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ABSTRACT 

Bu i ld ing  thermal  mass and mul t i -day regimes  o f  
h o t  wea the r  a r e  impor t an t ,  y e t  poo r ly  unde r s tood ,  
contributors t o  c o o l i n g  ene rgy  r equ i r emen t s .  T h i s  
paper  deve lops  l o a d - s h i f t i n g  sub-cool ing  and pre- 
c o o l i n g  equipment o p e r a t i n g  s t r a t e ~ i e s  t o  a d d r e s s  a  
s p e c i f i c  i n s t a n c e  of t h i s  phenomenon, i n  which t h e r -  
mal s t o r a g e  by b u i l d i n g  mass ove r  weekends exacer-  
b a t e s  Monday c o o l i n g  energy r equ i r emen t s .  The s t u d y  
r e l i e s  on computer s i m u l a t i o n s  o f  ene rgy  u s e  f o r  a  
l a r g e ,  o f f i c e  h u i l d i n g  p r o t o t y p e  i n  E l  Paso ,  TX 
u s i n g  t h e  DOE-2 b u i l d i n g  energy a n a l y s i s  program. 
The economic v a l u e  of t h e  s t r a t e g i e s  i s  e v a l u a t e d  
wi th  d i r e c t  r e f e r e n c e  t o  u t i  li t y  r a t e  s c h e d u l e s  and 
a  c rude  measure o f  thermal  s t o r a g e  is r e l a t e d  t o  t h e  
energy 1mpac. t~  o f  t h e  s t r a t e g i e s .  The i n d i c a t o r s  
a r e  based on c o r e  zone a i r  t empera tu re s .  which a r e  
sampled a t  n i g h t  when HVAC sys t ems  a r e  n o t  i n  u se .  
The s u g g e s t i o n  is made t h a t  t h e  r e s u l t s  and proposed 
s t r a t e g i e s  could  be adapted  f o r  u s e  by computer ized 
energy management sys tems t o  r educe  b u i l d i n g  energy 
o p e r a t i n g  c o s t s .  

INTRODUCTION 

The ene rgy  c o s t s  o f  commercial  b u i l d i n g s  a r e  
s t r o n g l y  determined by e l e c t r i c i t y  r equ i r emen t s  f o r  
coo l ing .  The c o s t s  o f  meet ing  t h e s e  r e q u i r e m e n t s  
i n c l u d e  peak demand and on-peak ene rgy  use  c h a r g e s  
t o  t h e  u s e r ,  and c a p i t a l  r equ i r emen t s  f o r  i nves tmen t  
by t h e  u t i l i t y .  Bu i ld ing  the rma l  mass and mul t i -day 
regimes  o f  h o t  weather  a r e  i m p o r t a n t ,  y e t  poo r ly  
unde r s tood ,  c o n t r i b u t o r s  t o  c o o l i n g  energy r e q u i r e -  
ments. With t h e  adven t  o f  computers ,  however, 
s o p h i s t i c a t e d  models o f  h e a t  t r a n s f e r  i n  b u i l d i n g s  
can be used t o  s t u d y  t h e  impact o f  t h e s e  f a c t o r s  on 
b u i l d i n g  energy performance a t  an  unprecedented  
l e v e l  o f  d e t a i l .  Armed wi th  t h e s e  t o o l s ,  d e t a i l e d  
r e s u l t s  from t h e  r e s e a r c h  community can  now be  
a p p l i e d  t o  t h e  development o f  o p e r a t i n g  s t r a t e g i e s  
t h a t  r educe  ene rgy  u s e  and c o s t s .  T h i s  s t u d y  u s e s  
one  such computer-based model t o  s t u d y  a  s p e c i f i c  
t r a n s i e n t  h e a t  t r a n s f e r  phenomenon and s u g g e s t s  
t echn iques  t o  m i t i g a t e  i t s  impact  on commercial  
h u i l d i n g  c o o l i n g  loads .  

Anecdota l  ev idence  s u g g e s t s  t h a t  i n  t h e  summer 
many commercial  b u i l d i n g s  e x p e r i e n c e  peak demands 
f o r  e l e c t r i c i t y  on Mondays. I n  a  p r e v i o u s  s t u d y ,  
t h i s  phenomenon was documented wi th  computer s imula-  
t i o n s  (1). The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  
on Mondays, t h e  s t o r a g e  o f  h e a t  i n  t h e  b u i l d i n g  mass 
o v e r  t h e  weekend combines w i t h  t h e  normal l o a d s  

imposed by l i g h t i n g ,  equipment ,  and peop le  t o  exs- 
c e r b a t e  c o o l i n g  ene rgy  r equ i r emen t s .  Dur ine  t h e  
weekend, HVAC sys t ems  a r e  n o t  i n  o p e r a t i o n  and h e a t  
g a i n s  ( f rom i n s o l a t i o n ,  conduc t ion ,  i n f i l t r a t i o n ,  
and energy-us ing equipment) a r e  a l l owed  t o  "charge"  
t h e  t he rma l  mass o f  t h e  s t r u c t u r e .  To m a i n t a i n  com- 
f o r t  c o n d i t i o n s  on Mondays, HVAC equipment must work 
h a r d e r  t o  compensate f o r  i n c r e a s e d  h e a t  g a i n s  
r e l e a s e d  by t h e  b u i l d i n g  mass. I n  s o  do ing ,  ene rgy  
u s e  is  i n c r e a s e d  a s  is t h e  l i k e l i h o o d  o f  r e c o r d i n g  a  
peak demand. I n  t h e  p r e s e n t  pape r ,  t h e s e  r e s u l t s  
a r e  ex t ended  w i t h  t h e  development o f  c o o l i n g  s t r a -  
t e g i e s  t h a t  a r e  based on measures  of t he rma l  s t o r a g e  
by b u i l d i n g  mass. 

