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RESIDENTIAL ENERGY CONSERVATION- 
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ABSTRACT 

i n  a s t u d y  of ene rgy  consumption i n  r e s i d e n t i a l  hous ing  conducted s i n c e  1972 i n  a P lanned  
Uni t  Development at  Twin R i v e r s ,  New J e r s e y ,  two approaches  t o  energy d a t a  c o l l e c t i o n  and  
a n a l y s i s  have been t aken .  I n  one approach ,  i n f o r m a t i o n  a v a i l a b l e  from u t i l i t y  r e c o r d s  
i s  used ;  ene rgy  consumption is c o r r e l a t e d  w i t h  house s i z e ,  house d e s i g n  and o u t s i d e  temp- 
e r a t u r e ,  and energy  c o n s e r v a t i o n  r e s u l t i n g  from t h e  o i l  c r i s i s ,  p r i c e  i n c r e a s e s  and 
r e t r o f i t s  i s  de te rmined .  The second approach  u s e s  f a r  more d e t a i l e d  d a t a  ga the red  th rough  
t h e  d e ~ l o y m e n t  of i n s t r u m e n t  packages  i n  29 houses .  I n t e r n a l  t e m p e r a t u r e s ,  a p p l i a n c e  usage 
and f u r n a c e  o p e r a t i o n  a r e  measured,  as w e l l  a s  occupant-induced e v e n t s  such  a s  window and 
door  opening t i m e s  and t h e r m o s t a t  s e t t i n g s .  I n f r a r e d  s c a n n i n g ,  a i r  i n f i l t r a t i o n  m o n i t o r i n g ,  
wind t u n n e l  t e s t i n g  and d e t a i l e d  exper imen t s  i n  a r e n t e d  townhouse have complemented t h e  
recorded  d a t a .  

Using b o t h  approaches  h a s  r e s u l t e d  i n  an  improved modi l ing  of G r g y  f e l a t e d  f e a t u r e s  
of t y p i c a l  townhouses and occupant a c t i v i t i e s  and h a s  provided t h e  b a s i s  f o r  a r e t r o f i t  
exper iment  w h i c h , h a s  ach ieved  25% g a s  s a v i n g s  p l u s  10% e l e c t r i c a l  s a v i n g s  and has  p r e d i c t e d  
a c a p i t a l  improvement payback p e r i o d  of approx imate ly  t h r e e  y e a r s  when b o t h  h e a t i n g  and 
c o o l i n g  s e a s o n s  a r e  c o n s i d e r e d ,  and w a t e r  h e a t i n g  is inc luded .  A d d i t i o n a l  b e n e f i t s  th rough  
a second round of r e t r o f i t s  emphasizing improved o p e r a t i o n  o f  t h e  h e a t i n g  equipment l o o k  
promising f o r  t h e  f u t u r e .  

INTRODUCTION 

The magni tude of t h e  t a s k  of a c h i e v i n g  energy  c o n s e r v a t i o n  i n  t h e  e x i s t i n g  housing s t o c k  
of t h e  Uni ted  S t a t e s  i s  s t a g g e r i n g .  There  a r e  s i x t y  m i l l i o n  homes, n e a r l y  a l l  o f  v h i c h  
( u n l i k e  t h e  hundred m i l l i o n  au tomobi les )  w i l l  be a tound and occupied f i f t e e n  y e a r s  from 
now. I n  v i r t u a l l y  eve ry  home a r e a s o n a b l e  g o a l  would b e  t o  t r y  t o  r educe  t h e  ene rgy  u s e  by 
f i f t y  p e r c e n t  w i t h o u t  d i m i n i s h i n g  t h e  a s s o c i a t e d  a m e n i t i e s .  To r e a c h  t h a t  g o a l  w i l l  r e q u i r e  
a m u l t i p l i c i t y  o f  a c t i v i t i e s  r ang ing  from b a s i c  r e s e a r c h ,  t o - l e g i s l a t i v e  i n i t i a t i v e s  on 
b u i l d i n g  c o d e s ,  and re fo rms  o f  t h e  mortgage market .  The a p p l i e d  r e s e a r c h  c o r n u n i t y  vill be 
c a l l e d  upon f o r  improved model ing,  much more f l e x i b l e  and l e s s  expens ive  i n s t r u m e n t a t i o n ,  
more thorough  b iomedica l  and s a f e t y - r e l a t e d  r e s e a r c h  on t h e  s i d e  e f f e c t s  of c o n s e r v a t i o n  
measures ,  and more informed b e h a v i o r a l  r e s e a r c h .  
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S i n c e  J u l y  1972, t h i s  p r o j e c t  i n  r e s i d e n t i a l  energy conservation h a s  been des igned  t o  
document, t o  model and t o  l e a r n  how t o  modify t h e  amount of energy used i n  homes. The 
p r i n c i p a l  t a r g e t  h a s  been t h e  energy used f o r  space  h e a t i n g ;  s u b o r d i n a t e  t a r g e t s  have been 
hot w a t e r  h e a t e r ,  a i r  c o n d i t i o n i n g  and a p p l i a n c e s .  The r e s e a r c h  approach h a s  s t r o n g l y  
emphasized f i e l d  s t u d i e s  a t  a  s i n g l e  s i t e ,  t h e  r e c e n t l y  b u i l t  Planned Unit  Development of 
Twin R i v e r s ,  New J e r s e y ,  E x i t  {l8 on t h e  New J e r s e y  Turnpike .  The p r o j e c t  has  moni tored 
the house c o n s t r u c t i o n ,  i n t e r v i e w e d  many of t h o s e  r e s p o n s i b l e  f o r  e n e r g y - r e l a t e d  d e c i s i o n s  
i n  t h e  p l a n n i n g  and c o n s t r u c t i o n  phase ,  f o r m a l l y  surveyed and i n f o r m a l l y  i n t e r a c t e d  w i t h  
the r e s i d e n t s ,  o b t a i n e d  a  complete  r ecord  of monthly g a s  and e l e c t r i c  u t i l i t y  me te r  r e a d i n g s ,  
b u i l t  a  wea the r  s t a t i o n  a t  t h e  s i t e ,  p l aced  i n s t r u m e n t s  i n  twenty-eight  townhouses ( a l l  
i d e n t i c a l  i n  f l o o r  p lan)  and r e n t e d  and occupied a n o t h e r  of t h e s e  townhouses o u r s e l v e s ,  
t u r n i n g  i t  i n t o  a  f i e l d  l a b o r a t o r y .  

Twin R i v e r s  c o n s i s t s  of a  mix of i n d u s t r i a l ,  commercial and r e s i d e n t i a l  s t r u c t u r e s .  
The l a t t e r  i n c l u d e  s i n g l e  f a m i l y  homes, townhouses and a p a r t m e n t s ,  which a r e  a r ranged  i n  f o u r  
quadran t s .  The wea the r  s t a t i o n  was p laced  on t o p  of t h e  town's  bank ( a t  a  c e n t r a l  l o c a t i o n ) ,  
a  cho ice  t h a t  a l s o  provided s e c u r i t y  f o r  t h e  equipment.  The m a j o r i t y  of t h e  work d e s c r i b e d  
i n  t h i s  paper  was c a r r i e d  o u t  i n  t h e  three-bedroom, two-f loor  Quad I1 townhouses,  a l t h o u g h  
p o r t i o n s  of t h e  r e s e a r c h  have been c a r r i e d  o u t  i n  a l l  p a r t s  of t h e  town. The townhouses 
a r e  of c o n v e n t i o n a l  c o n s t r u c t i o n ,  w i t h  masonry b e a r i n g  w a l l s  and w o ~ d ~ f r a m i n g  f o r  f l o o r s ,  
w a l l s  and r o o f .  T h i s  d e s i g n  p r o v i d e s  approx imate ly  720 s q .  f t .  (67 m ) of s p a c e  on each 
f l o o r .  The townhouses s o l d  f o r  approx imate ly  $30,000 when they  were b u i l t  and r e s e l l  f o r  
about $40,000 today.  

I n  g e n e r a l ,  t h e  s t u d y  h a s  been conducted i n  townhouses t h a t  a r e  as i d e n t i c a l  a s  p o s s i b l e ,  
and t h e  i n s t r u m e n t a t i o n  h a s  been d u p l i c a t e d .  For example, a  v i s i t  t o  any of t h e  homes 
would r e v e a l  t h e m i s t o r  p robes  measur ing t e m p e r a t u r e s  p laced  i n  each of t h e  twen ty -e igh t  
townhouses a t  t h e  same l o c a t i o n s .  The r e s i d e n t s  of t h e  townhouses a r e  n o t  a s  i d e n t i c a l  
a s  t h e  t h e r m i s t o r s ,  a l t h o u g h  from t h e  v iewpoin t  of some of t h e  s o c i a l  s c i e n c e s ,  t h e y  would 
be rega rded  a s  a  homogeneous sample.  Near ly  a l l  of t h e  f a m i l i e s  have s m a l l  c h i l d r e n ,  
t y p i c a l l y  one when t h e y  moved i n  and a n o t h e r  s i n c e .  For t h e  ave rage  f a m i l y ,  t h e i r  townhouse 
i s  t h e  f i r s t  home they  have owned, and t h e i r  p a s t  r e s i d e n c e  o f t e n  h a s  been an apar tmen t  i n  
New York C i t y .  Most of t h e  f a t h e r s  a r e  mobi le  p r o f e s s i o n a l s ,  and t h e  f a m i l y  a n n u a l  income, 
a t  t ime of purchase ,  averaged $20,000. 

The p o p u l a t i o n  is  not homogeneous a l o n g  many c o o r d i n a t e  axes  which matse r  ZLom t h e  
s t a n d p o i n t  of ene rgy  use:  they  d i f f e r  i n  t h e i r  " t empera tu re  p re fe rence"  ( i n t e r i o r  
t empera tu res  show a  s t a n d a r d  d e v i a t i o n  of f2OF (+l°C) i n  w i n t e r ) ,  i n  t h e i r  u n d e r s t a n d i n g  
of che f u n c t i o n i n g  of t h e i r  homes, i n  t h e i r  a t t i t u d e s  toward sun  and toward d r y n e s s ,  and 
i n  t h e i r  ( a t  l e a s t  e x p r e s s e d )  concern  f o r  s a v i n g  money ( o r  e n e r g y ) .  The r e l e v a n t  s o c i a l  
sc ience  d i s c i p l i n e  f o r  u n d e r s t a n d i n g  t h e  e n e r g y - r e l a t e d  behav io r  t h a t  i s  d i s p l a y e d  a t  Twin 
Rivers  a p p e a r s  t o  u s  t o  be psychology,  and p s y c h o l o g i s t s  have added a  c r i t i c a l  component 
t o  t h e  r e s e a r c h  e f f o r t  d u r i n g  t h e  p a s t  two and one-half  y e a r s .  

