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ABSTRACT 

Audit  p r e d i c t i o n s  of ene rgy-conse rva t ion  s a v i n g s  are u s u a l l y  much 

h i g h e r  t h a n  t h e  sav ings  a c t u a l l y  achieved. S p e c u l a t i o n  about p o s s i b l e  

cause6 f o r  t h i s  d i sc repancy  h a s  o f t e n  c e n t e r e d  around r e s i d e n t s  ' l i f e -  

s t y l e ,  s p e c i f i c a l l y  t h e i r  i ndoor  t empera tu re  management. D e t a i l e d  

indoor  tempera ture  d a t a  and e x t e n s i v e  demographic i n f o r m a t i o n  were 

a v a i l a b l e  f o r  300 homes i n  Hood R ive r ,  Oregon. These d a t a  were ana lyzed  

t o  examine t h e  e f f e c t  of demographic v a r i a b l e s  on i n d o o r  t empera tu re  and 

energy use.  Changes i n  indoor  t empera tu re  before and a f t e r  r e t r o f i t  

were a l s o  examined. The e f f e c t s  of these v a r i a b l e s  w e r e  very small. 

Some small improvements t o  a u d i t i n g  p rocedures  can be sugges t ed  based on 
t h i s  a n a l y s i s .  However, t h e  major c o n c l u s i o n  i s  t h a t  w h i l e  some t a k e -  

back of energy sav ings  i s  occur r ing ,  i t  i s  very  small i n  magnitude and 

can  n o t  e x p l a i n  t h e  l a r g e  d i f f e r e n c e s  between p r e d i c t e d  and ach ieved  

energy sav ings  
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EXECUTIVE SUMMARY 

Most c o n s e r v a t i o n  programs r e l y  on  a u d i t  p r e d i c t i o n s  of energy  

sav ings  a t t r i b u t a b l e  t o  c o n s e r v a t i o n  measures. However, i n  program 

a f t e r  program, t h e s e  p r e d i c t i o n s  have proven t o  be ve ry  d i f f e r e n t  from 

( u s u a l l y  much l a r g e r  t han )  t h e  sav ings  a c t u a l l y  achieved.  The causes 
of t h e s e  d i s c r e p a n c i e s  are u n c e r t a i n ,  bu t  r e s i d e n t s '  va ry ing  l i f e s t y l e s  

are of t e n  d i scussed .  

L i f e s t y l e  v a r i a t i o n s  can a f f e c t  t h e  d i f f e r e n c e  i n  p r e d i c t e d  and 

achieved  s a v i n g s  i n  two ways. F i r s t ,  t h e y  c a n  i n t r o d u c e  e r r o r s  i n  t h e  

b a s i c  energy consumption c a l c u l a t i o n s .  Second, homeowners can change 

t h e i r  l i f e s t y l e  a f t e r  t h e  i n s t a l l a t i o n  of a c o n s e r v a t i o n  measure, t a k i n g  

back sonre of t h e  conserved energy i n  the form of improved comfort. This 

r e p o r t  examines bo th  q u e s t i o n s .  Can l i f e s t y l e  v a r i a b l e s  account  f o r  

d i f f e r e n c e s  in energy use ,  and i f  so ,  can  they  be i n c o r p o r a t e d  i n  energy 

consumption c a l c u l a t i o n s  t o  improve the i r  accuracy?  Can they  e x p l a i n  

haw peop le  are changing t h e i r  behavior ,  and which customers  a r e  most 

l i k e l y  t o  change t h e i r  behav io r?  

T h i s  i n v e s t i g a t i o n  w a s  funded by t h e  Single-Family R e t r o f i t  Re- 

s e a r c h  Program of t h e  DOE O f f i c e  of Bu i ld ings  and Community Systems. 

The d a t a  s o u r c e  used f o r  t h i s  examinat ion  w a s  p a r t  of t h e  Hood R ive r  

Conse rva t ion  P r o j e c t  (HRCP). One p a r t  of t h e  HRCP e v a l u a t i o n  i n c l u d e d  

mon i to r ing  about  314 homes on a 1 5 l n i n  b a s i s  ove r  a 2-year per iod .  The 

d a t a  c o l l e c t e d  inc luded  e l ec t r i c  space -hea t ing  energy  u s e ,  i n d o o r  

t empera tu re ,  t o t a l  electrical  use, and e i t h e r  wa te r -hea te r  energy use  o r  

wood s t o v e  h e a t  ou tpu t .  Ex tens ive  su rvey  i n f o r m a t i o n  d e s c r i b i n g  each  

household i s  a l s o  a v a i l a b l e  f o r  t h e s e  314  homes as w e l l  as d e t a i l e d  

weather  d a t a  f rom t h r e e  l o c a l  weather  s t a t i o n s .  

The a v a i l a b l e  d a t a  r e s o u r c e s  were sc reened  t o  s e l e c t  t h e  v a r i a b l e s  

of i n t e r e s t  and t o  l i m i t  t h e  a n a l y s i s  t o  e l e c t r i c a l l y  h e a t e d  homes. 

Most of t h e  a n a l y s i s  r e l i e d  on m u l t i p l e  r e g r e s s i o n  a n a l y s i s .  Pre- 

r e t r o f i t  d a t a  w a s  examined t o  f i n d  r e l a t i o n s h i p s  t h a t  might be u s e f u l  i n  

b a s i c  energy u s e  c a l c u l a t i o n s .  Th i s  examinat ion  inc luded  indoor  t e m -  

p e r a t u r e s ,  space-hea t ing  energy  u s e ,  wa te r -hea t ing  ene rgy  u s e ,  and o t h e r  

base  energy uses.  Changes i n  behavior  f o l l o w i n g  r e t r o f i t  were e v a l u a t e d  
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and t h e  indoor  t e  e r a t u r e a  of wood-heated and e l e c t r l c a l l y  hea ted  homes 

were compared. 

The m j o r  conc lus ion  i s  t h a t  while some takeback i s  occur ing ,  i t  i s  

very  small i n  magnitude and can  n o t  e x p l a i n  t h e  l a r g e  d i f f e r e n c e s  be- 

tween p r e d i c t e d  and achieved  energy sav ings  due t o  conse rva t ion  retrs- 

f i t s .  The r e s u l t s  of t h i s  s t u d y  can  be  used  t o  make minor ad jus tmen t s  

and improvements t o  a u d i t  p rocedures  bu t  w i l l  no t  e l i m i n a t e  t h e  l a r g e  

s a v i n g s  d i s c r e p a n c i e s  noted. 