BACKGROUND 

T h i s  s e c t i o n  d e s c r i b e s  t h e  components o f  t h e  
s t u d y  t o  deve lop  c o o l i n g  s t r a t e g i e s  t h a t  m i t i g a t e  
t h e  impact  o f  t he rma l  s t o r a g e  i n  b u i l d i n g  mass on 
commercial  b u i l d i n g  c o o l i n g  l o a d s .  P rev ious  work, 
which p r o v i d e s  t h e  c o n t e x t  f o r  t h e  development o f  
t h e s e  s t r a t e g i e s ,  i s  b r i e f l y  reviewed. 

MODELING THERMAL STORAGE I N  BUILDING MASS 

The DOC-2 b u i l d i n g  ene rgy  a n a l y s i s  program 
( v e r s i o n  DOE-2.1C) was used t o  s t u d y  t h e  e f f e c t s  of 
t he rma l  mass on commercial  b u i l d i n g  c o o l i n g  r e q u i r e -  
ments.  The DOE-2 program was devel-oped by t h e  
Lawrence Berke l ey  and Los  Alamos N a t i o n a l  Labora- 
t o r i e s  f o r  t h e  Department o f  Energy t o  p rov ide  
a r c h i t e c t s  and e n g i n e e r s  w i t h  a  s t a t e -o f - the -a r t  
t o o l  f o r  e s t i m a t i n g  b u i l d i n g  energy performance ( 2 ) .  

Four f e a t u r e s  make DOE-2 p a r t i c u l a r l y  a p p l i c a -  
b l e  t o  t h e  s t u d y  o f  t h e r m a l  s t o r a g e  i n  b u i l d i n g  
mass: 

Hea t ing  and c o o l i n g  l o a d s  a r e  c a l c u l a t e d  on an  
h o u r l y  b a s i s .  

The dynamic e f f e c t s  o f  s t r u c t u r a l  mass on t h e  
the rma l  s t o r a p e  c h a r a c t e r i s t i c s  o f  a  b u i l d i n g  
a r e  c a l c u l a t e d  u s i n g  "we igh t ing  f a c t o r s , "  which 
a c c o u n t  f o r  t h e  t ime  d e l a y  between a n  i n s t a n -  
t aneous  h e a t  g a i n  and t h e  r e s u l t a n t  c o o l i n g  
load .  S e p a r a t e  w e i g h t i n g  f a c t o r s  a r e  used f o r  
s o l a r  r a d i a t i o n  e n t e r i n g  through t h e  windows, 
g e n e r a l  l i g h t i n g ,  t a s k  l i g h t i n g ,  h e a t  g e n e r a t e d  
by p e o p l e  and equipment ,  and ene rgy  e n t e r i n g  
t h e  room by c o n d u c t i o n  th rough  t h e  w a l l s  (3 ) .  

The o p e r a t i o n  o f  t h e  h u i l d i n g  can b e  comple t e ly  
s p e c i f i e d  by u s e r - i n p u t s .  

The u s e r  can  e n t e r  a  cus tomized u t i l i t y  r a t e  
s t r u c t u r e  t o  s t u d y  time-of-day r a t e  s c h e d u l e s  
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and demand c h a r g e s  w i t h  s o p h i s t i c a t e d  r a t c h e t  
p r o v i s i o n s .  

The WE-2 program h a s  been  v a l i d a t e d  i n  many 
s t u d i e s .  P e r h a p s  t h e  most c o m p r e h e n s i v e  r e c e n t  com- 
p a r i s o n  o f  p r e d i c t e d  v e r s u s  measured r e s u l t s  f o r  an 
o f f i c e  b u i l d i n g  i s  d e s c r i b e d  i n  Tishman R e s e a r c h  
Corp. ( 4 ) .  T h i s  s t u d y  found  e x c e l l e n t  c o r r e s p o n -  
d e n c e  between sub-metered measurements  and  p r e d i c t e d  
v a l u e s .  Of p a r t i c u l a r  r e l e v a n c e  f o r  t h e  u s e  o f  
DOE-2 i n  t h e r m a l  mass s t u d i e s  a r e  s h o r t e r  s t u d i e s  by 
McLain, e t  a l .  ( 5 )  and  B i r d s a l l  ( 6 ) .  These  s t u d i e s  
compare DOE-2 p r e d i c t i o n s  w i t h  measured d a t a  f rom 
t e a t  c e l l s  i n  New Mex.ico and Maryland .  T h e s e  t e s t  
c e l l s  w e r e  d e s i g n e d  t o  s t u d y  t h e  e f f e c t s  o f  t h e r m a l  
mass and have  been  e x t e n s i v e l y  i n s t r u m e n t e d .  

LARGE OFFICE BUILDING PROTOTYPE 

A l a r g e  o f f i c e  b u i l d i n g  p r o t o t y p e  was s e l e c t e d  
f o r  t h e  s t u d y  b e c a u s e  s u c h  b u i l d i n g s  a r e  good c a n d i -  
d a t e s  f o r  t h e  i m p l e m e n t a t i o n  o f  l o a d - s h i  f t i n g  c o o l -  
i n g  s t r a t e g i e s  t h a t  u t i l i z e  b u i l d i n g  t h e r m a l  mass. 
L a r g e  o f f i c e  b u i l d i n g s  h a v e  s u b s t a n t i a l  t h e r m a l  mass 
a s  w e l l  a s  l o a d s  t h a t  a r e  t y p i c a l l y  domina ted  by 
i n t e r n a l  g a i n s .  I m p o r t a n t l y ,  l a r g e  o f f i c e  b u i l d i n g s  
o f t e n  h a v e  l a r g e  c o s t  i n c e n t i v e s  t o  r e d u c e  on-peak 
e n e r g y  u s e  and peak  demands. 

