r  d i s t r i b u t i o n ,  and f a n  demand ( b o t h  p r i m a r y  and 
secondary fans) .  The p r i m a r y  f a n  c a p a c i t y  i n  t h e  a i r -  
water  systems i s  752 l e s s  than i n  t h e  conven t i ona l  
a l l - a i r  system and 57% l e s s  than  i n  t h e  c o l d  a l l - a i r  
system. Maximum p r i m a r y  a i r  d i s t r i b u t i o n  i n  t h e  a i r -  
wa te r  systems i s  
- 72% l e s s  i n  t h e  i n t e r i o r  and 77% l e s s  a t  t h e  p e r i -  

meter than i n  t h e  conven t i ona l  a l l - a i r  system and 

- 55% l e s s  i n  t h e  i n t e r i o r  and 60% l e s s  a t  t h e  p e r i -  
meter t han  i n  t h e  c o l d  a l l - a i r  system. 

As a  r e s u l t ,  t h e  a i r - w a t e r  systems p r o v i d e  a  
ma jo r  r e d u c t i o n  i n  t h e  s i z e  and c o s t  o f  t h e  p r i m a r y  
a i r  hand le r  and d i s t r i b u t i o n  ducts ,  as w e l l  as f a h  
energy. Secondary f a n  demand i s  g r e a t e r  i n  t h e  a i r -  
water  systems; b u t  t h e  r e d u c t i o n  i n  p r i m a r y  fan de- 
mand i s  so d ramat i c  t h a t  t h e  n e t  r e d u c t i o n  i n  f a n  
demand f o r  t h e  a i r - w a t e r  systems i s  24% compared t o  
t h e  conven t i ona l  a l l - a i r  system and 30% compared t o  
t h e  c o l d  a l l - a i r  system. 

Off-Peak: Not  Always Lowest i n  System Energy Cost  
Tab le  2 compares t h e  f i v e  HVAC systems i n  terms o f  
system energy demand, energy usage. and energy cos t .  
U t i l i t y  r a t e s  a t  t h e  s i t e  a r e  as f o l l o w s :  

Demand. summer - $10.76/KW 
Demand, w i n t e r  - $ 9.78/KW 

Usage. on-peak - $0.0756/KWH 
Usage. o f f -peak  - $0.0597/KWH 

Gas - $5.30/MMBTU 

As i n d i c a t e d  i n  Tab le  2, t h e  t h r e e  c o l d  a i r - w a t e r  
systems a re  l owes t  i n  annual energy cost .  System 4 
and System 3  a r e  lowest  a t  $0 .99 / f t 2  and $1.00/ f t2 .  
r e s p e c t i v e l y .  System 4  c o o l i n g  i s  app rox ima te l y  h a l f  
e l e c t r i c  (on-peak), h a l f  gas abso rp t i on .  System 3  
c o o l i n g  i s  a l l - e l e c t r i c  -- approx ima te l y  h a l f  on-peak. 
h a l f  o f f -peak ( ice-making).  Both t h e  demand charges 
and t h e  on-peak usage c o s t s  a r e  comparable f o r  t h e  
two systems. The p r i n c i p a l  d i f f e r e n c e s  a r e  t h e  much 
lower  o f f -peak usage c o s t  f o r  System 4 p l u s  I t s  h igh -  
e r  gas cost .  A  lower  s i t e  gas r a t e  would i nc rease  
t h e  n e t  c o s t  advantage o f  System 4, as shown Sn Table 
3  ("A" ra tes ) .  

Another key f a c t o r  i n  t h e  c h o i c e  between System 
3  and System 4  i s  t h e  a p p l i c a b l e  t ime-of-day ra tes .  
A t  t h i s  s i t e  t h e r e  i s  o n l y  a  moderate d i f f e r e n c e  be- 
tween t h e  on-peak and o f f -peak usage ra tes ,  Where 
t h e r e  i s  a  g r e a t e r  d i f f e r e n c e  between t h e  two  r a t e s ,  
t h e  i c e  s to rage  system ( a i r - w a t e r )  ga ins  t h e  advan- 
tage. as shown i n  Tab le  3 under "B" and I'D" ra tes .  