The only  l i f e s t y l e  v a r i a b l e  found t o  have a major e f f e c t  on energy 

u s e  was the! c l o s e  r e l a t i o n s h d p  between number of occupants  and water- 

use. Th i s  r e l a t i o n s h i p  should  be i n c o r p o r a t e d  I n t o  a u d i t  

p r e d i c t i o n s  of h o t  water u s e  and energy  savfngs, The u n r e l i a b i l i t y  of 

s e l f - r e p o r t e d  indoor  t e  eral tures  was con€ irmed, These t empera tu res  

were overwhelmingly lower t h a n  the measured t empera tu res  and shou ld  n o t  

be used i n  any e s t i m a t i o n  procedures .  Also,  t h e  presence  o r  absence of 

c lock  t h e r m o s t a t s  should  n o t  be used t o  i n f e r  the u s e  of n i g h t t i m e  

se tback  behavior .  The exp lana to ry  power of o t h e r  l i f e s t y l e  v a r l a b l e s ,  

a l t hough  s t a t i s t i c a l l y  s i g n i f i c a n t ,  was t o o  weak t u  be  useful i n  

p r e d i c t i n g  energy use. However, consideration of educa t ion  l e v e l s  and 

heat ing-system type  may be h e l p f u l  i n  s e l e c t i n g  t h e  a p p r o p r i a t e  begree-  

day base  tempera ture  f o r  i n d i v i d u a l  homes, 

Night t ime tempera tures  were r a i s e d  s l i g h t l y  f o l l o w i n g  r e t r o f i t :  bu t  

t h e  d i f f e r e n c e  was very small. About 213 of t h e  households  d i d  no t  

change t h e i r  i ndoor  t e  

p l e ,  almost as many customers chose c o l d e r  t empera tu res  as warner tem- 

peratures. About 34% of t h e  v a r i a t i o n  i n  takeback behav io r  can  be 

exp la ined  by p r e - r e t r o f i t  t empera tu res ,  house size, p o r t a b l e  h e a t e r  u se ,  

educa t ion  l e v e l s ,  and p r e - r e t r o f i t  energy  use. The e f f e c t s  of t h e s e  

v a r i a b l e s  are l a r g e  enough t o  i n c o r p o r a t e  i n t o  a u d i t  p r e d i c t i o n s  as s o ~ e  

s o r t  of c o r r e c t i o n  f a c t o r .  However, t h e  magnitude of t h f s  takeback  c o r -  

r e c t i o n  i s  s o  s m a l l  t h a t  i t  would not  s i g n i f i c a n t l y  improve the  accuracy  

of t h e  a u d i t  p r e d i c t i o n s .  

erature  by more t h a n  2OP. Among the t o t a l  Sam- 



1. INTRODUCTION 

Most c o n s e r v a t i o n  programs r e l y  on a u d i t  p r e d i c t i o n s  of ene rgy  

sav ings  a t t r i b u t a b l e  t o  c o n s e r v a t i o n  measures t o  judge  t h e  economic 

worth of t h e  c o n s e r v a t i o n  measures and as marke t ing  t o o l s  t o  promote 

t h e i r  i n s t a l l a t i o n .  However, i n  program a f te r  program, t h e s e  p red ic -  

t i o n s  have proven t o  be ve ry  d i f f e r e n t  f rom t h e  s a v i n g s  a c t u a l l y  

achieved.  I n  a Minnesota program f o r  gas-heated homes, t h e  average  

sav ings  were o n l y  two-thirds  of t h e  p r e d i c t e d  amount.’ 

r e l a t i o n s h i p  w a s  a l s o  found f o r  a l a r g e  conse rva t ion  program i n  t h e  

Northwest.2 I n  bo th  of  t h e s e  s t u d i e s ,  t h e r e  w a s  s u b s t a n t i a l  v a r i a t i o n  

a c r o s s  households  i n  a c t u a l  energy sav ings  and i n  t h e  r a t i o  of a c t u a l -  

to -predic ted  sav ings .  I n  t h e  Minnesota program, t h e  a c t u a l  n a t u r a l  gas  

s a v i n g  w a s  w i t h i n  f50X of t h e  a u d i t  estimate i n  only 45% of t h e  homes 

s tud ied .  

i n c r e a s e d  t h e i r  energy u s e  w h i l e  a c t u a l  s av ings  w e r e  more t h a n  double  

t h e  a u d i t  estimates i n  a n o t h e r  10% of t h e  homes. The causes  of t h e s e  

v a r i a t i o n s  are u n c e r t a i n ,  bu t  r e s i d e n t s ’  va ry ing  l i f e s t y l e s  are o f t e n  

cons ide red  t o  be  a f a c t o r .  

This  same 

I n  t h e  Northwest program, more t h a n  10% of t h e  homes a c t u a l l y  

L i f e s t y l e  v a r i a t i o n s  can a f f e c t  t h e  d i f f e r e n c e  i n  p r e d i c t e d  and 

achieved  s a v i n g s  i n  two ways. F i r s t ,  t h e y  can  i n t r o d u c e  e r r o r s  i n  t h e  

b a s i c  energy consumption c a l c u l a t i o n s .  For example, homeowners who keep 

windows open du r ing  t h e  w i n t e r  f o r  f r e s h  a i r  w i l l  u s e  much more energy  

t h a n  would be p r e d i c t e d  assuming t h e  windows were c losed .  On t h e  o t h e r  

hand, homeowners who u s e  n i g h t  s e t b a c k  o r  who c l o s e  o f f  p o r t i o n s  of t h e  

house d u r i n g  co ld  weather  w i l l  use much less energy t h a n  would be  

es t imated .  Second, homeowners can change t h e i r  l i f e s t y l e  a f t e r  t h e  

i n s t a l l a t i o n  of a c o n s e r v a t i o n  measure, t a k i n g  back some of t h e  con- 

se rved  energy i n  t h e  form of improved comfor t ,  o r  p o s s i b l y  i n c r e a s i n g  

energy sav ings .  Th i s  r e p o r t  exan ines  bo th  ques t ions .  Can l i f e s t y l e  

v a r i a b l e s  account  f o r  d i f f e r e n c e s  i n  energy  u s e ,  and i f  s o ,  can  t h e y  be  

i n c o r p o r a t e d  i n  energy consumption c a l c u l a t i o n s  t o  improve t h e i r  

accuracy?  Can they  e x p l a i n  how people  change t h e i r  behavior  fo l lowing  

r e t r o f i t ,  and which customers  are most l i k e l y  t o  change t h e i r  behavior?  

This  i n v e s t i g a t i o n  was funded by t h e  Single-Family R e t r o f i t  Re-  

s e a r c h  Program of t h e  Department of Energy (DOE) O f f i c e  of Bui ld ings  and 
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Comrminity Systems. The miss ion  of t h i s  R e t r o f i t  Research Program i s  t o  

de te rmine  t h e  energy sav ings  t h a t  can be  achieved  through v a r i o u s  r e t r o -  

f i t  measures and t o  improve t h e  unde r s t and ing  of how r e t r o f i t s  a c t u a l l y  

perform i n  occupied bu i ld ings .  The d a t a  s o u r c e  nsed f o r  t h i s  examina- 

t i o n  was p a r t  of t h e  Hood R ive r  Conserva t ion  P r o j e c t  (HRCP) ,  a $ 2 1  

m i l l i o n  p r o j e c t  funded by t h e  Bonnevi l le  Power Admin i s t r a t ion ,  P a c i f i c  

Power and L igh t  (PP&L) ,  and o t h e r  p a r t i c i p a n t s .  The HRCP involved  

r e t r o f i t t i n g  about  3000 homes i n  Hood Rive r ,  Oregon i n  an e f f o r t  t o  

d e f i n e  t h e  maximum e l ec t r i ca l  c o n s e r v a t i o n  p o t e n t i a l  ach ievab le  i n  a 

short t i m e  i n  a small geograph ica l  a rea .  One p a r t  of the  WKCP evalua-  

t i o n  inc luded  moni tor ing  about 314  homes on a 15 niin b a s i s  over  a 2-year 

per iod .  The d a t a  c o l l e c t e d  inc luded  e l e c t r i c  space-hea t ing  energy  u s e ,  

indoor  tempera ture ,  t o t a l  e l e c t r i c a l  use ,  and e i t h e r  wa te r -hea te r  energy 

u s e  o r  wood s t o v e  h e a t  ou tput .  The magnitude of t h i s  d a t a  b a s e  i s  s t a g -  

g e r i n g  w i t h  almost. 90 m i l l i o n  d a t a  po in t s .  Extens ive  su-cvey in fo rma t ion  

d e s c r i b i n g  each  household i s  a l s o  a v a i l a b l e  f o r  t h e s e  314 homes as  we1.1 

a s  de t a i l - ed  weather  d a t a  from t h r e e  1.ocal weather  s t a t i o n s .  