The p r o t o t y p e  was, b a s e d  on  a n  a c t u a l  b u i l d i n g  
i n  I n d i a n a p o l i s  b u i l t  i n  1981.  F o r  t h i s  s t u d y ,  o n l y  
t h e  o f f i c e  tower  complex was modeled.  The complex 
c o n s i s t s  o f  38 f l o o r s  and two basement  l e v e l s .  The 
tower i s  a  f l a t t e n e d  hexagon i n  c r o s s - s e c t i o n ,  w i t h  
a p p r o x i m a t e l y  18 ,000  s q u a r e  f e e t  (1670  s q u a r e  
m e t e r s )  p e r  f l o o r ,  t h a t  f l a r e s  o u t  t o  a  l a r g e r  b a s e  
a t  t h e  bo t tom f l o o r s .  The b u i l d i n g  s t r u c t u r e  i s  a  
s t e e l  f rame w i t h  4  i n c h e s  ( 1 0  cm) o f  l i m e s t o n e  c l a d -  
d i n g .  The tower i s  a b o u t  25% double-paned ,  bronze- 
t i n t e d  g l a s s ,  p r e d o m i n a n t l y  o n  t h e  NW and SE f a c e s .  
M o d i f i c a t i o n s  w e r e  made t o  t h e  DOE-2 i n p u t  f i l e  t o  
e n s u r e  t h a t  t h e  p r o t o t y p e  was i n  c o m p l i a n c e  w i t h  
ASHRAE S t a n d a r d  90-1975 ( 7 ) .  

B u i l d i n g  o p e r a t i o n  f o l l o w e d  a t y p i c a l  o f f i c e  
s c h e d u l e .  The s c h e d u l e s  f o r  occupancy ,  l i g h t i n g ,  
e q u i p m e n t ,  e l e v a t o r s ,  and f a n  o p e r a t i o n  w e r e  t a k e n  
from t h e  S t a n d a r d  E v a l u a t i o n  Technique  p r e p a r e d  f o r  
t h e  B u i l d i n g  E n e r g y  Per formance  S t a n d a r d s  program: 8  
AM t o  6  PM o n  weekdays,  w i t h  some e v e n i n g  work,  
a b o u t  3 0  % occupancy  o n  S a t u r d a y s  ( n o  e v e n i n g s ) ,  and 
c l o s e d  on Sundays and h o l i d a y s .  The zone  t h e r m o s t a t  
s e t t i n g s  w e r e  7 8  F ( 2 6  C) c o o l i n g  and 72 F ( 2 2  C) 
h e a t i n g  w i t h  a  n i g h t  and  weekend h e a t i n g  s e t b a c k  o f  
55 F  ( 1 3  C ) .  L i g h t i n g  was p r o v i d e d  by r e c e s s e d  
f l u o r e s c e n t  f i x t u r e s ,  which r e t u r n e d  3 0  % o f  t h e  
l i g h t i n g  h e a t  d i r e c t l y  t o  t h e  plenum. L i g h t  l o a d s  
w e r e  e s t i m a t e d  a t  1.7 W l s q f t  and  equipment  was .5 
W/sqf t . 

The p e r i m e t e r  s y s t e m s  were  v a r i a b l e  a i r  volume 
(VAV) r e h e a t  s y s t e m s  w i t h  a  minimum s t o p  o n  t h e  VAV 
r e h e a t  box o f  3 0  X .  S e p a r a t e  i n t e r i o r  s y s t e m s  w e r e  
100  X s h u t - o f f  VAV, w i t h  no  r e h e a t  c o i l .  Combined 
m o t o r / f a n  e f f i c i e n c y  was 55  % f o r  t h e  s u p p l y  a i r  and 
47 % f o r  t h e  r e t u r n  a i r .  A l l  a i r  h a n d l i n g  u n i t s  
w e r e  equipped  w i t h  d r y b u l b - a c t u a t e d  e c o n o m i z e r s  w i t h  
a  c o n t r o l  l i m i t  o f  62 F  ( 1 7  C) .  Hea t  was f u r n i s h e d  
by two g a s - f i r e d  h o t  w a t e r  g e n e r a t o r s .  C o o l i n g  was 

f u r n i s h e d  by two h e r m e t i c  c e n t r i f u g a l  c h i l l e r s .  
C o o l i n g  tower  w a t e r  t e m p e r a t u r e s  w e r e  a l l o w e d  t o  
f l o a t  t o  a minimum o f  65  F ( 1 8  C) e n t e r i n g  t h e  con- 
d e n s e r s .  

EL PASO WEATHER 

The c h o i c e  o f  c l i m a t e  r e f l e c t e d  a  d e s i r e  t o  
i n v e s t i g a t e  t h e r m a l  s t o r a g e  e f f e c t s  i n  a  r e g i o n  o f  
t h e  c o u n t r y  where  c o o l i n g  r e q u i r e m e n t s  a r e  h i g h .  
The b i a s  i n t r o d u c e d  by t h i s  c h o i c e  o f  c l i m a t e  c a n n o t  
b e  d e t e r m i n e d ,  p r i m a  f a c i e .  F u t u r e  s t u d i e s  f o r  
o t h e r  c l i m a t e s  a r e  a n t i c i p a t e d .  

The h o t ,  d r y  c l i m a t e  o f  E l  Paso  was r e p r e s e n t e d  
by a  WYEC w e a t h e r  t a p e  ( 8 ) .  WYEC d a t a  w e r e  
d e v e l o p e d  f o r  ASHRAE s p e c i  f i c a l l y  f o r  e n e r g y  c a l c u -  
l a t i o n s .  I n  a d d i t i o n  t o  e x t e n s i v e  r e l i a n c e  o n  
long- te rm a v e r a g e  w e a t h e r  c o n d i t i o n s ,  a c t u a l  meas- 
u r e m e n t s  f o r  s o l a r  r a d i a t i o n  w e r e  used  t o  c r e a t e  a  
y e a r - l o n g  d a t a  t a p e  o f  r e p r e s e n t a t i v e  w e a t h e r .  