ESL-HH-89-10-11

Proceedings of the Sixth Symposium on Improving Building Systems in Hot and Humid Climates, Dallas, TX, October 3-4, 1989 



TABLE 1 

COMPARISON OF HVAC SYSTEM A1  R DISTRIBUTION/FAN DEMAND 

Building: 159.000 ft2. 6-story office building. northern NJ 
Building maximum cooling load: 510 tons 

Fan Demand electric reheat 

SYSTEM 2 SYSTEM 3 I SYSTEM 4 SYSTEM 5 

Cold all-air 
VAV (40°F)/ 
Partial Ice/ 

Cold air-water VAV: Cold air-water VAV: 
Ice dehumid. via Vapor camp. dehurn. 
POOF prim.alr/55"F via 40'F prim. air/ 
sensible clg. at Gas absorption 
FICU coils/Gas heat sensible clg. (55°F 

via FlCU coils 

Cold air-water VAV: 
Desiccant dehum.prim. 
air (air-washed to 40°F)/ 
Gas engine chiller 
sensible clg. (55°F) 
via FICU coils 

FIU 

Peak refrigeration 521 
reauirement. tons 

Minimum primary 
(ventilation) air. 0.16 
cfm/ft2 

Maximum primary 
fan capaci ty. 1 1.09 
cfm/ft2 

Maximum primary Int. - 0.65 
air di tribution. Per. - 1.57 
cfm/ft 4 

Int. - 0.40 
Per. - 0.90 Int. - 0.18 Int. - 0.18 

Per. - 0.36 Per. - 0.36 
Int. - 0.18 
Per. - 0.36 

Peak fan demand. 
KW (summer) I 
Primary fan 
Secondar fans 
b n d  

TABLE 2 
COMPARISON OF SYSTEM ENERGY DEMAND/USAGE/COST 

(Building: 159,000 ft2, 6-story office building, northern NJ) 
(See note) 

ELEIXIC UULITY D W A N D  
- Demand, Summer ( Demand, Winter/Interm. 

ANhWAL 1 

Annual On-peak 
Demand 

Off-peak Usage 
SYSTM 
ANNUAL 
ENERGY 
COST SYSTM 

Svstem 1 

All-air VAV 
(55-F) 
FIUs 

Svstem 2 
Cold all-air 
VAV (40DF)/ 
Partial ice/ 
Flll 
System 3 
Cold air-water 
VAV (40°F)/Par 
tial ice/Gas 
heatlFlCUs 

Svstem 4 

Cold air-water 
VAV (40°F)/ 
Vapor comp. re- 
frig.dehum./Gc 
absorp. sens.cl 
/FICUS 

System 5 
Cold air-vatel 
VAV/Desic.deh~ 
(air-washed)/ 
engine chillel 
sens. clq/FlCI 

NOTE: Utility rates: Demand, s u m e r  - S10.76IKU Usage, on-peak - $0.0756/I(WH Gas - $5.30/MBN 
Demand, einter - $ 9.78/KU Usage, off-peak - $0.0597/KVH 

Building: batory bteel structure with concrete slab.2doublrglazed perimeter vindows. built-up roof deck. 
suspended acoustic tile ceiling, 159,000 ft . 

rp,k demnd at design temperature. Includes refrig. and water distribution (compressors, pumps) plus air dlstrlbution (primary and secondary fans), 
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Enerqy and F i r s t  Cost Comparisons 
Table 3 i l l u s t r a t e s  t h e  impact  on energy c o s t  o f  ap- 
p l y i n g  seve ra l  d i f f e r e n t  u t i l i t y  r a t e  s t r u c t u r e s  t o  
t h e  f i v e  systems. As Tab le  3 shows, a c o l d  a i r - w a t e r  
system i s  s i g n i f i c a n t l y  lower  i n  energy o p e r a t i n g  
c o s t  than Systems 1 and 2 ( conven t i ona l  55°F a l l - a i r  
VAV system and c o l d  a l l - a i r l p a r t i a l  i c e  system) under 
a l l  u t i l i t y  r a t e  scenar ios .  