The a v a i l a b l e  d a t a  r e sources  were sc reened  ( s e e  Sect. 2 )  t o  s e l ec t  

t h e  v a r i a b l e s  of i n t e r e s t  and t o  l i m i t  t h e  m a j o r i t y  of the analysis t o  

e l e c t r i c a l l y  hea ted  homes. Most o f  t h e  a n a l y s i s  r e l i e d  on m J . t i p l e  

r e g r e s s i o n  a n a l y s i s  and the approach i s  d e s c r i b e d  i n  Sect. 3. Pre-  

r e t r o f i t  d a t a  were examined t o  f i n d  r e l a t i o n s h i p s  t h a t  might be u s e f u l  

i n  b a s i c  energy use c a l c u l a t i o n s .  Th i s  examinat ion  inc luded  indoor  

temperatures ,  space-heat ing energy  u s e ,  water -hea t ing  energy  u s e ,  and 

o t h e r  base  energy u s e s  and i s  covered i n  Sec t .  4. Changes i n  behavior  

fo l lowing  r e t r o f i t  were eva lua ted  and a r e  d i s c u s s e d  i n  S e c t .  5. The 

indoor  tempera tures  o f  wood-heated and e l e c t r i c a l l y  hea ted  homes are 

compared i n  Sec t .  6. O v e r a l l  r e s u l t s  and conc lus ions  fi0111 t h e  s t u d y  a r e  

found i n  Sec t .  7. 



3 

2. DATA PREPARATION 

2.1 Monitored Data 

A special  group of 314 homes was chosen t o  r e p r e s e n t  a c r o s s -  

s e c t i o n  of t h e  e l e c t r i c a l l y  h e a t e d  p o r t i o n  of t h e  Hood River  r e s i d e n t i a l  

community. A s  such, i t  was made up of 249 s ingle- fami ly  dwel l ings  

(79%) ,  55 mobile homes (18%), and t e n  m u l t i f a m i l y  o r  duplex  homes ( 3 X ) .  

About 26% of t h e  homes used  one o r  more p o r t a b l e  h e a t e r s .  Baseboard 

h e a t i n g  systems were used  i n  61% of t h e  houses  w h i l e  t h e  remainder  were 
equipped w i t h  c e n t r a l  h e a t i n g  systems ( a  few h e a t  pumps, b u t  mostly 

c e n t r a l  r e s i s t a n c e  f u r n a c e s ) .  Although a l l  of t h e  homes were nominal ly  

e l e c t r i c a l l y  h e a t e d ,  39% claimed t o  u s e  wood o r  p r e s t o l o g s  as t h e i r  main 

s o u r c e  of h e a t .  There a r e  o n l y  8 2  homes t h a t  c la imed t o  u s e  e l e c t r i c i t y  

as t h e i r  only s o u r c e  of h e a t  (and s i n c e  a few of t h e s e  had wood s t o v e  

moni tors ,  even t h i s  number i s  h igh) .  Of t h e s e  82 homes, o n l y  46 were 

s ingle-f  ami l y  dwe 1 l i n g s .  

The c o n s e r v a t i o n  r e t r o f i t s  a p p l i e d  t o  t h e  monitored homes inc luded  

c e i l i n g ,  f l o o r ,  and w a l l  i n s u l a t i o n ,  c a u l k i n g  and w e a t h e r s t r i p p i n g ,  

s t o r m  windows and doors ,  p i p e  and duc t  i n s u l a t i o n ,  water -hea ter  i n s u l a -  

t i o n ,  low-flow showerheads,  and c l o c k  t h e r m o s t a t s .  The r e t r o f i t s  v a r i e d  

from home t o  home based on t h e  economics of t h e  s a v i n g s  p r o j e c t i o n s  made 

d u r i n g  t h e  a u d i t .  These r e t r o f i t s  were made w i t h o u t  any c h a r g e  t o  t h e  

homeowners. Air t o  a i r  h e a t  exchangers were put  i n  many homes t o  a v o i d  

i n d o o r  a i r  p o l l u t i o n  problems. These h e a t  exchangers  p r o v i d e  f o r c e d  

v e n t i l a t i o n  t o  make up f o r  t h e  l o s s  of f r e s h  a i r  caused by t h e  improved 

t i g h t n e s s  of t h e  homes. 

I n  t h e  monitored homes, t o t a l .  e l e c t r i c a l  consumption, space-hea t ing  

e l e c t r i c i t y  u s e ,  water -hea t ing  e l e c t r i c i t y  u s e  ( i n  about  200 homes) ,  

wood s t o v e  h e a t  ou tput  ( i n  about  100 homes), and indoor  tempera ture  were 

measured a t  15 n i n u t e  i n t e r v a l s .  Each tempera ture  monitor  was p laced  i n  

a f r e q u e n t l y  occupied room such  as a den o r  l i v i n g  room and was 

p o s i t i o n e d  n e a r  a n  i n s i d e  w a l l .  The equipment used t o  n e a s u r e  t h e  

indoor  tempera ture  was c a l i b r a t e d  and w a s  a c c u r a t e  t o  w i t h i n  2.5%, O K  

about  2'F. The e l e c t r i c a l  energy  u s e  meters were a c c u r a t e  t o  about  
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3%. Data r e f l e c t i n g  t h e  energy u s e  and indoor  tempera ture  were t r a n s -  

m i t t e d  o v e r  t h e  house w i r i n g  system t o  a four-channel  r e c o r d e r  once 

every  15 min. P r o j e c t  personnel  c o l l e c t e d  t h e  d a t a  t a p e s  every two  

weeks. These d a t a  t a p e s  t h e n  processed  and screened  by t h e  PPdL 

s t a f f .  Data were c o l l e c t e d  f o r  one f u l l  y e a r  b e f o r e  and one f u l l  y e a r  

a f t e r  t h e  homes were r e t r o f i t  w i t h  c o n s e r v a t i o n  measures (Spr ing  of  1984 

t o  S p r i n g  of 1986). 
A s  r e c e i v e d ,  t h e  monitored d a t a  were ar ranged  i n  records c o n t a i n i n g  

These d a t a  q u a l i t y  both  energy consumption d a t a  and d a t a  q u a l i t y  f lags ,  

f l a g s  were a s s i g n e d  by t h e  PP&L staff based on a number o f  a u t o m a t i c  

d a t a  checks. Ques t ionable  d a t a ,  such  as a long p e r i o d  w i t h  no consump- 

t i o n ,  were checked out  i n  t h e  f i e l d .  I f  t h e s e  d a t a  r e f l e c t e d  t h e  t r u e  

usage ( for  example a v a c a t i o n  p e r i o d )  they  were r e t a i n e d .  If t h e y  were 

caused by a n  equipment malfunct ion,  they were coded a s  bad d a t a  va lues .  