THE MONDAY EFFECT 

P r e v i o u s  work by E t o  and Powel l  ( 1 )  documented 
t h e  e x i s t e n c e  o f  a  Monday e f f e c t  w i t h  com u t e r  simu- 
l a t i o n s .  The test c o n s i s t e d  o f  s i r n u f a t i n g  t h e  
b u i l d i n g  w i t h  and w i t h o u t  a  weekend equipment  s h u t -  
down s c h e d u l e .  C a s e s  w i t h  weekend shut-downs (5-day 
o p e r a t i o n )  f o l l o w e d  t h e  o p e r a t i n g  s c h e d u l e  d e s c r i b e d  
a b o v e ,  w h e r e a s  c a s e s  w i t h o u t  weekend shut-downs f o l -  
lowed t h e  Monday t h r u  F r i d a y  s c h e d u l e  a l l  week (7-  
day  o p e r a t i o n ) .  D i f f e r e n c e s  i n  Monday peak  and  
t o t a l  e l e c t r i c i t y  u s e ,  t h e r e f o r e ,  w e r e  t h e  r e s u l t  o f  
d i f f e r e n t  o p e r a t i n g  s c h e d u l e s  r e s p o n d i n g  t o  i d e n t i -  
c a l  w e a t h e r  c o n d i t i o n s .  - 

D a i l y  e l e c t r i c i t y  u s e  and peak  demands w e r e  
examined f o r  e a c h  d a y  o f  w e a t h e r  d u r i n g  t h e  summer 
c o o l i n g  months o f  J u n e ,  J u l y ,  and Augus t .  By chang- 
i n g  t h e  c a l e n d a r  y e a r  s p e c i f i c a t i o n  f o r  7  s e p a r a t e  
year - long  r u n s ,  r e s u l t s  w e r e  g e n e r a t e d  f o r  e v e r y  
summer d a y  o f  w e a t h e r .  T h a t  i s ,  w h i l e  Monday f a l l s  
o n  J u n e  5 ,  1 9 7 8 ,  i t  f a l l s  o n  J u n e  6 ,  1979.  By 
r e p e a t i n g  t h i s  p r o c e d u r e  7 times f o r  b o t h  5- and 7- 
day  o p e r a t i n g  s c h e d u l e s ,  a  d a t a  set c o n t a i n i n g  
r e s u l t s  f o r  Monday o p e r a t i o n  f o r  e v e r y  summer d a y  o f  
w e a t h e r ,  w i t h  and w i t h o u t  weekend o p e r a t i o n ,  was 
produced .  

The u s e  o f  d i f f e r e n c e s  i n  t o t a l  HVAC electri- 
c i t y  c o n s u m p t i o n  d i f f e r s  from many t h e r m a l  mass s t u -  
d i e s  ( 9 . 1 0 ) .  These  s t u d i e s  c o n c e n t r a t e  o n  HVAC l o a d  
i m p a c t s ,  w i t h  l i t t l e  d i s c u s s i o n  o f  r e s u l t i n g  e l e c -  
t r i c i t y  consumpt ion .  T h i s  p r a c t i c e ,  w h i l e  h i g h l y  
a p p r o p r i a t e  f o r  many p u r p o s e s ,  c a n  l e a d  t o  m i s l e a d -  
i n g  c o n c l u s i o n s  from t h e  s t a n d p o i n t  o f  e v a l u a t i n g  
p o t e n t i a l  o p e r a t i n g  s a v i n g s .  Economizer c y c l e s  and 
equipment  e f f i c i e n c i e s  mus t  h e  a c c o u n t e d  f o r  i n  
o r d e r  t o  d e t e r m i n e  n e t  e n e r g y  s a v i n g s  o n  which  t o  
b a s e  a l t e r n a t i v e  o p e r a t i n g  d e c i s i o n s .  

The s t u d y  found t h a t  a n n u a l  peak  demand 
o c c u r r e d  on  a Monday i n  e v e r y  s i m u l a t i o n  o f  t h e  5- 
d a y  s c h e d u l e  o f  o p e r a t i o n .  F u r t h e r ,  m o n t h l y  p e a k  
demands o c c u r r e d  on  Mondays f o r  76 % o f  t h e  21 sum- 
mer montha examined.  An a d d i t i o n a l  1 0  % o f  t h e  
m o n t h l y  p e a k  demands d e s e r v e  i n c l u s i o n  s i n c e  t h e y  
o c c u r r e d  o n  T u e s d a y s  f o l l o w i n g  F o u r t h  o f  J u l y  week- 
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endo where Monday was a  h o l i d a y .  For t h e  5-day 
o p e r a t i n g  s c h e d u l e ,  no monthly peak demand occu r red  
on a  F r i d a y ,  S a t u r d a y ,  Sunday, o r  Hol iday.  F i n a l l y ,  
e v e r y  monthly peak demand was g r e a t e r  t han  t h e  
co r r e spond ing  month's peak demand under t h e  7-day 
o p e r a t i n g  schedu le .  

T o t a l  d a i l y  e l e c t r i c i t y  u s e  and peak demand on 
Mondays were c o n s i s t e n t l y  h i e h e r  under  t h e  5-day 
schedu le  of o p e r a t i o n .  These r e s u l t s  were s t a t i s t i -  
c a l l y  s i g n i f i c a n t  a t  a  l e v e l  o f  t h r e e  s t a n d a r d  devi -  
a t i o n s .  T o t a l  e l e c t r i c i t y  consumption on Monday 
i n c r e a s e d  by a  g r e a t e r  p e r c e n t a g e  than  peak demand 
on Monday. Monday e l e c t r i c i t y  u se  i n c r e a s e d  an 
a v e r a g e  o f  5 % ( s t a n d a r d  d e v i a t i o n  = 1 .6  %), w h i l e  
Monday peak demand i n c r e a s e d  a n  a v e r a g e  o f  3  X 
( s t a n d a r d  d e v i a t i o n  = 1.0 Z). 