The comparat ive  energy c o s t  and f i r s t  c o s t  o f  
each o f  t h e  a i r -wa te r  systems i s  as f o l l o w s ,  based on 
t h e  energy demand/usage c h a r a c t e r i s t i c s  g i v e n  i n  
Tab le  2 and t h e  u t i l i t y  r a t e  s t r u c t u r e s  shown i n  
Tab le  3: 

1. System 3 

(a )  System 3 Energy Cost 

- Of t h e  f i v e  HVAC systems, System 3 i s  l owes t  
i n  energy c o s t  i n  9 o f  t h e  15 r a t e  scenar ios .  
and w i t h i n  1c t o  3 c / f t 2  o f  t h e  l owes t  i n  t h r e e  
more cases. 

- The System 3 energy c o s t  i s  s i g n i f i c a n t l y  low- 
e r  than t h a t  o f  System 1 (40% t o  43% lower  i n  
10 o f  t h e  15 scenar ios ,  36% t o  38% lower  i n  
f i v e  cases). 

- The System 3 energy c o s t  i s  lower  t h a n  t h a t  o f  
System 2 by 25% t o  29% i n  8 o f  t h e  15 scenar i -  
os. and l ower  by  14% t o  23% i n  7 cases. 

(b )  System 3 F i r s t  Cost 

I n  many l o c a t i o n s ,  i n c l u d i n g  New Jersey,  new 
thermal  s to rage  systems a r e  e l i g i b l e  f o r  a one- 
t i m e  u t i l i t y  g r a n t  based on avo ided KW demand. 
Wi th  such a g r a n t  o f  $1.25/ f t2 ,  t h e  f i r s t  c o s t  
o f  System 3 i s  $8.25 ($9.50-$1.25). 

The System 3 f i r s t  cos t ,  w i t h  t h e  subsidy. i s  
2 5 c / f t 2  l e s s  t h a n  t h a t  o f  System 1, and 2 5 d f t 2  
l e s s  than  t h a t  o f  System 2 w i t h  a s i m i l a r  sub- 
s idy .  

2. System 4 

(a)  System 4 Enerqy Cost 

- Of  t h e  f i v e  HVAC systems, System 4 i s  l owes t  
i n  energy c o s t  o r  w i t h i n  l e / f t 2  o f  t h e  l owes t  
i n  8 o f  t h e  15 r a t e  scenar ios .  

- Compared t o  System 1. t h e  System 4 energy c o s t  
i s  l ower  by 34% t o  44% i n  13 o f  t h e  15 scenar- 
i o s .  

TABLE 3 

IMPACT OF VARIOUS UTILITY RATES ON ENERGY COST OF SELECTED HVAC SYSTEMS 

159.000 f tz .  6-story O f f i c e  Bu i ld ing .  Northern NJ 
B u i l d i n g  Maximum Cool ing Load: 510 Tons 

(Based on energy.demand/usage c h a r a c t e r i s t i c s  i n  Table 2) 

ELECTRIC RATES 
(KW, KWH)/ 

FIRST COST 

$5.30 (ac tua l )  - - - -  
$3.50 - - - -  
53.00 

GAS RATES 
(3 shown w i t h  
each e l e c t r i c  
r a t e  s t r u c t u r e ) ,  

$/MMBTU 

Demand. sumer  $10.76 
A. Demand, w in te r  $ 9.78 

On-Peak KW $0.0756 
Off-Peak KW $0.0597 

Demand. sumner $10.76 1 
0. Demand. w in te r  $ 9.78 - 

On-Peak KW $0.0756 
Off-Peak KW $0.0200 - 

- 
- 

Demand sumner $18.O0 
C.  ema and: w in te r  $17.00 

On-Peak KW $0.0756 
Off-Peak KW $0.0597 

Demand. sumner $18.00 
D. Demand. w in te r  $17.00 

On-Peak KW $0.0756 
Off-Peak KW $0.0200 

Demand. summer $16.90 $5.30 
E. Demand. w in te r  $ 2.90 - - - - - 

On-Peak KW $0.1072 1 $3.50 
Off-Peak KW $0.0501 ; - - - - - 

$3.00 

ANNUAL ENERGY COST, $ / f t 2  
A l l - A i r  HVAC Systems 1 Cold Air-Water HVAC Systems 