Whenever t h e s e  f l a g s  i n d i c a t e d  t h e  d a t a  were beyond t h e  a c c e p t a b l e  

bauiids, t h e  d a t a  v a l u e  was set  t o  miss ing  and was n o t  used i n  t h e  

a n a l y s i s .  

6% of t h e  d a t a  v a l u e s  f o r  any channel ,  such as space  h e a t  o r  indoor  

tempera ture ,  were s e t  t o  miss ing  d u r i n g  t h e  w l n t e r  months. 

The o v e r a l l  q u a l i t y  of t he  d a t a  w a s  q u i t e  h i g h  and less t h a n  

2.2 Survev Data 

The end-use monitored homes were surveyed I n  1984. 'TPlese customers 

knew they  had been s e l e c t e d  f o r  the r e s e a r c h  p o r t i o n  of [:he p r o j e c t  and 

were g e n e r a l l y  very coopera t ive .  These d a t a  i n c l u d e d  p h y s i c a l  d e s c r i p -  

t i o n s  of t h e  dwel l ing  and a p p l i a n c e  s t o c k ,  demographic i n f o r m a t i o n  such  

a s  age, i n c o r n ,  and e d u c a t i o n  of r e s i d e n t s ,  and a t t i t u d e  i n f o r m t i o n  

such as f e e l i n g s  about  t h e  energy s h o r t a g e .  The s u r v e y  d a t a  were c a r e -  

f u l l y  reviewed by ORNL and v a r i a b l e s  judged most l i k e l y  t o  a f f e c t  t h e  

customers '  energy use and indoor  tempera ture  management were s e l e c t e d .  

S e v e r a l  p h y s i c a l l y  d e s c r i p t i v e  v a r i a b l e s  were inc luded  f o r  t w o  rea- 

sons.  F i r s t ,  some of t h e s e  v a r i a b l e s ,  such as house s l z e ,  may be cor -  

r e l a t e d  w i t h  demographic v a r i a b l e s ,  such as income. By i n c l u d i n g  both  

p h y s i c a l  and demographic v a r i a b l e s  t h a t  may O K  may n o t  be c o r r e l a t e d  i n  

t h e  model, i t  i s  p o s s i b l e  t o  use s t a t i s t i c a l  tests t o  d e t e r d n c  t h e  



e f f e c t  of each v a r i a b l e  independent ly ,  as  i f  a l l  t h e  o t h e r  v a r i a b l e s  

w e r e  h e l d  cons t an t .  The r e s u l t s  of t h e s e  tes ts  i n d i c a t e  i f  v a r i a b l e  

c o r r e l a t i o n s  are t o o  s t r o n g  t o  d e f i n e  such  independent  r e l a t i o n s h i p s .  

Second, some of t h e  p h y s i c a l  v a r i a b l e s ,  such  a s  t h e  p r e s e n c e  of  p o r t a b l e  

h e a t e r s ,  wood s t o v e s ,  o r  c lock  t h e r m o s t a t s ,  r e f l e c t  a consc ious  l i f e -  

s t y l e  cho ice  made by t h e  customers .  

The p h y s i c a l l y  d e s c r i p t i v e  v a r i a b l e s  s e l e c t e d  f o r  a n a l y s i s  i nc luded  

house s i z e ,  hea t ing-sys tem t y p e ,  p o r t a b l e  h e a t e r  p re sence ,  d i shwasher  

presence ,  c lock  the rmos ta t ,  house age ,  which r e t r o f i t  measures were 

i n s t a l l e d  (and t h e i r  c o s t  and  p r o j e c t e d  s a v i n g s ) ,  and dwe l l ing  t y p e  

( s i n g l e  fami ly  vs  mobile home). The demographic v a r i a b l e s  s e l e c t e d  

inc luded  number of r e s i d e n t s ,  a g e  o f  r e s i d e n t s ,  household  income, and  

e d u c a t i o n a l  l e v e l s  of r e s i d e n t s .  L i f e s t y l e  c h o i c e s  were r e f l e c t e d  i n  

v a r i a b l e s  t h a t  d e s c r i b e d  c l o s i n g  o f f  rooms, wood s t o v e  u s e ,  s e l f -  

r e p o r t e d  n i g h t t i m e  t empera tu res ,  and whether  t h e  house was occupied 

d u r i n g  t h e  daytime. 

The su rveys  inc luded  bo th  a t t i t u d e  and knowledge q u e s t i o n s  r e l a t e d  

t o  energy use. The a t t i t u d e  q u e s t i o n s  ranged from though t s  on  envi ron-  

menta l  p o l l u t i o n ,  unemployment, and crime t o  whether  o r  no t  they  be- 

l i e v e d  t h e r e  were any a c t u a l  s c a r c i t y  problems w i t h  v a r i o u s  energy  re- 

sources .  The knowledge q u e s t i o n s  t e s t e d  t h e  r e s i d e n t s ‘  unde r s t and ing  of 

t h e  r e l a t i o n s h i p s  between tempera ture  s e l e c t i o n  and energy  consumption 

and between energy consumption and u t i l i t y  b i l l s .  E a r l y  i n s p e c t i o n  of 

t h e s e  q u e s t i o n s  showed no r e l a t i o n s h i p s  between t h e  r e sponses  t o  t h e s e  

q u e s t i o n s  and whether  o r  n o t  t h e  customer used h igh  o r  low amounts of 

energy o r  t o  t h e  indoor  tempera tures .  

r evea led  t h a t  a n  a t t i t u d e  of “yes ,  I have a r i g h t  t o  u s e  as nuch energy 

a s  I can  a f f o r d ”  w a s  a s i g n i f i c a n t  de t e rminan t  of i ndoor  tempera ture .  

T h i s  s a w  paper  a l s o  i d e n t i f i e d  t h e  s e rv i ce  area, e i t h e r  t h e  Hood R ive r  

Co-op (wi th  lower r a t e s )  o r  PP&L (wi th  h i g h e r  r a t e s ) ,  as  a s i g n i f i c a n t  

f a c t o r  a f f e c t i n g  indoor  tempera ture .  Both of t h e s e  v a r i a b l e s  were 

t h e r e f o r e  inc luded  i n  t h i s  a n a l y s i s  as  w e l l .  