Outdoor and Core Zone Alr Rmperature 

V htdoor Air Temperature 18 
32 

I I I L 

W O N  MI0 NOON MID NOON MID NOON 
FRIDAY SATURDAY SUNDAY MONDAY 

.c8 mu-m 

Comparisons of weekend i n t e r i o r  a i r  tempera- 
t u r e s  confirmed t h a t  i n c r e a s e s  i n  Monday e l e c t r i c i t y  
u se  and peak demand a r e  r e l a t e d  t o  t he rma l  s t o r a g e  
by t h e  b u i l d i n g  mass. Net ene rgy  g a i n s  by t h e  
b u i l d i n g  mass r e s u l t  i n  h i g h e r  i n t e r i o r  t e m p e r a t u r e s  
when t h e  HVAC sys t ems  a r e  n o t  i n  o p e r a t i o n .  F i g u r e  
1 p l o t s  one  s e t  of c o r e  zone a i r  t e m p e r a t u r e s  f o r  
each hour  from F r i d a y  th rough  Monday f o r  bo th  
o p e r a t i n g  schedu le s .  Under t h e  7-day o p e r a t i n g  
s c h e d u l e ,  t h e  c o r e  zone a i r  t e m p e r a t u r e  f o l l o w s  a  
r e g u l a r  p a t t e r n  a s  t h e  HVAC sys tem re sponds  t o  t h e  
ambient  wea the r  p a t t e r n .  Dur ing o p e r a t i n g  h o u r s ,  
a i r  t e m p e r a t u r e s  a r e  d r i v e n  down t o  t h e  78 F  (26 C) 
s e t p o i n t .  n u r i n g  non-opera t ing ,  h o u r s ,  t e m p e r a t u r e s  
f l o a t  upward r a p i d l y  r e a c h i n g  a  p l a t e a u  around 82  F  
( 2 8  C ) .  Under a  5-day o p e r a t i n g  s c h e d u l e ,  t h e  c o r e  
a i r  t empera tu re  c o n t i n u e s  t o  f l o a t  upward f o l l o w i n g  
F r i d a y  o p e r a t i o n  r e a c h i n g  a maximum of 88  F  (31  C) 
on Sunday, abou t  6  F  (3 C) h i g h e r  t h a n  t h e  maximum 
reached under  t h e  7-day o p e r a t i o n .  

Not s u r p r i s i n g l y ,  t h e  a v e r a g e  of Sunday peak 
c o r e  t e m p e r a t u r e s  were  a lways  h i g h e r  under t h e  5-day 
o p e r a t i n g  schedu le .  Average Sunday peak c o r e  zone 
a i r  t empera tu re s  ave raged  86.2 F  (30.1 C) w i t h  a  
s t a n d a r d  d e v i a t i o n  o f  1 .2  F  (0 .7  C). Under t h e  7- 
day s c h e d u l e ,  t h e  ave rage  was 8 2 . 3  F  (27.9  C)  w i t h  a  

s t a n d a r d  d e v i a t i o n  o f  0.3 F (0.2 C). 

COOLING STRATEGY DEVELOPMENT AND ANALYSIS 

P r e v i o u s  work d e s c r i b e s  t h e  impor tance  of Non- 
day  e n e r g y  u s e  and peak demands f o r  b u i l d i n g  ope ra t -  
i n g  c o s t s .  T h i s  s e c t i o n  d e s c r i b e s  how l o a d - s h i f t i n g  
c o o l i n g  s t r a t e g i e s  can  m i t i g a t e  t h e  ene rgy  c o s t  
impact  of t h i s  t he rma l  s t o r a g e  phenomenon. 

LOAD SHIFTING COOLING STRATEGIES 

Monday on-peak e l e c t r i c i t y  u s e  and peak demands 
w i l l  b e  reduced by e i t h e r  minimizing the rma l  g a i n s  
t o  t h e  b u i l d i n g  o v e r  t h e  weekend o r  removing t h e s e  
g a i n s  i n  a  t i m e l y  f a s h i o n .  The former  is l a r g e l y  
t h e  r e s p o n s e  o f  t h e  b u i l d i n g  and i t s  HVAC sys t ems  t o  
exogenous f o r c e s ,  t h e  wea the r ,  and hence  is n o t  aub- 
j e c t  t o  c o n t r o l  by a  b u i l d i n g  o p e r a t o r .  The l a t t e r  
app roach ,  t h e r e f o r e ,  forms t h e  b a s i s  f o r  t h e  
development o f  c o n t r o l  s t r a t e g i e s .  

The e n e r g y  u s e  impact  o f  two o v e r l a p p i n g  l o a d  
s h i f t i n g  c o o l i n g  s t r a t e g i e s ,  p r e -coo l ing  and sub- 
c o o l i n g  were examined. P re -coo l ing  r e f e r s  t o  ear -  
l i e r  s t a r t i n g  t i m e s  f o r  t h e  HVAC sys t ems .  Sub- 
c o o l i n g ,  used i n  c o n j u n c t i o n  w i t h  t h e  f i r s t ,  r e f e r s  
t o  lower  t e m p e r a t u r e  s e t - p o i n t s  d u r i n g  t h e  pre- 
c o o l i n g  pe r iod .  Under normal o p e r a t i n g  c o n d i t i o n s ,  
t h e  b u i l d i n g  HVAC sys t ems  a r e  s chedu led  t o  s t a r t  a t  
7  A.M. w i t h  a  c o o l i n g  s e t - p o i n t  o f  78 F  (26 C ) .  
Pre-cool ing  s t a r t  t imes  o f  6 ,  4 ,  and 2  A.M. were  
combined w i t h  sub-cool ing  s e t - p o i n t  t e m p e r a t u r e s  o f  
78 ,  75, and 72 F  (26 ,  24, and 22 C) f o r  a  t o t a l  of 
n i n e  p a r a m e t r i c  r u n s  f o r  each  Monday i n  t h e  summer. 

An examina t ion  o f  t h e  t r a d e - o f f s  between f a n  
power and c h i l l e r  o p e r a t i o n  is i m p l i c i t  i n  t h e  
c h o i c e  o f  t h e s e  p a r a m e t r i c  v a r i a t i o n s .  Both v e n t i -  
l a t i o n  q u a n t i t i e s  and t h e  t e m p e r a t u r e  of t h e  v e n t i -  
l a t i o n  a i r  c o n t r i b u t e  t o  t h e  removal o f  h e a t  from 
t h e  b u i l d i n g  mass. F i g u r e  2  i l l u s t r a t e s  t h e  e f f e c t  
o f  t h i s  t r ade -o f f  f o r  one  s e t  o f  pre-cool ing  s t r a -  
t e g i e s .  