The "eng inee r ing"  p o r t i o n s  of t h e  r e s e a r c h  program a r e  emphasized h e r e ,  w i t h  e n g i n e e r i n g ,  
a s  w i l l  be  s e e n ,  d e f i n e d  q u i t e  b r o a d l y ,  b u t  n o t  s o  b r o a d l y  a s  t o  i n c l u d e  t h e  s t u d i e s  of 
r e s i d e n t i a l  b e h a v i o r  and of t h e  p o l i t i c s  behind t h e  c o n s t r u c t i o n  of t h e  town. R e s u l t s  of 
these  s t u d i e s  a r e  a v a i l a b l e  i n  Refe rences  (1 )  and ( 2 ) .  T h i s  paper  i s  d i v i d e d  i n t o  two 
main s e c t i o n s :  s e c t i o n  one c i t e s  t h e  r e s u l t s  t h a t  cou ld ,  i n  p r i n c i p l e ,  have been  o b t a i n e d  
wi thout  do ing  measurements w i t h i n  t h e  houses .  T h i s  group h a s  s t r i v e d  t o  i n v e n t  a n a l y t i c a l  
methods by which a  p o p u l a t i o n  of homes cou ld  b e  moni tored u s i n g  o n l y  d a t a  from t h e  g a s  and 
e l e c t r i c  m e t e r s  and d a t a  from a  nearby wea the r  s t a t i o n .  I n  p r i n c i p l e ,  t h i s  p o r t i o n  of 
the  r e s e a r c h  c o u l d  be wide ly  i m i t a t e d ,  a t  r e l a t i v e l y  low c o s t .  The overwhelming dominance 
of o u t s i d e  a i r  t e m p e r a t u r e  a s  a  p r e d i c t o r  v a r i a b l e  i n  t h e  w i n t e r  h e a t i n g  season  r e n d e r s  t h e  
moni tor ing o f  performance,  a c r o s s  r e s i d e n c e s  and over  t ime,  a  remarkably p r o d u c t i v e  e x e r c i s e .  
Sec t ion  one p r e s e n t s  a q u a n t i t a t i v e  d e s c r i p t i o n  bo th  of t h e  v o l u n t a r y  c o n s e r v a t i o n  which 
occurred f o l l o w i n g  t h e  "energy c r i s i s "  i n  t h e  autumn of 1973 and of t h e  r e s u l t s  of d e l i b e r a t e  
m o d i f i c a t i o n s ,  r e t r o f i t s ,  of t h e  townhouses t h i s  p a s t  w i n t e r .  S e c t i o n  two d e s c r i b e s  r e s u l t s  
which r e q u i r e d  e n t r y  i n t o  t h e  townhouses, f i r s t  of a l l  t o  obsenre ,  b u t  a l s o  t o  l e a v e  i n s t r u -  
ments beh ind .  Three  h i g h l y - i n s t r u m e n t e d  lownhouses  ( H I T  1, HIT 2 ,  and HIT 3) have produced 
a  t o t a l  of 200 c h a n n e l s  of d a f a  which have been t r a n s m i t t e d  o v e r  t e l ephone  l i n e s  t o - t h e  
p r o j e c t  l a b o r a t o r y  twelve  m i l e s  (19 lan) ?way. Three w i n t e r s  and two summers of d a t a  have 
been o b t a i n e d ,  and r e t r o f i t s  were performed i n  t h e  middle  of t h e  t h i r d  w i n t e r  (December 
1975 t o  January  1976) .  D e t a i l s  can be  found i n  Ref .  ( 3 ) .  



The remaining twen ty - f ive  townhouses have been l i g h t l y  ins t rumented ,  w i t h  a  9-channel 
"Omnibus" package t h a t  r e c o r d s  d a t a  o n t o  a  t a p e  c a s s e t t e  w i t h i n  t h e  home. It i s  t h i s  
i n s t r u m e n t a t i o n ,  and some of t h e  a s s o c i a t e d  methods of d a t a  r e d u c t i o n ,  which b e g i n s  t o  
resemble t h e  equipment and a n a l y s i s  which w i l l  h o p e f u l l y  a s s i s t  i n  t h e  e f f o r t s ,  on a  wider  
s c a l e ,  t o  conse rve  ene rgy  i n  housing - t h e  j u s t i f i c a t i o n  o f  t h e  n e c e s s i t y  f o r  a  f i e l d  
approach.  Although t h e  Twin R i v e r s  townhouses r e p r e s e n t  a v e r a g e  c o n s t r u c t i o n  p r a c t i c e  t h e r e  
a r e  c e r t a i n  problems r e l a t e d  t o  t h e  d e t a i l s  of d e s i g n  which became h igh  p r i o r i t y  i t e m s  f o r  
energy s a v i n g s  i n  t h e  r e t r o f i t  program. See Refs .  ( 3 )  and ( 4 )  f o r  d e t a i l s .  

Two most h e l p f u l  approaches  i n  t h e  d e t e c t i o n  and q u a n t i f i c a t i o n  of ene rgy  l o s s e s  i n  
t h e  homes h a s  been t h e  u s e  of i n f r a r e d  scann ing  and automated a i r  i n f i l t r a t i o n  measur ing 
equipment.  I n  b o t h  t h e  measurements of conduc t ion  and a i r  i n f i l t r a t i o n ,  D r .  Richard G r o t ,  
Na t iona l  Bureau of S t a n d a r d s ,  h a s  p layed  a  ma jo r  r o l e .  The i n f r a r e d  photography h a s  r e v e a l e d  
a  number of a r e a s  w i t h  h i g h e r  than  d e s i r e d  ene rgy  l o s s e s  such  a s :  t h e  p a r t y  w a l l s ,  t h e  
overhanging window and c l o s e t  s e c t i o n s ,  t h e  overhea ted  a t t i c ,  and t h e  warm a i r  d i s t r i b u t i o n  
system. The a i r  i n f i l t r a t i o n  measur ing u n i t s  have c l e a r l y  shown t h e  r e l a t i v e l y  minor r o l e  
of summer a i r  i n f i l t r a t i o n  (-7% of h e a t  g a i n )  v e r s u s  t h e  w i n t e r  c o n t r i b u t i o n  (-33X of  h e a t  
l o s s ) .  Both of t h e s e  approaches  t o  energy a n a l y s e s  a r e  augmented by wea the r  s t a t i o n  d a t a ,  
e . g . ,  t h e  r o l e  of wind and t empera tu re  d i f f e r e n t i a l  a r e  impor tan t  i n  de te rmin ing  wea the r  
p e n e t r a t i o n  i n t o  t h e  s t r u c t u r e  and t h e  l e v e l s  of a i r  i n f i l t r a t i o n  ( s e e  Refs .  ( 3 ) ,  (5)  and 
( 6 ) )  - 

SECTION ONE: VARIATION ACROSS HOUSES 

The s i n g l e  r e s u l t  t h a t  i s  b e s t  known from t h i s  program i s  r e p r e s e n t e d  by t h e  h i s t o g r a m s  i n  
F igure  1. I n  n e a r l y  i d e n t i c a l  townhouses of a  s i n g l e  community, w i n t e r  g a s  consumption fo r  
space  h e a t i n g  v a r i e s  by more than  three- to-one.  And i n  townhouses a b s o l u t e l y  i d e n t i c a l  i n  
f l o o r  p l a n ,  s h e l l  m a t e r i a l s ,  o r i e n t a t i o n ,  and a p p l i a n c e  package,  w i n t e r  g a s  consumption 
v a r i e s  by two-to-one. Every e x i s t i n g  computer program would p r e d i c t  a  s i n g l e  v a l u e  f o r  the 
g a s  consumption of t h e  28-uni t  subsample i n  F i g u r e  1. 

The g a s  coqsumption p l o t t e d  h e r e  is  t h e  a v e r a g e  of two six-month w i n t e r s  (November 1971 
t o  A p r i l  1972 and November 1972 t o  A p r i l  1973) .  As a  m a t t e r  of p r a c t i c e ,  houses  a r e  e x c l u d e i  
from c o n s i d e r a t i o n  i f  one i s  o t h e r w i s e  f o r c e d  t o  u s e  "es t ima ted"  mete r  r e a d i n g s .  The l a r g e  
sample i n  F i g u r e  1 c o n t a i n s  townhouses w i t h  two, t h r e e ,  and f o u r  bedrooms, s u c c e s s i v e l y  
l a r g e r  (18,  22 and 2 4  f t .  wide,  o r  5 . 5 ,  6.7 and 7.3. m),  d i f f e r i n g  from one a n o t h e r  w i t h  
r e s p e c t  t o  window a r e a  and number and s i z e  of overhangs .  Some of t h e  townhouses i n  t h e  
l a r g e  sample a r e  end u n i t s  and ,  the reby ,  have a d d i t i o n a l  e x t e r i o r  w a l l  s u r f a c e .  F r o n t  
doors  f a c e  each  of t h e  f o u r  compass d i r e c t i o n s .  (The town a x i s  l i e s  about  1 0  d e g r e e s  east 
of n o r t h ) .  About h a l f  of t h e  u n i t s  have doub le  g l a s s  windows a n d l o r  p a t i o  d o o r s ,  t h e s e  
having been o p t i o n s  a t  t h e  t ime of purchase .  The shaded subsample i n  F igure  1 h a s  no 
v a r i a t i o n  i n  any of t h e s e  pa ramete r s ,  excep t  t h a t  u n i t s  may f a c e  e i t h e r  e a s t  o r  w e s t  ( s e e  
Refs.  ( 3 )  and ( 7 ) ) .  

Regress ion  a n a l y s e s ,  t o  e x p l o r e  t h e  d e t e r m i n a n t s  of t h e  v a r i a b i l i t y  shown by t h e  l a r g e  
sample i n  F i g u r e  1, have been done s e v e r a l  t imes  by o u r  g roup ,  t a k i n g  t h e  consumption i n  
v a r i o u s  w i n t e r s  and i n  v a r i o u s  p o r t i o n s  of t h e  town a s  dependent  v a r i a b l e s  (Ref. ( 8 ) ) .  

The q u a n t i t a t i v e  r e s u l t s  of t h e  r e g r e s s i o n  a n a l y s i s  of t h e  d a t a  shown ( f o r  t h e  l a r g e  
sample of 210 townhouses) a r e  embodied i n  t h e  f o l l o w i n g  l i n e a r  e q u a t i o n :  

GC = 806 - 213D2 + 108 END + 75D4 - 19INS 
(112) (17) (17) (21) -(8) 

2 - -  
R  = 0.54 * 

Here g a s  consumption (GC) i s  i n  hundreds of c u b i c  f e e t  p e r  six-month w i n t e r ;  D2, END, and 
D4 a r e  dummy (0-1) v a r i a b l e s  t a k i n g  t h e  v a l u e  1 f o r  two-bedroom, end p o s i t i o n ,  and four -  

-- * 2  
I f  G i s  measured i n  G i g a j o u l e s  and INS i n  m , t h e  e q u a t i o n  becomes: 

GC = 88.7 - 23.4 D2 + 11 .9  END + 8 . 3  D4 - 2.2 INS 
(12.3) (1.9) (1 .9 )  (2 .3 )  (0.09) 



bedroom, r e s p e c t i v e l y ,  and INS i s  t h e  number of hundred s q u a r e  f e e t  of double  g l a s s  (mean = 
1 . 4 ,  o r  1 3 . 0  m2). S tandard  e r r o r s  of t h e  c o e f f i c i e n t s  a r e  g iven  i n  p a r e n t h e s e s .  