HVAC SYSTEM FIRST COST.* 
$1 f t 2  

System 1 System 2 

Conventional Cold a l l - a i r  
A l l - a i r  VAV VAV (40°F)/ 
(55'F)/VAV P a r t i a l  i c e /  
box. reheat  FIUs 

$1.56 $1.36 

$1.56 $1.36 - - - - - - - - - - - - - - -  
$1.56 $1.36 

68.50 $9.75 $9.50 69.00 
-1.25 subsidy -1.25 subsidy - 
$8.50 $8.25 

System 3 System 4 System 5 

Cold air-water Cold a i r -water  Cold air-water 
VAV: I c e  dehum./ VAV: Vapor comp. VAV: Desic.dehum 
55°F sens.clg./ refr ig.dehum (40°F)/ (air-washed.40DF) 
Gas heat/FICUs Absorpt ion sens.clg- /Eng.ch i l le r  sens. 

hta/FICUs clq-htq/FICUs 

11 -00. $0. 99. $1.12 . . . . . . . . . . . . . . . . . . . . . . . .  
$0.98 SO. 90. $0. 97 - - - - - - -  
$0.97 ~ 0 . 0 2 '  - $0.93 

19.50 
-1.25 subsidy 
28.25 

11.30 $0.94 JO.~O* so. 95 $1.08 . . . . . . . . . . . . . . . . . . . . . . .  
$1.30 $0.94 $0.78* $0.86 $0.93 . . . . . . . . . . . . . . . . . . . . . . .  
$1.30 $0.94 $0.77* $0.84 $0.88 

'~ower t  energy cos t  (o r  w i t h i n  2 c / f t 2  o f  the  lowest) w i t h i n  each r a t e  scenario. 
e l e c t r i c  u t i l i t i e s  provide a one-time gran t  f o r  avoided KW demand when thermal storage i s  included i n  a system. Many gas u t i l i t i e s  

provjd. sn j m e n t j v e   rant fo r  i n s t a l l a t i o n  o f  a gas coo l ing  system. F i r s t  cos t  includes p ip ing ,  ductwork, p r imary  a i r  handler, terminals.  
automatic temp. centrals, r e f r i g e r a t i o n  and, where appl icable,  i c e  thermal storage equip., gas enqine. des iccant  system, and qas bo i le r .  
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- Compared t o  System 2, t h e  System 4  energy c o s t  
i s  lower  b y  25% t o  35% i n  7 o f  t h e  15 r a t e  
scenar ios ,  and lower  by  20% and 24% i n  two 
more cases. 

(b)  System 4  F i r s t  Cost/Payback 

- System 4  f i r s t  c o s t  i s  app rox ima te l y  $9.00/f t2.  

- Compared t o  System 1. t h e  System 4  payback i s  
l e s s  than  one yea r  i n  11 o f  t h e  15 r a t e  sce- 
n a r i o s ,  and under 18 months i n  t h e  o t h e r  f o u r  
cases. 

- Compared t o  System 2  (when Sy2tem 2  r e c e i v e s  
a  u t i l i t y  subs idy  o f  $1 .25 / f t  ), t h e  System 4  
payback i s  l e s s  than  18 months i n  8  r a t e  sce- 
na r ios .  and 22 months i n  another.  