W n g  Strategy Electricity Use Frofiles 

4 1 

2 4 0 8 W) l2 l4 18 18 20 21 24 

Time of day 
.a . u - m  
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Table  1 summarizes t h e  changes  i n  on- and o f f -  
peak e l e c t r i c i t y  consumption f o r  one  Monday. Ear- 
l i e r  s t a r t  t i m e s  and lower t empera tu re  s e t - p o i n t s  
appear  t o  r educe  on-peak energy consumption and peak 
demand i n  a  p r e d i c t a b l e  f a s h i o n ;  t h e  space  c o o l i n g  
load h a s  been s h i f t e d  t o  an  e a r l i e r  t ime i n  t h e  day ,  
but t h e  s h i f t s  have i n c r e a s e d  t o t a l  e l e c t r i c i t y  con- 
sumption.  

Table 1 .  Load-shifling Cooling Resulls for July 12, 1085 

Base c u e  elechicily consumplion = 37840 k W h ;  peak demand - 3552 kW. 
B a e  case operating conditions: ran nlarl 7 Ahl, set-poinl 78 F. 
On-peak hours are 8 AM - 6 PM. 

Table  2  summarizes t h e  impact on on- and o f f -  
peak e l e c t r i c i t y  consumption f o r  a l l  of t h e  Mondays 
i n  a  s i n g l e  summer season.  On-peak ene rgy  d e c r e a s e s  
a r e  r e l a t e d  d i r e c t l y  t o  of f -peak ene rgy  i n c r e a s e s  
and expres sed  a s  a  r a t i o .  The form o f  t h i s  presen-  
t a t i o n  i l l u s t r a t e s  t h e  e f f i c i e n c y  o f  t h e  b u i l d i n g  
mass a s  a  thermal  s t o r a g e  dev ice .  Compared t o  i c e  
o r  c h i l l e d  water  t he rma l  s t o r a g e  d e v i c e s ,  which a r e  
p h y s i c a l l y  d i s t i n c t  from t h e  b u i l d i n g  s t r u c t u r e ,  t h e  
magnitude o f  t h e  l o a d s  s h i f t e d  and a s s o c i a t e d  e f f i -  
c i e n c i e s  a r e  low. N e v e r t h e l e s s ,  t h e r e  is no addi-  
t i o n a l  c a p i t a l  c o s t  a s s o c i a t e d  w i t h  t h i s  form of 
thermal  s t o r a g e .  

Table 2. Summary or Load-shifting Coaling Stralegy Impacts 

Change in On-peak EnergyIChange in OlFpeak E n e m  

Start Time (AM): 8 4 2 6 4 2 6 4 2 
Set Poinl (F): 78 18 78 75 75 75 72 72 72 

June 3 ,233 ,174 ,153 ,317 ,213 .I97 ,310 .?I0 ,107 
June 10 .305 ,230 . m i  .451 . m  ,234 ,420 . 2 f ~  .W 
June 17 ,102 .OQ5 .088 .182 .I52 .I37 .217 .I82 .I57 
June 24 .388 ,265 .217 ,461 .295 .24G ,457 .*a .234 

July 1 .218 ,165 ,156 .284 :203 ,191 .2V2 ,199 ,187 
July 8 ,412 ,210 ,218 ,483 ,287 ,251 ,446 ,282 ,238 
J U I Y  15 ,287 .me  ,160 ,353 .220 ,202 ,341 ,227 ,201 
July 22 ,380 ,250 ,200 ,443 ,282 .?40 ,412 ,267 ,140 
July 29 ,208 .I54 .I38 ,273 .ZlM .I78 .270 ,198 ,178 

Aug 5 .268 ,187 ,162 331 ,227 ,204 ,318 ,224 202  
Aug 12 ,256 .209 ,183 325  ,242 ,220 3 2 0  . q J  ,210 
Aug I9 .I74 ,173 ,129 .240 ,189 ,170 .?59 ,145 ,174 
~ u g  28 ,358 ,240 ,200 ,407 .n.l ,238 ,388 . x x  -- ,230 

Tab le  3 p r e s e n t s  a v e r a g e  impact  and s t a n d a r d  
d e v i a t i o n s  f o r  t h e  n i n e  s t r a t e g i e s .  These  s t a t i s -  
t i c s  i n d i c a t e  t h a t  each  s t r a t e g y  h a s  a  c h a r a c t e r i s -  
t i c  load impact and t h a t  t h e s e  impact  f o l l o w  a  con- 
s i s t e n t  p a t t e r n .  

Table 3. Average Impact of Load-shifting Cooling Strategies 

Standard deviation in parentheses 

Set Point (F) 78 75 72 

From t h i s  i n f o r m a t i o n ,  we can  make t h e  follow- 
i n g  g e n e r a l  o b s e r v a t i o n s :  

1. For  t h e  r ange  o f  v a r i a t i o n  examined, e a r l i e r  
s t a r t - t i m e s  (p re -coo l ing )  have g r e a t e r  impacts  
on consumption than  lower  s e t - p o i n t s  (sub- 
c o o l i n g ) .  

.342 (.076) 
,230 (.042) 
.I98 (.030) 

2. The e f f e c t  o f  e a r l i e r  s t a r t - t i m e s  i s  t o  dimin- 
i s h  t h e  e f f i c i e n c y  o f  t h e  t he rma l  s t o r a g e ;  
of f -peak consumption i n c r e a s e s  f a s t e r  than t h e  
d e c r e a s e  i n  on-peak consumption. 

.351 (.095) 
237 (.015) 
.208 (.034) 

Start Time (AM) 

6 
1 
2 

3. The 75 F (22 C )  s e t - p o i n t  a p p e a r s  t o  r e p r e s e n t  
a  l o c a l  maximum f o r  sub-cool ing .  