Each of t h e  numer ica l  c o e f f i c i e n t s  i n  Equat ion 1 h a s  s i g n i f i c a n c e .  The c o n s t a n t ,  
80600 cu .  f t . / w i n t e r  (88.7 GigaJ . /Win te r ,  i s  t h e  consumption r a t e  f o r  t h e  ave rage  t h r e e -  
bedroom i n t e r i o r  townhouse w i t h  no double  g l a s s ,  and shou ld  be  compared t o  i t s  des ign  h e a t  
l o s s  of 41,000 Btu p e r  hour ,  f o r  a  70°F d e s i g n  t empera tu re  d i f f e r e n c e  (310 Watts/ 'C),  o r  
600 Btu pe r  hour p e r  degree  Fahrenhe i t  t empera tu re  d i f f e r e n c e  between i n d o o r s  and out*  
(Ref. 3 ) .  The o t h e r  c o e f f i c i e n t s  i n  Equat ion 1 i n d i c a t e  t h a t  a  cho ice  of t h e  two bedroom 
hone reduces  consumption 26 f 2%, end u n i t s  i n c r e a s e  consumption 1 3  f 2%, f o u r  bedroom 
designs  i n c r e a s e  consumption 9  + 3% and i n s u l a t e d  g l a s s  lowers  consumption 2  f 1%. 

E l e c t r i c  consumption i n  summer i n  t h e  Quad-I1 townhouses,  which i s  a lmos t  one-half  
a i r  c o n d i t i o n i n g ,  i s  u n c o r r e l a t e d  w i t h  g a s  consumption i n  w i n t e r .  Here,  two p o s s i b l e  
cancel-l ing e f f e c t s  a r e :  a )  t h o s e  p r o f l i g a t e  w i t h  g a s  a r e  l i k e l y  t o  be  p r o f l i g a t e  w i t h  
e l e c t r i c i t y ,  and b )  t h o s e  p r e f e r r i n g  warm indoor  t e m p e r a t u r e s  i n  w i n t e r  (and, s o ,  s e t t i n g  
t h e i r  t h e r m o s t a t s  h i g h )  a r e  l i k e l y  t o  be  more t o l e r a n t  of warm wea the r  i n  s u m e r  (and, s o ,  
w i l l  use  t h e i r  a i r  c o n d i t i o n e r s  l e s s ) .  

Regress ion models  o f  summer e l e c t r i c  consumption have had s i m i l a r  r e s u l t s  t o  t h o s e  
obta ined f o r  w i n t e r  g a s .  However, a  s m a l l e r  p r o p o r t i o n  of t h e  v a r i a t i o n  h a s  been e x p l a i n e d  
by t h e  same independent  v a r i a b l e s ,  between 30 and 40 p e r c e n t .  The s i z e  of the  u n i t  e x p l a i n s  
the most v a r i a n c e ,  b u t  s a v i n g s  due t o  double  g l a s s  and t o  hav ing  a  nor th - sou th  o r i e n t a t i o n ,  
of 8 t 3 p e r c e n t  and 4 2  p e r c e n t  r e s p e c t i v e l y ,  a r e  a l s o  obse rved .  No e f f e c t s  due t o  
being an end u n i t  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  d u r i n g  t h e  c o o l i n g  season .  

 e et ails of ene rgy  e f f e c t s  on r e s i d e n t i a l  housing a s  i n f l u e n c e d  by such  f a c t o r s  a s  
o r i e n t a t i o n ,  new owners,  h o u s i n g  d e s i g n  e t c .  may be found i n  S e c t i o n  I11 of Ref .  ( 3 ) .  

VARIATIONS WITH OL'TSIDE TEMPERATURE 

Winter gas  consumption fs  s t r o n g l y  p r e d i c t e d  by a  l i n e a r  r e l a t i o n  i n v o l v i n g  t h e  s i n g l e  
independent v a r i a b l e :  a v e r a g e  o h t s i d e  t empera tu re .  T h i s  s t a t e m e n t  h o l d s  whether one i s  
exp lo r ing  i n d i v i d u a l  houses  o r  a v e r a g e s  over many townhouses,  and whether one is l o o k i n g  a t  
hour ly ,  d a i l y ,  o r  monthly d a t a .  The s t r e n g t h  of t h e  o u t s i d e  t empera tu re  a s  a  p r e d i c t o r  
inc reases  bo th  as one moves t o  l o n g e r  t ime p e r i o d s  (and smooths over  t h e  e f f e c t s  of 
v a r i a t i o n s  i n  s u n n i n e s s ,  w i n d i n e s s ,  and e l e c t r i c i t y  consumption) and a s  one ave rages  o v e r  a 
l a r g e r  number of houses  (and smooths over t h e  e f f e c t s  of absences  from t h e  house ,  s p o r a d i c  
modi f i ca t ions  of t h e  r e s i d e n c e ,  and e r r a t i c  t h e r m o s t a t  b e h a v i o r ) .  

F igure  2  shows a  p l o t  of t h e  mean r a t e  of g a s  consumption, averaged o v e r  1 6  t h r e e -  
bedroom, i n t e r i o r  townhouses,  v e r s u s  ave rage  o u t s i d e  t e m p e r a t u r e ,  f o r  1 8  w i n t e r  months,  
November through A p r i l  of t h e  1972, 1973, and 1974 win te r s .**  The d a t a  come from t h e  
monthly mete r  r e a d i n g s  by t h e  g a s  u t i l i t y ,  and t h e  g a s  consumption r a t e  is p l o t t e d  i n  
cubic f e e t  p e r  day ,  s o  as t o  e l i m i n a t e  a r t i f i c i a l  e f f e c t s  of v a r y i n g  numbers of days  between 
meter r e a d i n g s .  The "average o u t s i d e  t empera tu re"  i s  a c t u a l l y  t h e  ave rage  of t h e  mean d a i l y  
high t empera tu re  and t h e  mean d a i l y  low tempera tu re  d u r i n g  t h e  p e r i o d  between mete r  r e a d i n g s ,  
except t h a t  days  where t h e  a v e r a g e  of t h e  d a i l y  h i g h  and t h e  d a i l y  low exceeded 6S°F (18'C) 
were excluded.  The a v e r a g e  o u t s i d e  t empera tu re ,  s o  d e f i n e d ,  is a l s o  t h e  ave rage  number of 
heat ing degree  days  (wi th  6 5 ' ~  r e f e r e n c e  t empera tu re )  i n  t h e  t ime i n t e r v a l ,  and i t  is  
t h e r e f o r e  d i r e c t l y  c a l c u l a b l e  from N a t i o n a l  Weather S e r v i c e  d a t a  forms which r e p o r t  d a i l y  
degree days .  The 1 6  houses  used t o  g e n e r a t e  F i g u r e  2  a r e  o u r  f i r s t  s e t  of "Omnibus" h-oouses, 
where we a r e -  -- c a r r y i n g  o u t  a  s e r i e s  of des igned  e x p e ~ i m e n t s  t o  s t u d y  the e f fec t -o f  z e t x o f i t s .  

* 
One i s  making s e v e r a l  e r r o r s .  The wind speed f o r  t h e  h e a t  load  c a l c u l a t i o n  i s  t aken  

to  be 1 5  mph (24 h / h ) ,  a  h i g h  v a l u e  because  t h e  h e a t  l o a d  is  t o  be e s t i m a t e d  f o r  w6rst- 
weather c o n d i t i o n s  ( t o  s i z e  a  f u r n a c e ) ;  winds on t h e  ave rage  a r e  more l i k e  1 0  mph_( l6 .kmulL  
Solar  h e a t i n g  th rough  t h e  windows and h e a t  g e n e r a t i o n  by t h e  a p p l i a n c e s  a r e  e n t i r e l y  
neglected i n  t h i s  c a l c u l a t i o n .  A i r  i n f i l t r a t i o n ,  33 p e r c e n t  of t h e  c o n v e n t i o n a l  h e = t T o a d  
( a t  3 /4  .exchange p e r  hour )  is modeled c rude ly . .  And t h e r e  a r e  e n t i r e  h e a t  l o s s  rnecha2-&S 
involving i n t e r n a l  a i r  c i r c u l a t i o n ,  which a r e  n o t  i n c l u d e d .  

- 

% * 
Throughout t h i s  p a p e r ,  t h e  "1972 w i n t e r "  is  t h e  w i n t e r  c o n t a i n i n g  J a n u a r y  1972, etc.  



The Omnibus sample is somewhat e n r i c h e d  i n  houses  w i t h  v e r y  h igh  and v e r y  low r a t e s  of 
g a s  consumption; i t  i s  o t h e r w i s e  t y p i c a l .  

The d a t a  i n  F i g u r e  2  show a  c l e a r  p a t t e r n :  one l i n e  p a s s e s  through t h e  d a t a  of t h e  
1972 and 1973 w i n t e r s  ( i t s  = 0 . 9 0 ) ,  and t h e  d a t a  of t h e  1974 w i n t e r  ( excep t  f o r  A p r i l )  
f a l l  below t h a t  l i n e .  The "energy c r i s i s "  of t h e  autumn of 1973 l e f t  a  s t r o n g  i m p r i n t  on 
Twin R i v e r s .  Here we c o n c e n t r a t e  on t h e  f i r s t  two w i n t e r s .  The model p o s t u l a t e d  t o  f i t  
t h e  d a t a  i s :  

G + B (R-T) , (2)  

where G i s  t h e  g a s  consumption r a t e ,  T  i s  t h e  o u t s i d e  t empera tu re  (assumed less than  R) 
and t h e  two p a r a m e t e r s ,  B and R, a r e :  

B: The b a s i c  performance index f o r  th-e h e a t i n g  system. B  measures  
t h e  e x t r a  g a s  consumption r a t e  r e q u i r e d  t o  contend w i t h  an  e x t r a  
'F of c o l d  t empera tu re  outdoors. .  By means o f  t h i s  s i n g l e  para-  
m e t e r ,  t h e  accomplishments of a  r e t r o f i t  program, f o r  example,  
may be t r a c k e d  w i t h  c o n s i d e r a b l e  accuracy .  A convenient  u n i t  of 
measurement,  used c o n s i s t e n t l y  throughout  t h i s  p a p e r ,  i s  c u b i c  
f e e t  p e r  degree  day ,  ( cub ic  f e e t  of n a t u r a l  g a s ,  w i t h  1025 b t u  
p e r  c u b i c  f o o t ;  F a h r e n h e i t  d e g r e e  d a y s ) ,  o r  Megajoules p e r  'C-day. 
B  is t h e  s l o p e  of t h e  l i n e  drawn i n  F i g u r e  2. 