3. System 5  

(a)  System 5  Enerq,y Cost 

- Of t h e  f i v e  HVAC systems compared. System 5 ' s  
energy c o s t  i s  comparable t o  t h e  l owes t  ( w i t h -  
i n  2g o r  3 ~ / f t 2 / ~ r )  i n  two r a t e  scenar ios  w i t h  
low gas r a t e s .  I n  each case, System 5 ' s  f i r s t  
c o s t  ( w i t h  a  $1 .25 / f t 2  u t i l i t y  g r a n t )  i s  s i g -  
n i f i c a n t l y  lower  than t h a t  o f  t h e  system w i t h  
a  comparable energy cost .  

- Compared t o  System 1. t h e  System 5  annual 
energy c o s t  i s  40% t o  43% l e s s  i n  f o u r  r a t e  
scenar ios .  30% t o  39% l e s s  i n  seven cases, 
and 25% t o  28% l e s s  i n  t h r e e  cases. 

- Compared t o  System 2, t h e  System 5  annual 
energy c o s t  i s  26% t o  32% l e s s  i n  f i v e  r a t e  
scenar ios .  and 18% t o  23% l e s s  i n  t h r e e  cases. 

(b)  System 5  F i r s t  Cost  

The System 5  f i r s t  cos3, w i t h  a  u t i l i t y  incen-  
t i v e  g r a n t  o f  $ 1 . 2 5 / f t  , i s  lower  than  t h a t  o f  
Systems 1, 2, and 4, and equal t o  t h a t  o f  
System 3. 

CONCLUSION 

F l e x i b l e  c o l d  a i r - w a t e r  HVAC systems have been 
developed t h a t  adapt t o  a range o f  c o o l i n g  techn iques 
and energy sources, depending on t h e  a p p l i c a b l e  u t i l -  
i t y  r a t e  s t r u c t u r e  and i n c e n t i v e s .  The annual energy 
o p e r a t i n g  c o s t  o f  t h e  c o l d  a i r -wa te r  systems i s  25% 
t o  35% l e s s  than  t h a t  o f  a  c o l d  a l l - a i r  VAV system 
w i t h  i c e  s torage,  and 35% t o  45% l e s s  than t h a t  o f  a  
convent iona l  a l l - a i r  VAV system. For shopping ten- 
t e r s  and medium-to-large o f f  i c e  b u i l d i n g s ,  t h e  f i r s t  
c o s t  o f  t h e  c o l d  a i r - w a t e r  systems i s  (a)  lower  than 
t h a t  o f  c o l d  a l l - a i r  systems w i t h  i c e  s to rage  and 
(b) comparable t o  t h a t  o f  conven t i ona l  55°F a l l - a i r  

VAV systems. i n  t h e  many l o c a t i o n s  where u t i l i t y  i n -  
c e n t i v e  g r a n t s  a r e  a v a i l a b l e .  

The c o s t  b e n e f i t s  stem f rom t h e  b a s i c  c o l d  a i r -  
water  system c o n f i g u r a t i o n :  The systems d i s t r i b u t e  
a  v e r y  smal l  q u a n t i t y  n f  40°F p r i m a r y  a i r  ( o n e - t h i r d  
t o  one-ha l f  as much as i n  c o l d  a l l - a i r  systems), 
t he reby  reduc ing  t h e  s i z e  and c o s t  o f  t h e  p r i m a r y  a i r  
hand le r  and d i s t r i b u t i o n  ducts .  The 40°F p r i m a r y  a i r  
p r o v i d e s  a l l  o f  t h e  r e q u i r e d  d e h u m i d i f i c a t i o n  and 35% 
t o  50% o f  a  b u i l d i n g ' s  s e n s i b l e  c o o l i n g .  The ba lance 
o f  s e n s i b l e  c o o l i n g  i s  p rov ided  by c h i l l e d  water  a t  
an energy e f f i c i e n t  e leva ted  temperature  (53" t o  58°F). 
which i s  d i s t r i b u t e d  from t h e  c e n t r a l  p l a n t  v i a  i n t e -  
g r a t e d  s p r i n k l e r  p i p i n g  t o  c o i l s  i n  f a n - i n d u c t i o n  
te rm ina l s .  