283 (.097) 
.I96 (.046) 
.I70 (.038) 

4 .  The most e f f i c i e n t  s t r a t e g i e s  a r e  a l s o  t h e  
l e a s t  we l l -de f ined ;  t h e y  have t h e  l a r g e s t  s t a n -  
dard  d e v i a t i o n .  

F u t u r e  s t u d i e s  t o  f u r t h e r  d e v e l o p  and c h a r a c t e r i z e  
t h e  ene rgy  impact  o f  t h e s e  and o t h e r  l o a d - s h i f t i n g  
c o o l i n g  s t r a t e g i e s  a r e  e n v i s i o n e d .  

ECONOPIIC ANALYSIS 

The v a l u e  o f  t h e s e  s h i f t s  i n  l o a d  and,  hence ,  
t h e  d e s i r a b i l i t y  o f  s e l e c t i n g  o n e  o f  t h e s e  s t r a -  
t e g i e s  i s  comple t e ly  determined by t h e  r a t e  s chedu le  
o f  t h e  l o c a l  u t i l i t y .  We now c o n s i d e r  a  hypo the t i -  
c a l  time-of-day e l e c t r i c  r a t e  s c h e d u l e  and i l l u s -  
t r a t e  how t h e  v a l u e  o f  a  s t r a t e g y  can b e  c a l c u l a t e d .  

Under time-of-day r a t e s ,  t h e  p r i c e  o f  e l e c t r i -  
' c i t y  i s  determined by consumpt ion d u r i n g  u t i l i t y -  
d e f i n e d  t ime  pe r iods .  The d e s i r a b i l i t y  o f  one 
l o a d - s h i f t i n g  s t r a t e g y  o v e r  a n o t h e r  i s  determined by 
t h e  megni tude  o f  e l e c t r i c i t y  s h i f t e d  and t h e  p r i c e  
d i f f e r e n t i a l  o f  t h a t  e l e c t r i c i t y .  A n a l y t i c a l l y ,  
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where: 
E  = Base c a s e  e l e c t r i c i t y  consumption 
E' = S t r a t e g y  c a s e  e l e c t r i c i t y  consumption 
P  = P r i c e  o f  e l e c t r i c i t y  
i = Time-of-day pe r iod  
n  = Number o f  time-of-day p e r i o d s  

A more conven ien t  e x p r e s s i o n  f o r  o u r  i d e a l i z e d  
on- and off -peak r a t e  s t r u c t u r e  i n v o l v e s  t h e  so lu -  
t i o n  f o r  a  t h r e s h o l d  va lue .  I n  t h e  fo rmula t ion  f o r  
o u r  time-of-use r a t e ,  t h e  t h r e s h o l d  v a l u e  is d e f i n e d  
hy t h e  r a t i o  o f  o f f -  t o  on-peak e l e c t r i c i t y  p r i c e s .  

I n  t h i s  e x p r e s s i o n ,  comparing t h e  r a t i o  o f  t h e  l o a d s  
s h i f t e d  t o  t h e  r a t i o  of p r i c e s  de t e rmines  t h e  
d e s i r a b i l i t y  of a  s t r a t e g y .  mass s t u d i e s  ( 9 , l O ) .  
S u b s t i t u t i n g  t h e  a p p r o p r i a t e  q u a n t i t i e s  f o r  t h e  on- 
and off-peak p r i c e  o f  e l e c t r i c i t y  de t e rmines  t h e  
t h r e s h o l d  va lue .  I f  t h e  r a t i o  of t h e  l o a d  s h i f t e d  
f a l l s  below t h i s  v a l u e ,  t h e  s t r a t e g y  i s  n o t  p r o f i t -  
a b l e ;  t h e  f u r t h e r  above t h i s  t h r e s h o l d ,  t h e  more 
p r o f i t a b l e  t h e  s t r a t e g y .  I n t u i t i v e l y ,  t h e  t h r e s h o l d  
v a l u e  may b e  thought  o f  a s  t h e  p o i n t  where on-peak 
e l e c t r i c i t y  c o s t  r e d u c t i o n s  j u s t  e q u a l  of f -peak 
e l e c t r i c i t y  c o s t  i n c r e a s e s .  T a b l e  2 ,  t h e r e f o r e ,  
a l s o  r e p r e s e n t s  t h e  t h r e s h o l d  v a l u e  of t h e  load-  
s h i f t i n g  impact  o f  each  s t r a t e g y .  

For  t h i s  example,  few s t r a t e g i e s  a r e  c o s t -  
e f f e c t i v e  under  t y p i c a l  U.S. u t i l i t y  r a t e  s chedu le s .  
Most t ime-of-use p r i c e  d i f f e r e n t i a l s  a r e  t o o  s m a l l  
t o  j u s t i f y  t h e  implementa t ion  of t h e s e  load s h i f t i n g  
s t r a t e g i e s ;  t h e  on-peak ene rgy  s a v i n g s  a r e  a lways  
s m a l l e r  than t h e  off -peak ene rgy  c o s t  i n c r e a s e s .  
Fo r  example,  i f  on-peak ene rgy  c h a r g e s  a r e  $ 
O.lZ/kWh and off-peak c h a r g e s  a r e  $ 0.05/kWh, t h e n  
t h e  t h r e s h o l d  v a l u e  i s  0.417, which i s  above t h e  
co r r e spond ing  v a l u e s  o f  most o f  t h e  s t r a t e g i e s .  

IMPLEMENTING LOM-SHIFTING COOLING STRATEGIES 

T h i s  s e c t i o n  d e s c r i b e s  t h e  development o f  a  
c r u d e  mechanism f o r  implementing t h e  l o a d - s h i f t i n g  
c o o l i n g  s t r a t e g i e s  developed i n  t h e  l a s t  s e c t i o n .  
The mechanism is based on a  measure of thermal  
s t o r a g e  i n  b u i l d i n g  mass. The development o f  t h i s  
i n d i c a t o r  p r o v i d e s  t h e  l i n k a g e  between t h e  l o a d  
s h i f t i n g  c o o l i n g  s t r a t e g i e s  p r e v i o u s l y  examined and 
t h e  Monday E f f e c t  t hey  s e e k  t o  a d d r e s s .  