Another rev iew of t h e s e  d a t a 3  
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2.3 S o e c t r a l  Ana lys i s  

S p e c t r a l  a n a l y s i s  i s  a method of i d e n t i f y i n g  c y c l i c a l  p a t t e r n s  of 

energy  use. Previous  a p p l i c a t i o n  of t h i s  method i n d i c a t e d  t h a t  i t  iiiight 

produce in fo rma t ion  u s e f u l  i n  d i f f e r e n t i a t i n g  customers  i n t o  groups wi th  

s i m i l a r  energy use  behavior.’  

arid t h e  r e s u l t i n g  g roup  i d e n t i t i e s  werr used as  ano the r  exp lana to ry  

v a r i a b l e  i n  t h e  r e g r e s s i o n  a n a l y s i s  t o  d i s c o v e r  whether  t h e s e  energy  u s e  

p a t t e r n s  were r e l a t e d  t o  takeback behavior .  A more d e t a i l e d  d i s c u s s i o n  

of t h i s  s p e c t r a l  a n a l y s i s  i s  inc luded  i n  Appendix A. 

This  method was a p p l i e d  t o  t h e  d a t a  base  
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3. ANALYSIS METHODOLOGY 

The a n a l y s i s  e f f o r t s  were organized  i n t o  3 c a t e g o r i e s :  ( 1 )  examin- 

a t i o n  of p r e - r e t r o f i t  d a t a  t o  a n a l y z e  t h e  e f f e c t  of l i f e s t y l e  v a r i a b l e s  

on indoor  tempera tures  and  e l e c t r i c i t y  u s e ,  ( 2 )  comparison of p r e -  and 

p o s t -  r e t r o f i t  d a t a  t o  i d e n t i f y  which customers were more l i k e l y  t o  

change t h e i r  i n d o o r  tempera ture ,  and ( 3 )  a comparison of wood-burning 

homes t o  e l e c t r i c a l l y  h e a t e d  homes. 

S t a t i s t i c a l  r e g r e s s i o n  a n a l y s e s  of t h e s e  d a t a  sets were performed 

t o  examine t h e  i n f l u e n c e  of t h e  s e l e c t e d  v a r i a b l e s  o n  energy  u s e  o r  i n -  

door  temperature .  The r e g r e s s i o n  r e s u l t s  can  r e v e a l  t h r e e  impor tan t  

p i e c e s  of in format ion:  f i r s t ,  whether  o r  n o t  t h e  t e s t e d  v a r i a b l e  i s  

s i g n i f i c a n t  i n  e x p l a i n i n g  d i f f e r e n c e s  between households ,  second, t h e  

r e l a t i o n s h i p  between t h e  t e s t e d  v a r i a b l e  and e i t h e r  i n d o o r  tempera ture  

o r  energy use ,  and t h i r d ,  how much of t h e  measured d i f f e r e n c e s  ar?ong 

households  can be e x p l a i n e d  by t h e  t e s t e d  v a r i a b l e s ,  

A l l  of t h e  independent  v a r i a b l e s  t e s t e d  are  l i s t e d  i n  Table  1. I n  

a r e g r e s s i o n  a n a l y s i s ,  v a r i a b l e s  can  b e  t r e a t e d  a s  cont inuous  v a l u e s  

when t h e  numer ica l  v a l u e  b e a r s  a meaningful r e l a t i o n s h i p  t o  t h e  v a r i -  

a b l e ,  such  as income, where a person  e a r n i n g  $40,000 e a r n s  twice a s  much 

money a s  a person  e a r n i n g  $20,000. Other  v a r i a b l e s  r e p r e s e n t  classes 

and must be t r e a t e d  d i f f e r e n t l y .  

mobile  home w a s  a "2" and a s i n g l e  fami ly  home was a "1" and achieve  any 

meaningful r e s u l t s  because a mobile  home h a s  no t r u e  numer ica l  r e l a t i o n -  

s h i p  t o  a s i n g l e  fami ly  home, Such c l a s s - t y p e  v a r i a b l e s  are  b e t t e r  

t e s t e d  i n  a yes /no  f a s h i o n .  The u s u a l  way t o  i n v e s t i g a t e  t h e  i n f l u e n c e  

of such c l a s s  v a r i a b l e s  i s  t o  a s s i g n  them t h e  v a l u e  of "0" f o r  no and 

"1" f o r  yes.  When t r e a t e d  i n  t h i s  manner, t h e  magnitude of t h e  c o e f f i -  

c i e n t  from t h e  r e g r e s s i o n  a n a l y s i s  r e f l ec t s  t h e  magnitude of t h e  e f f e c t  

of t h e  class v a r i a b l e .  For  example, if t h e  presence  of a p e t  was i n d i -  

c a t e d  by a "0" f o r  homes wi thout  p e t s  and a "1" f o r  homes w i t h  p e t s ,  and 

t h e  r e s u l t i n g  c o e f f i c i e n t  i n  a n  i n d o o r  tempera ture  r e g r e s s i o n  w a s  -3.2, 

t h e n  homes w i t h  p e t s  would tend  t o  be about  3.2'F c o o l e r  t h a n  homes 

w i t h o u t  p e t s .  

For  example, you could  n o t  s a y  t h a t  a 
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Table 1, Independent  v a r i a b l e s  

V a r i a b l e  name De  f i n i  t i o n  

ATTITUDE 

BABY 

BASEBOARD 

CENTKAL 

CLOSEOFF 

D I S  HlJASH 

HEATPUMP 

HIEDUCAT 

HI INCOM 

HOl lE9T05  

HOUSEAGE 

INCOFI 

LOEDUCAT 

LOINCOIi  

PlAJOK2 

MEASURES 

MOBIL 

N J L T I  

PEOPLE 

PORTHEAT 

PPL 

= 0 i f  t h e  survey respondent  a g r e e s  t h a t  "People 
have a r i g h t  t o  u s e  as much energy  a s  t h e y  want 
and can pay fo r " ,  o the rwise  = 1 

= 1 i f  any b a b i e s  (< 2 years o l d )  l i v e  i n  t h e  - 
house,  o the rwise  = 0 

= 1 i f  baseboard Pleating sys tem,  o the rwise  = 0 

= 1 i f  c e n t r a l  r e s i s t a n c e  fu rnace ,  o the rwise  = 0 

= 1 if 1 o r  more rooms are c l o s e d  o f f  and unhea ted ,  
o the rwise  = 0 

= 1 i f  house h a s  a n  au tomat i c  d i shwasher ,  
o the rwisc  = 0 

= 1 i f  h e a t  pump, o the rwise  = 0 

= 1 i f  householder  11 1 had a t  l eas t  some c o l l e g e  
educa t ion ,  o the rwise  = 0 
= 1 i f  t h e  household combined pre- tax  income i s  
g r e a t e r  t han  $40,000,  o t h e r w i s e ,  = 0 

-I 1 i f  t h e  house i s  occupied d u r i n g  t h e  day ,  
o the rwise  = 0 

age of t h e  house,  i n  y e a r s  

self  - repor ted  household income, $ I s  

e lementary  s c h o o l ,  o the rwise  = 0 

=: 1 i f  t h e  combined pre- tax  income i s  less  than  
$14,000, o the rwise  = 0 

= 1 i f  bo th  f l o o r  and c e i l i n g  i n s u l a t i o n  were 
i n s t a l l e d  arid no o t h e r  major measures were 
i n s t a l l e d ,  o the rwise  = 0 

number of c o n s e r v a t i o n  measures a p p l i e d  t o  t h e  
house 

= 1 i f  mobile home, o the rwise  = 0 

= 1 i f  mult i - family hous ing ,  o the rwise  = 0 

= d of people  who l i v e  i n  t h e  house 

= 1 i f  1 o r  more p o r t a b l e  h e a t e r s  a r e  i n  t h e  
household,  o the rwise  = 0 