R: t h e  t empera tu re  a t  which t h e  f u r n a c e  f i r s t  comes on i n  "F. R  i s  
t h e  b e s t  " r e f e r e n c e  t empera tu re"  f o r  degree  day c a l c u l a t i o n s ,  because  
then  g a s  consumption is p r o p o r t i o n a l ,  n o t  j u s t  l i n e a r l y  r e l a t e d ,  t o  
d e g r e e  days .  R i s  t h e  t e m p e r a t u r e  i n t e r c e p t  of t h e  l i n e  drawn -in 
F i g u r e  2. 

The r e s u l t  of a  l e a s t  s q u a r e ' s  f i t  of t h e  model t o  t h e  twe lve  d a t a  p o i n t s  from t h e  
1972 and 1973 w i n t e r s  is:  

To what can we r e l a t e  t h e  sys tem performance i n d e x ,  B, h e r e  21 cu.  f t .  p e r  OF-day (42 
MegaJ./ 'C-day), and t h e  r e f e r e n c e  t e m p e r a t u r e ,  h e r e  62°F (17'C)? A s i m p l e  p h y s i c a l  model 
l e a d s  t o  Equa t ion  2  and answers  t h e  q u e s t i o n .  I t  i s  t h e  h e a t  ba lance  e q u a t i o n ,  e x p r e s s i n g  
t h e  c o n s e r v a t i o n  of ene rgy :  

where G ,  E, and S a r e  t h e  r a t e s  a t  which g a s ,  e l e c t r i c i t y ,  and s o l a r  ene rgy  a r e  i n t r o d u c e d  
i n t o  t h e  s t r u c t u r e ;  e g ,  e,, and e s  a r e  t h e  e f f i c i e n c i e s  by which each of t h e s e  ene rgy  
s o u r c e s  h e a t s  t h e  s t r u c t u r e ;  T i n  i s  t h e  a v e r a g e  indoor  t empera tu re ,  and K is  t h e  r a t e  a t  
which h e a t  is  l o s t ,  p e r  d e g r e e  F a h r e n h e i t  t empera tu re  d i f f e r e n c e  between t e m p e r a t u r e s  i n s i d e  
and o u t s i d e .  The l e f t  hand s i d e  of Equa t ion  4 i s  a  s i m p l i f i e d  r e p r e s e n t a t i o n  of h e a t  g a i n s :  
i t  omi t s  s m a l l e r  h e a t  g a i n s  ( f o r  example,  t h e  100-watt c o n t r i b u t i o n  of each  pe r son  meta- 
b o l i z i n g  h i s  o r  h e r  food)  and lumps a l l  e l e c t r i c i t y  u s e s  i n t o  a  s i n g l e  term. The r i g h t  hand 
s i d e  of Equa t ion  4 i s  a s i m p l i f i e d  r e p r e s e n t a t i o n  of h e a t  l o s s e s :  h e a t  l o s s e s  due t o  
conduc t ion ,  c o n v e c t i o n ,  and r a d i a t i o n  w i l l  be  n e a r l y  p r o p o r t i o n a l  t o  (Tin - T) ,  b u t  t h e  
model n e g l e c t s  t h e  e f f e c t s  of v a r i a b l e  winds  and t h e  l a t e n t  h e a t  l o s t  to t h e  e v a p o r a t i o n  
of indoor  w a t e r .  (K i s  e s s e n t i a l l y  t h e  q u a n t i t y  e s t i m a t e d  i n - t h e  c o n v e n t i o n a l  h e a t  l o a d  
c a l c u l a t i o n s ) .  The e q u a l i t y  o f  h e a t  g a i n s  and  h e a t  l o s s e s  i s _ v a i i d  only-when t h e  t ime 

-intezYaT b e i n g  c o n s i d e r e d  - i s  l ong  enough  t h a t - s t o m ~ f - k c t ~ n + ~ ~ f e c t e d .  Using 
t h i s  approach  a  t y p i c a l  w i n t e r  h e a t e r  a s s ignment  would be 67% f u r n a c e ,  20% e l e c t r i c  
a p p l i a n c e s  and 13% s o l a r ,  

The d e t a i l s  of a two-var iab le  p r o b a b i l i s t i c  model o f  t h e  g a s  consumption fo-r a_set_o-f 
house< , - t empera tu re  models f o r  i n d i v i d u a l  houses ,  and v a r i a t i o n s  of e l e c t r i c a l  consumption 
a r e  covered i n  S e c t i o n  IV of Ref .  ( 3 ) .  

- VARIATIOX ACROSS YEARS: CONSERVATION 

Conserva t ion  i n  t h e  1973-76 Winter  

The w i n t e r  1973-76 was a  t ime of s a l i e n c e  f o r  energy.  Twin R i v e r s  r e s i d e n t s  were 



onf ron ted  w i t h  hour-long l i n e s  a t  g a s  s t a t i o n s  and ,  a l though  they  were spa red  t h e  d i r e  
a r n i n g s  t o  t h o s e  whose homes were h e a t e d  by o i l  t h a t  t h e  s u p p l i e s  might  no t  l a s t  through 
he w i n t e r ,  t h e y  were deluged w i t h  p l e a s  t o  conse rve ,  i n  p a r t i c u l a r ,  t o  t u r n  down t h e i r  
he rmos ta t .  The d a t a  show t h e  r e s p o n s e  t h a t  w i n t e r  i n  g a s  consumption t o  have been by 
' a r  t h e  l a r g e s t  of any r e s p o n s e ,  i n  e i t h e r  g a s  o r  e l e c t r i c  consumption, over  t h e  f i v e  
:ears  (1971-76) s i n c e  t h e  town began. I 

Consider  t h e  t o t a l  w i n t e r  g a s  consumption i n  t h e  t h i r t e e n  "Omnibus" townhouses f o r  
vhich d a t a  a r e  complete ,  f o r  t h e  1972, 1973, 1974,  and 1975 w i n t e r s .  There were no changes 
o f  o m e r s  i n  t h o s e  houses  i n  t h a t  p e r i o d .  Three houses  reduced t h e i r  w i n t e r  energy consump- 
t i o n  by more than  1 0  p e r c e n t  between 1972 and 1973; e i g h t  ( i n c l u d i n g  two r e p e a t s )  between 
1973 and 1974; and two (bo th  r e p e a t s  of 1973 t o  1974) between 1974 and 1975. None of t h e  
13 i n c r e a s e d  i t s - g a s  consumption by more than  1 0  p e r c e n t  i n - a  s i n g l e  w i n t e r  between 1972 
and 1973 o r  between 1973 and 1974,  b u t  3  of t h e  8  who came down more than  1 0  p e r c e n t  between 
i973  and 1974 climbed back up more than  1 0  p e r c e n t  between 1974 and 1975. The n e t  r e s u l t  
of wuch two-way movement i n  Twin R i v e r s  a s  a  whole,  a s  w i l l  be s e e n  below, was a  smal l  
a d d i t i o n a l  r e d u c t i o n  i n  g a s  consumption between 1974 and 1975. 

As was s e e n  i n  F i g u r e  2 ,  t h e  r e d u c t i o n  i n  mean g a s  consumption between November 1973 
and A p r i l  1974 o c c u r r e d  i n  a l l  months excep t  A p r i l ,  r e l a t i v e  t o  t h e  b e s t  f i t  of t h e  d a t a  of 
t h e  p r e v i o u s  two y e a r s .  The a b s o l u t e  amount conserved was l a r g e s t  i n  t h e  two c o l d e s t  months, 
January and February 1974. The v a r i a t i o n  of g a s  consumption a c r o s s  houses  remained 
e x a c t i p  a s  i t  had been i n  t h e  p r e v i o u s  two y e a r s ;  q u a n t i f i e d  by t h e  s t a n d a r d  d e v i a t i o n  
d iv ided  by t h e  mean, t h e  1974 w i n t e r  months f a l l  amidst  those  of t h e  p r e v i o u s  two w i n t e r s ,  
when account  i s  made f o r  o u t s i d e  t empera tu re .  

The p a t t e r n  of c o n s e r v a t i o n  a c r o s s  houses  over  t h e  four-month w i n t e r s  1972,  1973, and 
1974 have been compared f o r  t h e  s p l i t - l e v e l  u n i t s  i n  Quad 11. A t  t h e  nea rby  s t a t i o n  of 
the  N a t i o n a l  Weather S e r v i c e  a t  T r e n t o n ,  t h e r e  were ,  r e s p e c t i v e l y ,  3291, 3151, and 3251 
degree-F-days (1828, 1751, and 1806 degree-C-days) d u r i n g  each f o u r  month p e r i o d ,  and s o  
one might have expec ted  a d r o p  i n  consumption of 4  p e r c e n t  from t h e  f i r s t  w i n t e r  t o  t h e  

'second and a  c l imb of 3  p e r c e n t  from t h e  second w i n t e r  t o  t h e  t h i r d .  I n s t e a d ,  t h e  p a t t e r n  
i s  approx imate ly  symmetric a b o u t  t h e  l i n e  of e q u a l  consumption f o r  t h e  f i r s t  two w i n t e r s  
( ' 7 3  v s .  ' 7 2 )  and t h e  p a t t e r n  i s  w e l l  ba lanced .  I n  c o n t r a s t ,  t h e  w i n t e r  74 d a t a  v e r s u s  
w i n t e r  73 i s  c o n s i d e r a b l y  below t h e  l i n e .  The d a t a  c l e a r l y  show t h e  e f f e c t s  of a n  e f f o r t  
a t  c o n s e r v a t i o n ,  and i t  shows, f u r t h e r m o r e ,  1 )  t h a t  c o n s e r v a t i o n  occur red  whether  house- 
ho lds  e a r l i e r  were h i g h  o r  low on t h e  s c a l e  and 2) t h a t  t h e  amount of c o n s e r v a t i o n  averaged 
about  t h e  same independent  of i n i t i a l  consumption l e v e l .  The p a t t e r n  a p p e a r s  q u i t e  
c o n s i s t e n t  w i t h  a  r e d u c t i o n  of ave rage  i n t e r i o r  t empera tu re  by an  amount independent  of t h e  
i n i t i a l  t e m p e r a t u r e ,  and i t  would be  amusing t o  t r y  t o  g e n e r a t e  t h e  p a t t e r n  u s i n g  two random 
v a r i a b l e s ,  one f o r  i n i t i a l  t e m p e r a t u r e ,  a n o t h e r  f o r  s h i f t  i n  t empera tu re .  The b e h a v i o r a l  
s c i s n t i s t  a p p e a r s  now t o  have a  second f a c t o r  t o  e x p l a i n :  n o t  o n l y  who i s  h i g h  and who i s  
low b u t  a l s o  who i s  r e s p o n s i v e  and who i s  n o t .  The two f a c t o r s  appear  t o  be  n e a r l y  
independent .  