The work by E t o  and Powel l  p r e v i o u s l y  c i t e d  
i d e n t i f i e d  s e v e r a l  measures  o f  t he rma l  s t o r a g e  and 
c o r r e l a t e d  them w i t h  Monday e l e c t r i c i t y  consumption 
and peak demand (1 ) .  Sunday peak c o r e  t empera tu re  
was found t o  y i e l d  t h e  b e s t  c o r r e l a t i o n  w i t h  e l e c -  
t r i c i t y  u s e  and peak demand. T o t a l  e l e c t r i c a l  con- 
sumpt ion was b e t t e r  c o r r e l a t e d  w i t h  peak c o r e  tem- 
p e r a t u r e  than was peak e l e c t r i c a l  demand. 

T h i s  e a r l i e r  f i n d i n g  was used a s  a  s t a r t i n g  
p o i n t  f o r  t h e  development o f  c o r r e l a t i o n s  f o r  each 
of t h e  c o o l i n g  s t r a t e g i e s .  The r a t i o  o f  t h e  changes  
i n  on- t o  of f -peak ene rgy  u s e  was r e g r e s s e d  a g a i n s t  

Sunday peak c o r e  t empera tu re s .  T a b l e  4 summari 
t h e  r e s u l t s  o f  t h e s e  r e g r e s s i o n s .  

Table 4 .  Cooling S l ra l e~y  l m p a c l  as a Function of Sunday Peak Core temper at^ 

Change in On-peakjchangc in Oll-perk z A + D'(Sunday Ptak Core Temperatu 

S s o i n L  (F) *l T i m e  ( r \ M )  A D R-square 

78 6 -10.583 ,132 .48 
78 4 - 5.FQI ,060 .58 
78 2 - 4.888 ,061 67 

The low R-squared t e rms  a s s o c i a t e d  w i t h  t h  
r e g r e s s i o n s  i n d i c a t e  t h a t  Sunday peak c o r e  tempe 
t u r e s  p rov ide  o n l y  a  p a r t i a l  e x p l a n a t i o n  f o r  t h e  
and off -peak e n e r g y  u s e  impact  o f  t h e  c o o l i n g  st 
t e g i e s .  T h i s  was n o t  an  unexpected  r e s u l t .  Ther 
s t o r a g e  o v e r  t h e  weekend is o n l y  one  component 
t h e  Monday c o o l i n g  ene rgy  r e q u i r e m e n t s  o f  bu i ld in ,_ .  
An obvious  c o n t r i b u t o r  no t  examined was t h e  weather  
on hlonday. 

Monday wea the r ,  n e v e r t h e l e s s ,  i s  o u t s i d e  t h e  
boundary o f  t h e  p r e s e n t  work. The p r e s e n t  work 
s e e k s  t o  d e v e l o p  c o o l i n g  s t r a t e g i e s ,  which a r e  
deployed i n  a n t i c i p a t i o n  o f  impending i n c r e a s e s  i n  
e n e r g y  u s e  based on i n d i c a t o r s  o f  t he rma l  s t o r a g e .  
I t  i s ,  i n  t h i s  r e s p e c t ,  t o o  l a t e  t o  dep loy  a  s t r a -  
t e g y  once  Monday h a s  a r r i v e d .  

A p o s s i b l e  outcome of t h i s  work can  be  e a s i l y  
v i s u a l i z e d :  A computer ized ene rgy  management sys tem,  
upon t h e  r e c e i p t  o f  i n f o r m a t i o n  from t empera tu re  
s e n s o r s  on Sunday, c a l c u l a t e s  l o a d  impact  f o r  a  
r a n g e  o f  p o t e n t i a l  c o o l i n g  s t r a t e g i e s  v i a  r e g r e s s i o n  
e q u a t i o n s  o f  t h e  t ype  developed from our  simula- 
t i o n s .  The e q u a t i o n s ,  o f  c o u r s e ,  would be unique  t o  
each  b u i l d i n g .  Then, based on t h e  c u r r e n t  r a t e  
s c h e d u l e ,  t h e  s t r a t e g y  t h a t  maximized ene rgy  c o s t  
s a v i n g s  would be  implemented.  

SUMMARY 

A computer model was used t o  s t u d y  t h e  the rma l  
s t o r a g e  impact  of commercial  b u i l d i n g  the rma l  mass 
on c o o l i n g  e n e r g y  u s e  and c o s t s .  Load- sh i f t i ng  
c o o l i n g  s t r a t e g i e s  were developed t o  m i t i g a t e  t h e  
impact  o f  i n c r e a s e d  e l e c t r i c i t y  u s e  and peak e l e c t r -  
i c a l  demands on Mondays. An e a r l i e r  s t u d y  demon- 
s t r a t e d  t h e  impor t ance  o f  Monday ene rgy  demands by 
documenting how t h e  b u i l d i n g  mass a c t s  a s  a  t he rma l  
s t o r a g e  d e v i c e  d u r i n g  t h e  weekend shut-down o f  HVAC 
sys t ems .  A s i m p l e  framework was developed t o  evalu-  
a t e  t h e  economic v a l u e  o f  t h e s e  s t r a t e g i e s  w i t h  
d i r e c t  r e f e r e n c e  t o  time-of-day e l e c t r i c  r a t e  
s chedu le s .  F i n a l l y ,  a  c r u d e  i n d i c a t o r  o f  t he rma l  
ene rgy  s t o r a g e  i n  b u i l d i n g  mass was r e l a t e d  t o  t h e  
l o a d - s h i f t i n g  c o o l i n g  s t r a t e g i e s .  I t  i s  sugges t ed  
t h a t  c o r r e l a t i o n s  o f  t h i s  t y p e  cou ld  be  used by com- 
p u t e r i z e d  ene rgy  management sys t ems  t o  r educe  b u i l d -  
i n g  o p e r a t i n g  ene rgy  c o s t s .  
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