= 1 i f  s e r v i c e d  by PP&LL, I- 0 i f  s e r v i c e d  by 
Hood River Co-op 

1 i f  householder  d 1 had never  gone p a s t  



Table  1 ( c o n t i n u e d )  

V a r i a b l e  name D e f i n i t I o n  

SELFTEMP s e l f - r e p o r t e d  n i g h t t i m e  t h e r m o s t a t  t empera ture  

SENIOR 

SEIALLFAM 

= 1 i f  any s e n i o r  c i t i z e n s  l i v e  i n  t h e  house,  
o t h e r w i s e  = 0 

= 1 i f  less t h a n  3 people  i n  t h e  household ,  
o t h e r w i s e  * 0 

SPECTRHI = 1 i f  i n  t h e  s p e c t r a l  group 83, o t h e r w l s e  = 0 
(see Appendix A) 

SPECTRLO = 1 i f  i n  t h e  s p e c t r a l  group 8 2 ,  o t h e r w i s e  = 0 
( s e e  Appendix A )  

SQFT house a r e a ,  f t 2  

TEEN 

THERTY PE 

= 1 i f  any t e e n a g e r s  l i v e  i n  t h e  house,  o t h e r w i s e  
= o  
= 1 i f  a c l o c k  t h e r m o s t a t ,  o r  a t h e r m o s t a t  w i t h  a 
timer i s  i n  t h e  household,  o t h e r w i s e  = 0 

TOTCOST t o t a l  c o s t  of measures a p p l i e d  t o  t h e  house 

TOT S AVE t o t a l  e s t i m a t e d  ( p r e d i c t e d )  s a v i n g s  

YOUTH = 1 i f  any c h i l d r e n  under 13 y e a r s  o l d  l i v e  i n  t h e  
house ,  o t h e r w i s e  = 0 

Continuous v a r i a b l e s  can a l s o  be t r e a t e d  a s  c lass  v a r i a b l e s  i f  a 
s t e p ,  o r  t h r e s h o l d ,  r e l a t i o n s h i p  i s  suspec ted .  T h i s  approach c a n  d e t e c t  

b e h a v i o r a l  d i f f e r e n c e s  between groups of c u s t o n e r s  determined no t  by 

t h e i r  r e l a t i v e  amount of some v a l u e ,  such a s  e d u c a t i o n  o r  income, b u t  by 

t h e i r  p o s i t i o n  r e l a t i v e  t o  some t h r e s h o l d  l e v e l ,  such  as f i n i s h i n g  h i g h  

s c h o o l  o r  e a r n i n g  a n  income above t h e  p o v e r t y  l e v e l .  In t h e s e  c a s e s  t h e  

d i f f e r e n c e s  among customers nay n o t  be d i r e c t l y  r e l a t e d  t o  t h e  a b s o l u t e  

magnitude of t h e  v a r i a b l e  but  t o  whether  o r  n o t  some minimum, o r  
t h r e s h o l d ,  l e v e l  h a s  been obta ined .  When t r a n s f o r m i n g  a cont inuous 

v a r i a b l e  i n t o  a class v a r i a b l e ,  i t  i s  impor tan t  n o t  t o  c r e a t e  two a u t o -  

c o r r e l a t e d  class v a r i a b l e s .  I f  a v a r i a b l e  i s  d i v i d e d  I n t o  two r e g i o n s ,  

h i g h  and low, t h e n  o n l y  one yes /no  i n d i c a t o r  can  b e  used f o r  t h e  regres-  

s i o n  a n a l y s i s .  I f  two such  i n d i c a t o r s  were used,  one each  f o r  h igh  and 

low, t h e n  t h e  two i n d i c a t o r s  would be 100% c o r r e l a t e d  and t h e  r e g r e s s i o n  
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r e s u l t s  would i n d i c a t e  t h a t  t h e  model w a s  f lawed. The re fo re )  i f  bo th  

h igh  and low i n d i c a t o r  tes ts  a re  d e s i r e d ,  t h e  v a r i a b l e  mst be  d i v i d e d  

i n t o  t h r e e  r eg ions ;  h igh ,  medium, and l o w ;  t h e n  two yes lno  i n d i c a t o r s  

can  be  c r e a t e d  wi thou t  c o l i n e a r i t y  problems. 

In  many of t h e  models t h e  e f f e c t  of income w a s  t e s t e d  both  as  a 

numer i ca l ly  cont inuous  v a r i a b l e  and by u s i n g  "high-income" and "low- 

income" c l a s s  v a r i a b l e s .  Educat-Lon, fami ly  s i z e ,  and house s i z e  were 

t r e a t e d  s i m i l a r l y .  To avoid  m u l t i c o l i n e a r i t y  problems,  t h e  c l a s s  and 

cont inuous  f o r m  of t h e s e  v a r i a b l e s  were t e s t e d  s e p a r a t e l y ,  and t h e  most 

s i g n i f i c a n t  r e l a t i o n s h i p  w a s  r e t a i n e d .  

The dependent v a r i a b l e s  used f o r  t h e  r e g r e s s i o n  a n a l y s i s  were 

indoor  tempera ture ,  space-hea t ing  energy  u s e ,  t o t a l  household energy 

u s e ,  and water -hea t ing  energy use.  For  each  r e g r e s s i o n  a n a l y s i s ,  one 

v a l u e  of t h e  dependent v a r i a b l e  was chosen t o  represent  t h e  houschold.  

T h i s  was done t o  e l i m i n a t e  t h e  compl i ca t ions  of a pane l  a n a l y s i s  where 

t h e  v a r i a b l e s  f o r  each customer va ry  diie t o  f a c t o r s  o u t s i d e  t h e  area of 

i n t e r e s t ,  such  as hour ly  v a r i a t i o n s  i n  water  u s e  due t o  b a t h  o r  washing 

schedules .  The dependent v a r i a b l e s  were chosen t o  r e p r e s e n t  bo th  

average  va lues  ( f o r  example, t h e  average  indoor  tempera ture  over  she  

w i n t e r  season)  and va lues  a t  s e l e c t e d  p o i n t s  i n  tirnc ( for  example, t h e  

household 5:OO a.m.  t empera ture  averaged o v e r  a l l  weekdays i n  t h e  w i n t e r  

season) .  