Conse rva t ion :  A Five-Year Viewpoint 

The average  monthly g a s  consumption f o r  1 5 1  Quad I1 townhouses,  i n  "cubic  f e e t  p e r  
degree  day , "  i s  p l o t t e d  f o r  e i g h t e e n  c o n s e c u t i v e  c o l d  w i n t e r  months (December 1971 through 
Jan.  1976) i n  F i g u r e  3 .  T h i s  f i g u r e  e x t e n d s  t h e  d a t a  of F i g u r e  2  beyond A p r i l  1974, and i t  
"normalizes" t h e  consumption f o r  t h e  e f f e c t  of wea the r  by d i v i d i n g  by d e g r e e  days .  I n  
c a l c u l a t i n g  ' d e g r e e  days1'  h e r e ,  a  r e f e r e n c e  t empera tu re  of 65°F ( 1 8 . 3 ~ ~ )  was used; t h i s  i s  
n e a r l y  a lways  -. t h e  form of e a s i l y  a v a i l a b l e  d a t a .  

-However, t h e  i n t e r c e p t  i n  F igure  2  i s  6 2 ' ~  (18OC). The e f f e c t  L f  u s i n g  a  r e f e r e n c e  
temperature  h i g h e r  than  t h e  i n t e r c e p t  t u r n s  d a t a  which appear  l i n e a r  when p l o t t e d  a s  i n  
Figure  2 i n t o  d a t a  which do n o t  l i e  on a h o r i z o n t a l  l i n e  -when p l o t t e d  a s  i n  F i g u r e  3 .  The 
q u a n t i t a t h s t a t e m e n t  of t h e  d e p a r t u r e  from t h e  h o r i z o n t a l  i s  t h e  f o l l o w i n g :  

I f  t h e  g a s  consumption f o r  two t ime p e r i o d s ,  w i t h  ave rage  t e m p e r a t u r e s  T1 and T2, 
a c t u a l l y  f a l l s  on a  s t r a i g h t  l i n e  p a s s i n g  through z e r o  g a s  consumption a t  t empera tu re  R ,  
t h e  v a l u e s  o f  g a s  consumption p e r  d e g r e e  day ,  c a l c u l a t e d  u s i n g  a  r e f e r e n c e  t empera tu re  
R o 5  w i l l  d i f f e r  from one a n o t h e r  by t h e ~ f r a c t i o n :  



of t h e i r  own v a l u e .  The c o l d e r  t h e  t ime p e r i o d s  be ing  compared, and t h e  s m a l l e r  t h e  
d i f f e r e n c e  i n  a v e r a g e  o u t s i d e  t empera tu re  between them, t h e  l e s s  i t  m a t t e r s  having t h e  b e s t  
r e f e r e n c e  t empera tu re .  

For example,  i f  T1 = 30°F, T2 = 3ZoF, R = 6Z°F, and R. = 65°F ( - l . l ° C ,  O°C, 16.7"C 
and 18.3'C r e s p e c t i v e l y ) ,  t h e  v a l u e  of t h e  r a t i o  i n  (5)  i s  f  = 0.006, a  l i t t l e  more t h a n  1 / 2  
p e r c e n t .  When t h e  r a t i o  i n  (5) i s  l a r g e  ( s a y ,  0 .10  o r  more) ,  e i t h e r  because  t h e  t ime 
p e r i o d s  a r e  mi ld  o r  because  they  d i f f e r  s u b s t a n t i a l l y  i n  o u t s i d e  t empera tu re ,  p l o t s  l i k e  
F i g .  2  a r e  p r e f e r a b l e  t o  p l o t s  l i k e  F i g .  3. 

There must be c o n s i d e r a b l e  u t i l i t y ,  however,  e s p e c i a l l y  i n  a  c o n t e x t  of p u b l i c  p o l i c y ,  
i n  hav ing  an  i n d e x ,  l i k e  c u b i c  f e e t  p e r  d e g r e e  day ,  t h a t  g i v e s  an  immediate i n d i c a t i o n  of 
t h e  performance of a house .  Indeed,  t h e  v o l u n t a r y  c o n s e r v a t i o n  p o r t r a y e d  i n  F igure  3 c a n  
be summed up a s :  "The g a s  consumption index  of t h e  ave rage  house hovered between 1 8  a n d - l 9  
(36 and 38) f o r  t h e  1972 and 1973 w i n t e r s ,  b u t  dropped t o  a  new l e v e l ,  between 1 6  and 1 7  
(32 and 3 4 ) ,  a t  t h e  s t a r t  of t h e  1974 w i n t e r  and h a s  s t a y e d  t h e r e  eve r  s i n c e . "  

Annual a v e r a g e  consumption per d e g r e e  day w i l l  be  even l e s s  s u b j e c t  t o  d i s t o r t i o n s  as 
o u t l i n e d  i n  Equa t ion  5:  The v a l u e  of t h e  e r r o r  f ,  w i l l  i n e v i t a b l y  be v e r y  s m a l l ,  because  t h e  
ave rage  o u t s i d e  w i n t e r  t empera tu res  w i l l  be  s o  n e a r l y  t h e  same from year- to-year .  The 
annua l  i n d i c e s  f o r  t h e  p a s t  f i v e  w i n t e r s  a r e  1 7 . 8 ,  1 7 . 7 ,  1 6 . 4 ,  15 .9 ,  and 15.7  c u b i c  f e e t  
p e r  degree-F-day (35.2, 35, 32.5 ,  31 .5 ,  3 1  Megajoules  p e r  degree-C-day). From t h e  f i r s t  * 
t o  t h e  l a s t ,  t h e  drop i s  12 p e r c e n t .  

We f u l l y  expec ted  t o  f i n d  a  s i m i l a r  p a t t e r n  of c o n s e r v a t i o n  when we looked a t  e l e c -  
t r i c i t y  consumption i n  summer. However, t h e r e  i s  no ev idence  of such c o n s e r v a t i o n .  The 
p r i c e  of e l e c t r i c i t y  more than  doubled between 1971 and 1976, boosted by a  s p e c i a l  s u r -  
cha rge  d e l i b e r a t e l y  in tended  t o  d i s c o u r a g e  on-peak usage of a i r  c o n d i t i o n e r s .  Each summer 
t h e  r e s i d e n t s  of Twin R i v e r s  e x p r e s s  a n g u i s h  over  t h e i r  e l e c t r i c  b i l l s ,  and they  compare 
b i l l s  w i t h  one a n o t h e r .  Yet ,  a p p a r e n t l y ,  t h e y  do n o t  conse rve  ( s e e  Ref .  ( 3 ) ) .  

There  was no  a p p a r e n t  c o n s e r v a t i o n  of e l e c t r i c i t y  d u r i n g  t h e  1974 w i n t e r  r e l a t i v e  t o  
t h e  ave rage  of t h e  p r e v i o u s  two w i n t e r s .  An a n a l y s i s  of mean consumption over  houses  gave  
average  monthly w i n t e r  r e a d i n g s  of 1227, 1210 ,  and 1207 k i l o w a t t  hours  f o r  t h e  1972, 1973,  
and 1974 w i n t e r s ,  a  n e g l i g i b l e  v a r i a t i o n .  

P r i c e  and P r i c e  Response 

The p r i c e  of ene rgy  h a s  been r i s i n g  a t  Twin R i v e r s .  The m a r g i n a l  p r i c e s  of b o t h  
e l e c t r i c i t y  and g a s  approx imate ly  doubled between 1971 and 1976. There is c o n s i d e r a b l e  
i n t e r e s t  i n  many q u a r t e r s  i n  c a p t u r i n g  t h e  j o i n t  e x p e r i e n c e  of r i s i n g  p r i c e s  and reduced 
consumption i n  a  s i n g l e  index ,  t h e  e l a s t i c i t y  of demand. The d a t a  a r e  a  t e s t ament  t o  t h e  
a p p a r e n t  absence  of any demand e l a s t i c i t y  a t  a l l  f o r  summer e l e c t r i c i t y ,  i n c l u d i n g  summer 
a i r  c o n d i t i o n i n g .  

A r o b u s t  r e g r e s s i o n  on annua l  d a t a  f o r  g a s  consumption p e r  d e g r e e  day and m a r g i n a l  
p r i c e  (wi th  no c o r r e c t i o n  f o r  i n f l a t i o n )  t e s t e d  t h e  model (C = Gas consumed pe r  d e g r e e  day,  
P = m a r g i n a l  p r i c e )  and r e s u l t e d  i n :  

and y i e l d e d  t h e  f i v e  y e a r  ave rage  e l a s t i c i t y :  

2  
The R-  of t h e  f i t  was 0 .91 .  

The d a t a  c l e a r l y  t e l l  a more compl ica ted  s t o r y  than  i s  c a p t u r e d  by a  c o n s t a n t  
e l a s t i c i t y ,  however: F i r s t ,  consumption went-&own, t h e  p ~ i c e  wen t  up.  %re is no-way 
i n  which our  d a t a  can r e f u t e  t h e  economist  who s a y s  "Ah ha ,  p r i c e  a n t i c i p a t i o n ! "  o r  t h e  
s o c i o l o g i s t  who s a y s  " t h e  c o n s e r v a t i o n  campaign of t h e  mass media was h i g h l y  e f f e c t i v e "  
or  t h e  e n g i n e e r  who s a y s  " a f t e r  t u r n i n g  t h e  t h e r m o s t a t  down, i t  w a s n ' t  e a s y  t o  f i n d  t h e  
nex t  t h i n g  t o  do." There i s  common s e n s e  i n  a l l  t h r e e  s t a t e m e n t s .  

n 

The f i r s t  f o u r  "winters"  h e r e  a r e  a v e r a g e s  over  s i x  w i n t e r  months,  November t o  A p r i l ;  
"winter  1976" i s  a n  average  over  t h e  f i r s t  t h r e e  months.  

. . 



COSSLYPTIOS BEFORE AND AFTER RETROFITS 

,A s ~ s t e r r i a t i c  program of r e t r o f i t s  was launched a t  Twin R i v e r s  d u r i n g  t h e  1976 w i n t e r  ( s e e  
Ref .  ( 5 ) ) .  By t h e  space-age word " r e t r o f i t "  we r e f e r  t o  p h y s i c a l  m o d i f i c a t i o n s  of an  
p> t i s t ing  s t r u c t u r e  des igned t o  improve i t s  performance,  i n  t h i s  c a s e  i t s  performance a s  

system t o  p r o v i d e  comfort  a t  minimum energy  c o s t .  Hence, t h e  r e t r o f i t s  were chosen on 
the b a s i s  of a n t i c i p a t e d  c o s t  e f f e c t i v e n e s s  and r e p r e s e n t  f i r s t  s t e p s  t o  t a k e  i n  home 
caergy s a v i n g s .  The d e f e c t s  i n  t h e  houses  be ing  addressed  by r e t r o f i t s  w i l l  be d e t a i l e d  
in  S e c t i o n  2. Here ,  we p r e s e n t  some summary r e s u l t s  concern ing  t h e  s a v i n g s  i n  a c t u a l  g a s  
l:hict, r e s u l t e d  from t h e  r e t r o f i t s .  There  a r e  two o b j e c t i v e s  h e r e .  The f i r s t  i s  t o  emphasize 
the "bottom l i n e " :  The f u l l  r e t r o f i t  package reduced average w i n t e r  g a s  consumption by 25 
pe rcen t .  The second i s  t o  e x e r c i s e  t h e  t e c h n i q u e s  developed,  t o  demons t ra te  t h e  h i g h  l e v e l  
of -conf idence w i t h  which t h i s  c l a im can be  a s s e r t e d .  