T h i s  c o n f i g u r a t i o n  p e r m i t s  t h e  use o f  d i f f e r e n t  
energy sources t o  p r o v i d e  d e h u m i d i f i c a t i o n  ( c o l d  
p r i m a r y  a i r )  on t h e  one hand, and h igher - temperature  
s e n s i b l e  c o o l i n g  on t h e  o t h e r .  The cho ices a r e  de- 
termined based on t h e  most c o s t - e f f e c t i v e  combinat ion 
a t  t h e  s i t e  v is -a-v is  t h e  u t i l i t y  r a t e s  and a v a i l a b l e  
i n c e n t i v e  g ran ts .  For  example. two p r a c t i c a l  con- 
f i g u r a t i o n s  o f  t h e  c o l d  a i r - w a t e r  systems t h a t  pro-  
v i d e  an a l l - e l e c t r i c  and a  g a s l e l e c t r i c  o p t i o n  a r e  
(a )  o f f -peak ice-making t o  p r o v i d e  t h e  dehumid i f i ed  
40°F p r i m a r y  a i r /  use o f  t h e  same compressor ope ra t -  
i n g  d u r i n g  t h e  day a t  a  h i g h e r  e v a p o r a t i v e  tempera- 
t u r e ,  i n  c o n j u n c t i o n  w i t h  a  c h i l l e r  b a r r e l .  t o  pro- 
v i d e  53" t o  58°F c h i l l e d  water  f o r  s e n s i b l e  c o o l i n g /  
gas heat,  and (b)  e f f i c i e n t  vapor  compression r e f r i g -  
e r a t i o n  (such as l i q u i d  ove r feed )  t o  p r o v i d e  t h e  
sma l l  q u a n t i t y  o f  40°F p r i m a r y  a i r /  use o f  a  gas ab- 
s o r p t i o n  c h i  1  l e r - h e a t e r  t o  p r o v i d e  53" t o  58°F c h i  1  l e d  
water  f o r  s e n s i b l e  c o o l i n g  as w e l l  as h o t  water  f o r  
space h e a t i n g  i n  w i n t e r .  

Both  o f  t hese  c o l d  a i r - w a t e r  systems a r e  lower  i n  
energy c o s t  t h a n  a l l - a i r  HVAC systems, i n c l u d i n g  a l l -  
a i r  VAV i c e  s to rage  systems. The two a i r - w a t e r  sys- 
tems have comparable demand charges and on-peak energy 
usage costs .  The cho ice  between them depends on t h r e e  
c o s t  f a c t o r s :  t h e  i n c e n t i v e  g r a n t s  a v a i l a b l e  f rom 
u t i l i t i e s  a t  t h e  l o c a t i o n .  and two u t i l i t y  r a t e  fac -  
t o r s  -- t h e  gas r a t e s  and t h e  spread between t h e  day 
and n i g h t  t ime-of-day r a t e s .  Low gas r a t e s  can t i p  
t he  s c a l e  toward t h e  e l e c t r i d g a s  system w i t h  t h e  ab- 
s o r p t i o n  machine; a  wide spread between day and n i g h t  
e l e c t r i c  usage r a t e s  favo rs  t h e  a l l - e l e c t r i c  system 
t h a t  uses i c e  thermal  s to rage  f o r  c e n t r a l  p l a n t  de- 
h u m i d i f i c a t i o n .  

Comprehensive e v a l u a t i o n  o f  t h e  c o s t  impact  o f  
t hese  u t i l i t y  r a t e l i n c e n t i v e  f a c t o r s  on t h e  f u l l  
range o f  HVAC system o p t i o n s  i s  an impor tan t  aspect  
o f  HVAC des ign i n  t o d a y ' s  c o m p e t i t i v e  u t i l i t y  env i ron -  
ment. It produces HVAC system arrangements t h a t  pro-  
v i d e  b u i l d i n g  owners and deve lopers  w i t h  s i g n i f i c a n t -  
l y  l ower  energy o p e r a t i n g  cos ts  a t  l i t t l e  o r  no 
i nc rease  i n  f i r s t  cost .  
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