Graph ica l  examinat ions of energy use  t r e n d s  w i t h i n  groups chosen t o  

r e p r e s e n t  d i f f e r i n g  l i f e s t y l e  c h a r a c t r c i s t - i c s  were made. These were 

o f t e n  used t o  s e l e c t  independent  v a r i a b l e s  f o r  t h e  r e g r e s s i o n  a n a l y s i s  

and t o  focus  i n  on  s p e c i f i c  t i m e  p e r i o d s  when t h e  d i f f e r e n c e s  between 

households  would be most pronounced. 
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4 .  ANALYSIS OF PRE-RETROFIT DATA 

The p r e - r e t r o f i t  a n a l y s e s  were based on d a t a  c o l l e c t e d  du r ing  t h e  

December, 1984 through February ,  1985 per iod.  (Th i s  w i n t e r  pe r iod  w a s  

chosen t o  avoid  mi lde r  weather  when t h e  indoor  t e q e r a t u r e  i n f l u e n c e s  

due t o  s o l a r  g a i n  and n a t u r a l  v e n t i l a t i o n  would be g r e a t e r . )  Using 

t h e s e  d a t a ,  a n  average  w i n t e r  weekday p r o f i l e  ( a  s e t  o f  96 o b s e r v a t i o n s  

r e p r e s e n t i n g  t h e  indoor  t empera tu re  and energy u s e  f o r  each 15-min 

p e r i o d  d u r i n g  t h e  day )  was produced f o r  each  cus toper .  

p a r t i c u l a r  t i m e  are  compared, t hey  t h e r e f o r e  r e p r e s e n t  t h e  cus tomer ' s  

t empera ture  o r  energy  u s e  a t  t h a t  t i m e  of day averaged o v e r  t h e  e n t i r e  

w i n t e r  per iod .  The e v a l u a t i o n  of p r e - r e t r o f i t  d a t a  w a s  l i m i t e d  t o  187 

homes hea ted  mainly w i t h  e l e c t r i c i t y ,  as  r e p o r t e d  by t h e  homeowner ( t h e  

wood-heated homes a r e  examined i n  S e c t ,  6).  Hones wi th  supplementa l  

wood h e a t  were inc luded  because a p rev ious  a n a l y s i s  o f  t h i s  d a t a  base  

showed t h a t  bo th  t h e  space-hea t ing  and t o t a l  energy use  i n  t h e s e  hones 

was abou t  t h e  same as  i n  homes h e a t e d  e x c l u s i v e l y  w i t h  e l e c t r i ~ i t y . ~  

\&en v a l u e s  a t  a 

4.1 Indoor Temperature 

The magnitude of t h e  indoor  t e n p e r a t u r e  v a r i a t i o n s  among t h e  

households  was very small and t h e  t e s t e d  v a r i a b l e s  exp la ined  from 6 t o  

12% of  t h e s e  d i f f e r e n c e s .  These tempera ture  v a r i a t i o n s  were examined a t  

4 : O O  a.m. ( u s u a l l y  t h e  c o l d e s t  t i m e ) ,  7 :OO a.m. ( immediately fo l lowing  

any morning tempera ture  se t -up ) ,  and 4 : O O  p.m. ( t h e  warmest t i m e  of t h e  

d a y ) ,  a s  w e l l  as  t h e  o v e r a l l  averarle t empera tu re  p e r  household.  The 

v a r i a b l e s  t e s t e d  i n  t h e s e  models i nc luded  t h e  presence  of s e n i o r  c i t i -  

z e n s  o r  c h i l d r e n ,  incone  (as bo th  cont inuous  and high-  and low-level  

t e s t s ) ,  nunber of r e s i d e n t s ,  h e a t i n g  system t y p e  ( c e n t r a l  r e s i s t a n c e  

f u r n a c e  o r  baseboard) ,  h i g h  and low e d u c a t i o n  l e v e l s ,  t h e  energy  use  

a t t i t u d e  q u e s t i o n ,  dwe l l ing  type ,  t h e  use  of p o r t a b l e  h e a t e r s ,  and 

whether t hey  were i n  t h e  PP&L area. Table  2 su rmar i zes  t h e  e f f e c t  of 

t h e s e  v a r i a b l e s  on indoor  t empera tu res  and Table  3 prov ides  a c l o s e r  

e x a n i n a t i o n  of t h 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  v a r i a b l e s .  
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T a b l e  2. V a r i a b l e s  u s e d  f o r  m u l t i v a r i a b l e  
r e g r e s s i o n  a n a l y s i s  of  

i n d o o r  ternpe r a t  ures 

Demo g r a p  h i  c 
v a r i a b l e s  

Ph y s i c a 1 l y  
d e s c r i p t i v e  

va  r i a  b l  es 
(2 

S t  a t i s t i c a l l y  S i g n i f i c a n t  

s e n i o r  c i t i z e n s  c e n t r a l  f u r n a c e  
number of  r e s i d e n t s  p o r t a b l e  h e a t e r s  
e d u c a t i o n  

a 
Not 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 t i t u d e  b a s e b o a r d  h e a t  
1 ncone d i s h w a s h e r  
t e e n a g e r s  d w e l l i n g  t y p p  
c h i l d r e n  u n d e r  1 2  u t i l i t y  ra tes  - - 

U 
A t  t h e  90% c o n f i d e n c e  l e v e l  o r  

b e t t e r .  

T a b l e  3. R e g r e s s i o n  a n a l y s i s  r e s u l t s  f o r  i n d o o r  t e m p e r a t u r e s  

ed s i g n  i f i c a n t a  C o e f f i c i e n t  
v a r i a b l e  ( s t a n d a r d  e r r o r )  R 2  

( X I  

Dependent 
v a r i a b l e  

i n t e r c e p t  69.7 (1 .0 )  
c e n t r a l  f u r n a c e  -1.4 (0 .7)  
h i g h  e d u c a t i o n  -1.4 (0 .7 )  

Average  i n d o o r  t e m p e r a t u r e  6 

4:OO a.m. i n d o o r  t e m p e r a t u r e  1 2  i n t e r c e p t  67.0 (1 .3 )  
s e n i o r  c i t i z e n  -3.0 (1 .0 )  
number of p e o p l e b  0.6 (0.3) 
c e n t r a l  f u r n a c e  -2.4 (0.8) 

7 :00 a.m. i n d o o r  t e m p e r a t u r e  7 i n t e r c e p t  47.0 ( 1 . 2 )  
number of p e o p l e  0.7 (0 .3 )  
low e d u c a t i o n  3.4 ( 1 . 4 )  

4 : O O  p.m. i n d o o r  t e m p e r a t u r e  7 i n t e r c e p t  71.8 (0 .8)  

1.4 (0 .8 )  
h i g h  e d u c n t  i o n  -1.7 ( 0 . 7 )  
p o r t a b l e  h e a t e r "  

I 

a 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  t h e  95% c o n f i d e n c e  l e v e l  u n l e s s  o t h e r w i s e  

b 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  t h e  94X conf i d e n r e  l e v e l .  

c 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  t h e  Q 3 7  c o n f i d e n c p  l e v e l .  

n o t e d .  
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A t  4 : O O  a.m., a reduced v e r s i o n  ( i n  which many of t h e  v a r i a b l e s  

shown t o  be s t a t i s t i c a l l y  i n s i g n i f i c a n t  w e r e  removed) of t h i s  model 

accounted f o r  12% ( a d j u s t e d  R2) of the v a r i a t i o n s  between households.  