Through moni to r ing  t e m p e r a t u r e s  and e l e c t r i c  and g a s  consumption, h o u r l y ,  i n  t h e  
pa r iods  b o t h  b e f o r e  and a f t e r  r e t r o f i t  i t  can be shown t h a t  n o t  o n l y  was house energy 
consumption reduced b u t  a l s o  t h e  townhouses became more comfor tab le ,  v i t h  l e s s  t empera tu re  
d i f f e r e n c e  between u p s t a i r s  and down, and l e s s  d r a f t i n e s s  ( a t  l e a s t  as measured by t h e  
reduced r e s p o n s i v e n e s s  of g a s  consumption t o  o u t s i d e  wind v e l o c i t y ) .  Moreover, t h e  d e t a i l e d  
modeling now i n  p r o g r e s s  s u g g e s t s  t h a t  f u l l  b e n e f i t  from t h e  m o d i f i c a t i o n s  i n  townhouse 
c h a r a c t e r i s t i c s  w i l l  n o t  have been d e r i v e d  u n t i l  f u r t h e r  minor m o d i f i c a t i o n s  a r e  c a r r i e d  o u t .  
For example, i t  a p p e a r s  t h a t  t h e  j u s t i f i c a t i o n  f o r  lowering t h e  fan-off  t empera tu re  i n  t h e  
fu rnace  c o n t r o l  sys tem becomes even s t r o n g e r  f o l l o w i n g  t h e  i n s u l a t i o n  o f  t h e  d u c t s .  The 
d e t a i l e d  d a t a  shou ld  a l s o  pe rmi t  u s  t o  s e p a r a t e ,  a t  l e a s t  t o  some d e g r e e ,  t h e  consequences 
of t h e  s e p a r a t e  r e t r o f i t  packages  and t o  i d e n t i f y  i n t e r a c t i o n s ,  i f  t h e  s a v i n g s  t u r n  o u t  n o t  
t o  be l i n e a r .  F i n a l l y ,  t h e  d e t a i l e d  d a t a  s h o u l d  permit  some of our  townhouse models t o  be  
checked, t o  l e a r n ,  f o r  example,  whether  t h e  a t t i c  t empera tu re  was lowered as much a s  expec ted  
by t h e  a t t i c  r e t r o f i t s ,  and ,  i f  i t  w a s n ' t ,  t o  g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  d e f i c i e n c i e s  
of c u r r e n t  model ing.  

The c h o i c e s  f o r  what i s  cons ide red  a  f i r s t  phase  of r e t r o f i t  were made t o  reduce 
conduction l o s s e s ,  lower a i r  i n f i l t r a t i o n  l e v e l s ,  and improve d i s t r i b u t i o n  o f  energy from 
the f u r n a c e .  The b a s i s  f o r  t h e  c h o i c e s  were d a t a  from t h e  ins t rumented  homes, i n f r a r e d  
scanning i n f o r m a t i o n ,  a i r  i n f i l t r a t i o n  m o n i t o r i n g ,  and s p e c i a l  exper imen t s  i n  t h e  r e n t e d  
townhouse ( 5 ) .  Group A, l o c a t e d  i n  t h e  a t t i c ,  emphasized reduced conduc t ion  l o s s  by r a i s i n g  
the i n s u l a t i o n  l e v e l  t o  R-30 (0 .19 w/mz0c) a s  w e l l  a s  s e a l i n g  t h e  c r a c k  e x i s t i n g  between 
the a t t i c  f rame f l o o r  and t h e  masonry f i r e w a l l s  ( o u t s i d e  c a u l k i n g  o f - t h i s  frame - masonry 
j o i n t  i s  a l s o  i n c l u d e d ) .  Group B ,  l o c a t e d  i n  t h e  b a s i c  l i v i n g  a r e a ,  c o n c e n t r a t e s  on improved 
door and window s e a l s  2 0  r educe  a i r  i n f i l t r a t i o n  l o s s e s .  Improved t i g h t n e s s  of t h e  b a s i c  
l i v i n g  a r e a  w i t h  reduced d r a f t s  and i n c r e a s e d  comfor t  was t h e  aim h e r e .  Caulking around 
window f rames  was a l s o  inc luded  b o t h  i n s i d e  and o u t .  Group C, l o c a t e d  i n  t h e  z e l l a r ,  
emphasized t h e  r e d u c t i o n  of t h e  l o s s e s  from t h e  warm a i r  d u c t s  and r e g i s t e r s  t o  t h i s  
l i g h t l y  used a r e a  and reduced t h e  l o s s e s  from t h e  h o t  wa te r  s t o r a g e  tank.  Two i n c h - t h i c k  
f i b e r g l a s s  d u c t  wrap w i t h  aluminum f o i l  back ing  was used i n  bo th  c a s e s .  I n s u l a t i o n  a l s o  
extended t o  t h e  l i v i n g  room window overhang which inc luded  two d u c t s  and r e g i s t e r s .  I n  
a d d i t i o n  t o  t h e  t h r e e  r e t r o f i t  groups  j u s t  d e s c r i b e d ,  i n  a l l  b u t  a  l i m i t e d  number of c o n t r o l  
homes, t h e  a i r  s h a f t  connec t ing  t h e  basement t o  t h e  a t t i c  ( su r round ing  t h e  f u r n a c e  f l u e )  
was s e a l e d  a t  t h e  a t t i c  f l o o r  (Group D ) .  The pr imary e f f e c t  of t h i s  s e a l  i s  t o  r educe  a i r  
i n f i l t r a t i o n  l o s s  of warm a i r  from t h e  basement t o  t h e  a t t i c  ( s e e  Refs .  ( 3 )  and (5). 

The r e t r o f i t s  were implemented i n  two segments d u r i n g  t h e  week of January  19-23 and 
dur ing t h e  two weeks from February  13 t o  27. E i g h t  o f  t h e  s i x t e e n  houses  r e c e i v e d  r e t r o f i t s  
i n  t h e  f i r s t  p e r i o d ,  o n l y  two of them r e c e i v e d  t h e  f u l l  package.  By t h e  end of t h e  second 
per iod a l l  s i x t e e n  had r e c e i v e d  some r e t r o f i t .  The e f f e c t  of t h e  f i r s t  s e r i e s  of r e t r o f i t s  
was v i s i b l e  a l m o s t  i n s t a n t l y  i n  t h e  d a t a  o b t a i n e d  by d a i l y  moni to r ing  of t h e  g a s  and 
e l e c t r i c  m e t e r s .  F i g u r e  4 shows two average  r a t e s  cf g a s  consumption, one f o r  t h e  e i g h t  
l ' ~ ~ n t r ~ l l '  h o u s e s .  Averages were computed e v e r y  f o u r  d a y s ,  and v a r i a t i o n s  i n  weather  wFre 
crudely  i n c o r p o r a t e d  by d i v i d i n g  by t h e  degree  days  based on a  6S°F (18.3'C) r e f e r e n c e  
temperature .  The two l i n e s  were n e a r l y  one b e f o r e  t h e  r e t r o f i t s  were performed ( t h e  
s e l e c t i o n  of t h e  " f i r s t  e i g h t ' '  was made i n  p a r t  t o  accomplish  t h i s )  and s e p a r a t e d  immediately 
i n t o  two g roups  one having a  performance index  averag ing  j u s t  above 15 c u b i c  f e e t  degree  
day (30 ~ e ~ a j o u l e s / ' ~ - d a ~ )  and t h e  r e t r o f i t t e d  group averag ing  around 1 2  (24  ~ e g a j o u l e s /  
'C-day). 

N e i t h e r  b e f o r e  nor  a f t e r  r e t r o f i t  were t h e  ave rage  g a s  consumption r a t e s  f l a t  ove r  time. 
Figure 4 g i v e s  a  c l u e  about  t h e  s o u r c e  o f  t h e  d e t a i l e d  v a r i a t i o n s  of t h e  l i n e s ,  f o r  i t  shows 



t h e  four-day average  o u t s i d e  t empera tu re  moving roughly  o p p o s i t e l y  t o  t h e  g a s  consumption 
r a t e .  T h i s  i s  what one would expec t  i f  t h e  d a t a  (of g a s  consumption v e r s u s  o u t s i d e  temp- 
e r a t u r e )  i n  f a c t  l a y  on a  l i n e  w i t h  a  lower i n t e r c e p t  than  65°F (18.3"C) ,  a s  was seen  i n  t h e  
p l o t  of monthly d a t a  i n  F igure  2. I n  F igure  4 i t  i s  c l e a r  t h a t  t h i s  c o r r e c t i o n  a l o n e  cannot  
account  f o r  a l l  t h e  v a r i a t i o n s !  k'hen t h e  p e r i o d  over  which d a t a  a r e  averaged becomes a s  
s h o r t  a s  f o u r  d a y s ,  e f f e c t s  of v a r i a t i o n s  i n  ave rage  wind iness  and s u n n i n e s s  beg in  t o  be  
e x h i b i t e d .  N o n e t h e l e s s ,  t h e  f i r s t  s t e p  i n  f l a t t e n i n g  t h e  c h a r a c t e r i s t i c  performance index  
does seem t o  be  t o  a d j u s t  f o r  a  lower i n t e r c e p t ;  f o l l o w i n g . t h e  method embodied i n  Equa t ion  
5  (wi th  R s e t  e q u a l  t o  62'F o r  1 6 . 7 ' ~ ) ~  whenever a  comparison i s  made between performance 
i n d i c e s  f o r  p e r i o d  d i f f e r i n g  a p p r e c i a b l y  i n  ave rage  o u t s i d e  t empera tu re .  

The n i n e  f u l l y  r e t r o f i t t e d  (ABCD) houses  become a  f a s c i n a t i n g  s u b s e t  f o r  f u r t h e r  s tudy .  
Table  1 shows t h e  remarkable  e x t e n t  t o  which t h e  n i n e  houses  r e t a i n e d  t h e i r  i d e n t i t y  as 
high and low u s e r s  of g a s :  t h e  breakdown i n t o  2 houses  h i g h ,  5 houses  i n  t h e  middle ,  and 
2 houses low was p r e s e r v e d ,  excep t  f o r  one s m a l l  s w i t c h .  (The c o r r e l a t i o n  between p re -  
and p o s t - r e t r o f i t  f o r  t h e s e  n i n e  houses  was 0 .81. )  Moreover, t h e  c o e f f i c i e n t  of v a r i a t i o n  
w i t h i n  t h e  group d i d  no t  d i m i n i s h :  bo th  b e l o r e  and a f t e r ,  t h e  s t a n d a r d  d e v i a t i o n  was 
17 p e r c e n t  of t h e  mean. 

These r e s u l t s  can o n l y  be accounted f o r  i n  one of two ways: e i t h e r  t h e  r e a s o n s  f o r  
such v a r i a t i o n  a r e  s t r u c t u r a l ,  b u t  l i e  i n  a r e a s  untouched by o u r  r e t r o f i t s  (e .g . ,  t h e  
performance o f  t h e  f u r a n c e s )  o r  they  a r e  b e h a v i o r a l .  As d i s c u s s e d  p r e v i o u s l y ,  t h i s  canno t  
be a  s h a r p  l i n e ,  f o r  peop le  o f t e n  e x p r e s s  t h e i r  behav io r  by doing someth ing  t o  t h e  s t r u c t u r e ,  
and v a r i a t i o n s  i n  t e m p e r a t u r e  s e t t i n g  a l o n e  do n o t  g i v e  t h e  f u l l  e x p l a n a t i o n .  We a p p e a r  t o  
be l e f t  w i t h  t h e  f a s c i n a t i n g  quandary t h a t  l a r g e  d i f f e r e n c e s  i n  consumption can r e s u l t  from 
v a r i a t i o n s  i n  behav io r  w i t h i n  t h e  houses  t h a t  a r e  not r e l a t e d  t o  g r o s s  d e f e c t s  i n  s t r u c t u r e  
nor  t o  i n t e r i o r  t empera tu re  s e t t i n g s  (even though bo th  of t h e  l a t t e r  a r e  i m p o r t a n t ) .  
Examples of such behav io r  a r e  whether  i n t e r i o r  d o o r s  a r e  l e f t  open o r  c l o s e d  and when d r a p e s  
a r e  drawn. Such e x p l a n a t i o n s  of v a r i a b i l i t y  a c r o s s  houses  s t i l l  l i e  i n  t h e  f u t u r e .  

We a r e  i n e v i t a b l y  asked about  t h e  payback p e r i o d  f o r  t h e  s a v i n g s  obse rved .  The AD and 
C r e t r o f i t s  were done by c o n t r a c t o r s ,  a t  $190 and $135, r e s p e c t i v e l y .  The B r e t r o f i t  was 
done by our  t e c h n i c i a n s ;  p e r  house ,  t h e  m a t e r i a l s  c o s t  approx imate ly  25 d o l l a r s ,  bu t  t h e  
l a b o r  would have brought  t h e  t o t a l  c o s t  t o  a t  l e a s t  $75 (a l though  many households  would have 
accomplished t h i s  t a s k  d u r i n g  t h e i r  "spare"  t i m e ) .  A t  $400 p e r  house ,  3 d o l l a r s  p e r  m i l l i o n  
b t u  ($3  pe r  G i g a j o u l e ) ,  80 m i l l i o n  b t u  o r  G i g a j o u l e s  (800 hundred c u b i c  f e e t )  p e r  w i n t e r ,  
and 25 p e r c e n t  s a v i n g s ,  t h e  payback pe r iod  c o n s i d e r i n g  o n l y  w i n t e r  s a v i n g s  comes t o  7 y e a r s .  

There a r e  s e v e r a l  r s a s o n s  why t h i s  i s  a  v e r y  h i g h  e s t i m a t e  of t h e  payback p e r i o d :  
1 )  Savings  i n  summer and i n  w i n t e r  e l e c t r i c i t y  a r e  no t  i n c l u d e d ;  t h e y  a r e  c u r r e n t l y  b e i n g  
documented, however, e s t i m a t e s  a r e  t h a t  t h i s  i tem a l o n e  w i l l  r educe  t h e  payback p e r i o d  t o  
l e s s  than 3  y e a r s  (Ref.  5 ) .  2)  The c o s t  of n a t u r a l  g a s  i s  a lmost  c e r t a i n  t o  go up, i n  
c o n s t a n t  d o l l a r s .  3 )  Once t h e  e f f e c t s  of t h e  v a r i o u s  r e t r o f i t s  a r e  s e p a r a t e d  from one 
a n o t h e r ,  a  more c o s t - e f f e c t i v e  package of r e t r o f i t s  can be  recommended; e . g . ,  i f  t h e  a t t i c  
r e t r o f i t  a l o n e  saved 1 5  p e r c e n t ,  i t s  payback p e r i o d  would be 4  y e a r s  o r  i f  t h e  wa te r  h e a t e r  
wrap were s e p a r a t e d  from C ,  t h e  payback p e r i o d  would be a  fe-W months. 4 )  No p r i c e  is 
p laced  on improved comfor t ,  a  v e r y  impor tan t  c o n s i d e r a t i o n - b e f o r e  i t e m s  such  a s  n i g h t  s e t -  
back can even be  c o n s i d e r e d .  5)  F i n a l l y ,  i n  s o m e c i r c m s t a n c e s ,  ne ighbors  and e n t i r e  
communities,  b a r g a i n i n g  c o l l e c t i v e l y ,  should  be a b l e  t o  o b t a i n  even lower p r i c e s  f o r  -the 
r e t r o f i t s .  

SECTJOB 2: A CLOSER LOOK A T  THE TOWNHOUSE - -  ---. -. - . - 
-- 

The energy f low between t h e  t o m h o u s e  and t h e  o u t d o o r s  and w i t h i n  t h e  townhouse -seTf can 
be modeled a t  v ~ r y i n g  d e g r e e s  of complexi ty .  C!uesrions_arise as t o  how many zones shou ld  
be c o n s i d e r e d  i n  t h i s  home h e a t  t r a n s f e r  problem. HOW shou ld  t h e  h e a t  genera ted  by t h e  
furnace;--the a p p l i a n c e s ,  t h e  peop le  and t h e  sun-be distr_ib-uted? - What abou t  t h e - b o u n d a r y  

- c g n d i t i o n s  imposed by wea the r  and ground t empera tu re  or,  i n  t h F T i s e  of the-tcrwnhonse, 
t h e  t empera tu re  o f  t h e  n e i g h b o r s '  houses?  The c o m b i n a t i o n s f  i n t e r n a l  heat s o u r c e s  and 
e x t e r n a l  boundary c o n d i t i o n s  w i l l  d e t e r m i n e  t h e  e q u i l i b r i u m  t e m p e r a f u r s ( s )  i n s i d e  t h e  
house. 

I n  a  onezzone model of t h e  townhouse, t h e  interior-he%-sourc_e_s a r e  assumed t o  be 
un i fo rmly  d i s t r i b u t e d  i n  s p a c e ;  they  a r e  b e s t  c h a r a c t e r i z e d  by t h e i r  h e a t  o u t p u t  p e r  u n i t  

- .- 
tim?, r a t h e r  than-by some - t empera tu re .  For example, t h e  townhouse- f u r n a c e  produces  80,000 
b t u  ?e;- Lour (23.4 k i l o w a t t s )  of h e a t  when runn ing  s t e a d i l y ,  of  which a--Certain f r a c t i o n ,  



:he o v e r a l l  f u r n a c e  e f f i c i e n c y ,  a c t u a l l y  h e a t s  t h e  house.  The a p p l i a n c e s  p rov ide  h e a t  t o  t h e  
dwel l ing i n  v a r y i n g  amounts.  The r e f r i g e r a t o r  and t h e  range  (where i t  i s  n o t  ven ted)  r e t u r n  
a l l  t h e  h e a t  t h e y  g e n e r a t e  t o  t h e  townhouse, a s  i s  t h e  c a s e  f o r  the  s m a l l e r  a p p l i a n c e s  and 
l i g h t i n g .  The d r y e r  e x h a u s t s  most of i t s  h e a t  t o  t h e  o u t s i d e .  I n  t h e  c a s e  of t h e  wa te r  
h e a t e r  on ly  abou t  . 3  of t h e  used energy  a i d s  i n  h e a t i n g  t h e  house.  Each occupant 
p rov ides  approx imate ly  400 b t u / h r  (100 w a t t s ) .  

The s o l a r  f l u x  e n t e r i n g  t h e  house through t h e  f r o n t  windows (wi th  a  measured o p t i c a l  
t r ansmiss ion  of 75% f o r  doub le  g l a s s ,  assuming t h e  d r a p e s  a r e  complete ly  open) can be 
desc r ibed  a s  a  h e a t  s o u r c e  w i t h  a  maximum l e v e l  on a  sunny Dec. 2 1 s t  (12:40 EST) of 17,000 
b t u / h r  o r  5 k i l o w a t t s  ( f o r  a  townhouse w i t h  t h e  most f a v o r a b l e  o r i e n t a t i o n )  and a  y e a r  
round, a l l - o r i e n t a t i o n  and wea the r  ave rage  of 1500 b t u / h r  of .44  kw. 

J u s t  a s  t h e  i n t e r n a l  h e a t  s o u r c e s  a r e  b e s t  c h a r a c t e r i z e d  by t h e i r  h e a t  p r o d u c t i o n ,  t h e  
boundary c o n d i t i o n s  a r e  b e s t  though t  of i n  terms of t e m p e r a t u r e s  t h a t ,  i n  c o n j u n c t i o n  w i t h  
i n t e r n a l  h e a t  s o u r c e s ,  de te rmine  t h e  h e a t  f l u x  a c r o s s  t h e  ho \ , se  boundar ies  and t h e  
e q u i l i b r i u m  i n s i d e  t e m p e r a t u r e .  The o u t s i d e  wea the r  i n f l u e n c e s  t h e  thermal  ba lance  o f  t h e  
house p r i m a r i l y  th rough  t h e  a i r  t empera tu re ,  t h e  wind v e l o c i t y  and t h e  s o l a r  f l u x  i n t e n s i t y .  
The s o l a r  f l u x  s t r i k i n g  t h e  w a l l s  and t h e  r o o f  and t h e  i n f r a r e d  r a d i a t i o n  exchange between 
house s u r f a c e  and t h e  sky  can  be combined w i t h  t h e  p r e v a i l i n g  a i r  t empera tu re  t o  de te rmine  
the  " s o l - a i r  t empera tu re , "*  t h a t  w i l l  t hen  be  t r e a t e d  as t h e  new o u t s i d e  t empera tu re ,  
d i f f e r e n t  f o r  t h e  two o u t s i d e  w a l l s  and t h e  r o o f .  On a  sunny summer day,  t h e  s o l - a i r  
temperature  f o r  a  w a l l  f a c i n g  t h e  sun may exceed t h e  a i r  t empera tu re  t y p i c a l l y  by 20-70°F 
(11-3g°C), depending on t h e  t ime of t h e  day. 

Wind e n t e r s  o u r  h e a t  t r a n s f e r  problem i n  two ways: h igh-wind speeds  b o t h  i n c r e a s e  t h e  
o u t s i d e  f i l m  c o e f f i c i e n t  of t h e  s h e l l  and t h e  a i r  i n f i l t r a t i o n ,  r a i s i n g  bo th  convec t ive -  
r a d i a t i v e  and mass f l o w  h e a t  t r a n s f e r  through t h e  house s h e l l .  The ground t empera tu re  and 
t h e  indoor  t empera tu re  of t h e  n e x t  door  neighbor  ( f o r  row houses )  p l a y  a  minor ,  a l t h o u g h  
no t  n e g l i g i b l e ,  r o l e  a t  t h e  r emain ing  boundar ies .  

R e c a p i t u l a t i n g ,  t h e  a p p a r e n t  complexi ty  of a  house can be reduced:  t h e  house is 
i d e a l i z e d  a s  an  i n t e r n a l l y  h e a t e d  and cooled box w i t h  a  p r e s c r i b e d  t empera tu re  d i s t r i b u t i o n  
a long i t s  boundar ies .  I f  t r a n s i e n t  e f f e c t s  a r e  n e g l e c t e d ,  t h e  i n s i d e  box t empera tu re  
r e s u l t i n g  from o u r  h e a t  t r a n s f e r  problem w i l l  be 

* 
The $ 0 1 - a i r  t e m p e r a t u r e  i s  t h a t  t empera tu re  which,  i n  absence of a l l  r a d i a t i o n  exchange, 

w i l l  c ause  t h e  same h e a t  f l u x  through t h e  o u t s i d e  w a l l s  o r  t h e  r o o f ,  a s  t h e  combined e f f e c t  
of s imple  a i r  t e m p e r a t u r e ,  s o l a r  r a d i a t i o n  and i n f r a r e d  r a d i a t i o n  exchange (Ref. 12) .  The '  
energy b a l a n c e  t h e n  r e q u i r e s :  - 

where a i s  t h e  w a l l  a b s o r p t i o n  f o r  s o l a r  r a d i a t i o n ,  E is t h e  w a l l  e m i s s i v i t y  f o r  i n f r a r e d  
r a d i a ~ i ~ ,  h  i s  t h e  w a l l  s u r f a c e  c o n v e c t i v e - r a d i a t i v e  f i l m  c o e f f i c i e n t ,  I d  i s  t h e  d i r e c t  
G l a r  r a d i a t i o n  i n c i d e n t  on t h e  w a l l ,  R is  t h e  n e t  i ~ f r a r e d  r d i a t i o n  excfiznge from w a l l  t o  
s k y ,  _ T x _ b - t h e  a i r  t e m p e r e t u r e ,  TS i s  t h e - w a l l  s u r f a c e  t empera tu re ,  T*-ii;-tke-sol--air- 
- temperature.  The r e s u l t  i s  : 

Id v a r i e s  - between - 30 and 300 b t u / ( h r  s q .  f t . )  c? between - 100 and 1000 W/&,  - -- - - 
a 2 - var ies -be tween-0 .15  a n d  0.30 (OF h r .  sq, f  t . ) / b t u  ( .02b - -052 (m 'C/w)), h  
E h R i s  about  0  f o r  v e r t i c a l  w a l l s  (because  of a d j a c e n t  b u i l d i n g  r e f l e c t i v i t y )  and abou t  

- - I b F  (4°C) - fo r - roof  S. 



where CQ i s  t h e  sum o f  a l l  i n t e r n a l  h e a t  s o u r c e s ,  c o u n t i n g  t h e  a i r  c o n d i t i o n e r  a s  a  n e g a t i v e  
j j s o u r c e  

U .  t h e  U-value of t h e  i - t h  p a r t  o f  t h e  box boundary 
1 

A .  t h e  c o r r e s p o n d i n g  a r e a  

T .  t h e  c o r r e s p o n d i n g  t e m p e r a t u r e  i . e . ,  s o l - a i r ,  ground,  o r  nex t  door  ne ighbor  t empera tu re .  
1 

The t h e r m o s t a t  v a r i e s  t h e  s h a r e ,  s a y  Q .  of  t h e  f u r n a c e  o r  t h e  a i r  c o n d i t i o n e r  i n  t h e  term 
3 ' 

:Qi i n  such  a  way, t h a t  Tin r ema ins  a p p r o x i m a t e l y  c o n s t a n t .  
I 

The r e a l  house ,  however,  d e p a r t s  from t h i s  s imple  model i n  t h a t :  1 )  t h e r e  is no 
u n i q u e l y  de t e rmined  house  t e m p e r a t u r e  Tin, 2 )  t h e  h e a t  s o u r c e s  a r e  n o t  d i s t r i b u t e d  homo- 
g e n e o u s l y  and 3 )  t h e  house ,  t h rough  p a r t i t i o n s  and f l o o r s ,  i s  broken i n t o  zones  of r e l a t i v e l y  
c o n s t a n t  t e m p e r a t u r e ,  e a c h  s a t i s f y i n g  i t s  own h e a t  b a l a n c e .  T h i s  r e r . u i r e s  d e t a i l e d  a t t i c ,  
basement and i n t e r i o r  models  t o  a d e q u a t e l y  d e s c r i b e  the rma l  e v e n t s .  

An i t e m  of t h e  o v e r a l l  house  model t h a t  d e s e r v e s  more d e t a i l e d  d i s c u s s i o n  i s  t h e  h e a t  
d i s t r i b u t i o n  sys t em.  The h e a t  a c t u a l l y  d i s t r i b u t e d  under  s t e a d y - s t a t e  o p e r a t i o n  i s  shown 
i n  F i g u r e  5. Only 50% of t h e  h e a t  c o n t e n t  of t h e  a i r  e n t e r i n g  t h e  plenum end of t h e  sys t em 
r e a c h e s  t h e  r e g i s t e r  e n d s  by means of f o r c e d  c o n v e c t i o n .  About one t h i r d  of t h e  h e a t  
e n t e r i n g  t h e  plenum l e a k s  i n t o  t h e  basemen t ,  a n o t h e r  one s i x t h  h e a t s  t h e  w a l l s  e n r o u t e .  
The communication among z o n e s ,  t h e  h e a t  c a p a c i t y  o f  t h e  w a l l  s t r u c t u r e  and t h e  r a t e  o f  
basement a i r  i n f i l t r a t i o n  d e t e r m i n e  how much o f  t h e  f u r n a c e  o u t p u t  w i l l  h e a t  t h e  l i v i n g  
s p a c e  and how i t  w i l l  b e  d i s t r i b u t e d  between zones .  A f u r t h e r  r e s h u f f l i n g  o f  t h e  h e a t  
d i s t r i b u t i o n  caused  by t h e  u n s t e a d y  o p e r a t i o n  of t h e  f u r n a c e  and i t s  blower  w i l l  be 
d i s c u s s e d  i n  t h e  n e x t  s u b s e c t i o n .  

Another  complex i s s u e  t h a t  i n f l u e n c e s  h e a t  t r a n s f e r  i s  a i r  i n f i l t r a t i o n .  D i r e c t  
measurements  of  a i r  i n f i l t r a t i o n  r a t e s  have  been made i n  s e v e r a l  townhouses u s i n g  o u r  
automated  a i r  i n f i l t r a t i o n  u n i t s  (Ref .  6 ) .  Up t o  a  week of d a t a  a r e  o b t a i n e d  i n  a  s i n g l e  
r u n ,  w i t h  o u t p u t  r e c o r d e d  e v e r y  f i f t e e n  m i n u t e s  o r  even more o f t e n .  About lOcc of s u l f u r  
h e x a f l o u r i d e  (SFg) a r e  i n j e c t e d  i n t o  t h e  house  (whose volume i s  abou t  3  x 108 c c ,  s o  t h a t  t h e  
i n i t i a l  c o n c e n t r a t i o n  i s  a b o u t  30 p a r t s  p e r  b i l l i o n )  and c o n c e n t r a t i o n s  a r e  r e a d  a t  r e g u l a r  
i n t e r v a l s  u n t i l  t h e  c o n c e n t r a t i o n  d r o p s  by a  f a c t o r  of  2 t o  1 0 ,  a t  which p o i n t  r e i n j e c t i o n  
o c c u r s .  The r a t e  of  decay o f  c o n c e n t r a t i o n  i s  a  measure  of t h e  a i r  i n f i l t r a t i o n  r a t e  of  
t h e  house :  measured v a l u e s  r ange  ove r  a  f u l l  o r d e r  of magn i tude ,  r o u g h l y  from 0.25 t o  
2 . 5  home a i r  exchanges  p e r  h o u r .  

* 
Under ly ing  o u r  f i r s t  atAempts t o  a n a l y z e  t h e  d a t a  was a  model of  t h e  house  a s  a  s i n g l e  

w e l l - s t i r r e d  volume of a i r ,  V, s u s t a i n i n g  a  s i n g l e  c o n c e n t r a t i o n  of SF6. At any  g i v e n  
moment, o u t s i d e  a i r  is  b e i n g  added t o  t h a t  volume a t  some r a t e ,  F,  and a t  a n  e q u a l  r a t e  i n s i d e  
a i r  i s  l e a v i n g  t h e  house .  The measured a i r  i n f i l t r a t i o n  r a t e ,  AI,  w i t h  u n i t s  of i n v e r s e  
t i m e ,  s a t i s f i e s  t h e  e q u a t i o n  

The h e a t  l o s s  a s s o c i a t e d  w i t h  t h a t  a i r  i n f i l t r a t i o n  r a t e ,  assuming t h a t  t h e  a i r  e n t e r s  t h e  
house  a t  t h e  o u t s i d e  t e m p e r a t u r e  and warms a l l  t h e  way up t o  t h e  i n s i d e  t empera tu re  b e f o r e  
l e a v i n g ,  i s  t h e n  

A 
- . - (Heat  l o s s  from ? P C F  , - T 1 T . = - P C V  A I  DT 

P P 
(10) 

a i r  i n f i l t r a t i o n )  - - 

where P and C a r e  t h e  d e n s i t y  and s p e c i f i c  h e a t  of  a i r  a t  room t e m p e r a t u r e .  
P  

E q u a t i o n  1 0  n e g l e c t s  an  a d d i t i o n a l  s o u r c e  o f  h e a t  l o s s  a s s o c i a t e d  w i t h  a i r  i n f i l t r a t i o n :  
-th-e e n e r g y  o f  h u m i d i f i c a t i o n .  I f  t h e  a i r  l e a v e s  t h e - h o u s e  T a r r y i n g  more w a t e r  v a p o r - t h Z n  
i t  had when i t  e n t e r e d ,  t h e  ene rgy  t o  e v a p o r a t e  t h e  w a t e r  i n t o  t h e  a i r  must  be  e x t r a c t e d  
from t h e  ene rgy  s o u r c e s  w i t h i n  t h e  house .  The supplementary  ene rgy  p e n a l t y  of a  h u m i d i f i e r  

* 
The basement t e n d s  t o  a c t  a s  a  second zone i f  t h e  basement door  r ema ins  c l o s e d .  