A t  t h i s  t i m e ,  homes w i t h  s e n i o r  c i t i z e n s  tended  t o  be about  3°F c o o l e r  

t h a n  o t h e r  homes ( s e e  Fig.  1). Homes w i t h  c e n t r a l  h e a t i n g  systems were 

a l s o  about  2.4OF c o o l e r  t h a n  o t h e r  homes. 

t i o n a l  t o  t h e  number of r e s i d e n t s ,  r i s i n g  about  0.6OF f o r  each  person  

above a base  l e v e l  of 67°F. 

r e s i d e n t ' h a d  never  gone p a s t  e lementary schoo l  were about  3.6"F warmer 

and t h e  tempera ture  was a g a i n  p r o p o r t i o n a l  to t h e  number of r e s i d e n t s ,  

r i s i n g  about  0.7'F f o r  each  person. 

primary r e s i d e n t  had a t  least  some c o l l e g e  e d u c a t i o n  w e r e  about  1 . 7 O F  

c o o l e r  t h a n  o t h e r  homes and homes w i t h  p o r t a b l e  h e a t e r s  were about  1.4"F 

w a r m e r .  

The t empera tu re  was propor- 

A t  7:OO a.m., hones where t h e  primary 

A t  4 : O O  p.m.,  homes where t h e  

Only two v a r i a b l e s  were s i g n i f i c a n t  i n  e x p l a i n i n g  d i f f e r e n c e s  i n  

t h e  o v e r a l l  average  tempera ture ,  a h i g h  e d u c a t i o n  l e v e l  and t h e  u s e  of a 
c e n t r a l  r e s i s t a n c e  furnace.  Homes w i t h  a co l lege-educa ted  r e s i d e n t  had 

average tempera tures  about  1.4"F c o o l e r  t h a n  o t h e r  homes. Homes w i t h  a 

OUNL-DWG 87-15283 
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Fig .  1. Zndoar t e m p e r a t u r e  p r o f i l e s  f o r  homes with and w i t h o u t  
s e n i o r  c i t i z e n s ,  average w i n t e r  198411985. 
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c e n t r a l  r e s i s t a n c e  fu rnace  were a l s o  about  1.4"F c o o l e r  t h a n  homes w i t h  

baseboard h e a t  o r  h e a t  pumps, 

During the survey ,  customers  were asked  t o  r e p o r t  t h e i r  n igh t t ime  

tempera ture  s e t t i n g s .  We compared t h e s e  s e l f - r e p o r t e d  t e  

t h e  average  monitored indoor  tempera tures  between 1 1 : O O  p.m. and 6 : O O  

a.m. As Fig.  2 c l e a r l y  shows, peop le  overwhelmingly under-est imated 

t h e i r  n igh t t ime  temperatures .  Th i s  r e i n f o r c e s  t h e  u n r e l i a b i l i t y  of 

self  - repor ted  tempera ture  i n f o r m a t i o n  a s  i n p u t  t o  energy  sav ings  

e s t i m a t i o n  procedures .  

The indoor  t empera tu re  and space  h e a t i n g  p r o f i l e s  f o r  36 customers  

w i t h  c l o c k  the rmos ta t s  were compared t o  t h o s e  f o r  143 customers  wi th  

o rd ina ry  thermosta t s .  As Figs.  3 and 4 s h w ,  t h e r e  are  no s i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  tempera ture  magnitudes o r  i n  t h e  shapes  of t h e  curves  

between homes w i t h  and wi thout  clock t he rmos ta t s .  The space  h e a t i n g  

p r o f i l e s  are  a l s o  similar i n  shape  and magnitude, w i t h  on ly  s l i g h t l y  

h i g h e r  morning peaks for  t h e  c lock- thermosta t  homes and no s i g n i f i c a n t  

n i g h t t i m e  savings .  These s l i g h t  d i f f e r e n c e s  i.n t h e  group averages  can  

ORAL-QWG 67- 15284 
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F i g .  2. Measured average  n i g h t t i m e  tempera ture  vs. r e p o r t e d  s l eep -  
i n g  tempera ture ,  w i n t e r  1984/1985 ( t h e  s t r a i g h t  line narks the  p o i n t  a t  
which t h e  r epor t ed  and measured tempera tures  would be  e q u a l ) .  



15 
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Fig. 3. Average w i n t e r  indoor  tempera ture  p r o f i l e s  € o r  homes w i t h  
and wi thout  clock t h e r m o s t a t s ,  198411985. 
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Fig. 4 .  Average w i n t e r  space heating load  p r o f i l e s  f o r  homes w i t h  
and wi thout  c lock t h e r m o s t a t s ,  198411985, 
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be expla ined  by two c o i n c i d e n t  b e h a v i o r a l  p a t t e r n s ,  1) s o w  of t h e  

people  w i t h  c l o c k  t h e r m o s t a t s  a r e n ' t  u s i n g  them and 2 )  some of t h e  

people  without  c lock  t h e r m o s t a t s  are p r a c t i c i n g  manual se tback  on a 

r e g u l a r  b a s i s .  Therefore  i t  would be i n a p p r o p r i a t e  t o  i n f e r  s e t b a c k  

behavior  from t h e  presence  of a c lock  t h e r m o s t a t ,  o r  converse ly ,  t o  

assume a l a c k  of  s e t b a c k  behavior  when no c l o c k  thermosta t  i s  i n  place.  

Cons ider ing  t h e  u n r e l i a b i l i t y  of s e l f - r e p o r t e d  tempera tures  d i s c u s s e d  

above, t h e  a c c u r a t e  assessment  of n i g h t t i m e  tempera tures  i s  a d i f f i c u l t  

problem indeed. 

I n  t h e  HRCP, indoor  tempera ture ,  no t  thermostat:  s e t - p o i n t ,  was mea- 

s u r e d  a t  each house. The d i f f e r e n c e  between t h e s e  two measures i s  

demonstrated by comparing Figs .  5 and 6.  I n  Fig.  5 ,  indoor  tempera ture  

appears  t o  drop i n  e l e c t r t c a l l y  h e a t e d  homes s o  t h a t  t h e  homes are  

c o l d e r  i n  March t h a n  i n  November, even though t h e  average outdoor  t e m -  

p e r a t u r e  w a s  warmer i n  March. It was hypothes ized  t h a t  customers  were 

t u r n i n g  down t h e i r  t h e r m o s t a t s  t o  save money o r  because they  became 

accustomed t o  c o l d e r  tempera tures  as t h e  w i n t e r  progressed.  However, 

ORNL-DWG 87-15287 

F i g .  5. Average monthly indoor  tempera ture  p r o f i l e s  f o r  elec- 
t r i c a l l y  h e a t e d  homes, November 1985 t o  Tiarch 1985. 
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Fig.  6. Average monthly i n d o o r  tempera ture  p r o f i l e s  f o r  elec- 
t r i c a l l y  h e a t e d  homes when t h e  d a t a  i s  c o n s t r a i n e d  t o  p o f n t s  where t h e  
space h e a t i n g  system h a s  j u s t  come on, November 1985 t o  March 1985. 

when t h e  d a t a  set w a s  c o n s t r a i n e d  t o  only  t h o s e  p o i n t s  where t h e  space- 

h e a t i n g  sys tem h a s  j u s t  come on, r e f l e c t i n g  t h e  tempera ture  a t  t h e  bot -  

tom of t h e  deadband around t h e  t h e r m o s t a t  s e t  p o i n t ,  t h i s  phenomenon 

d i s a p p e a r e d  (see Fig. 6 ) .  It I s  impor tan t  t o  remember t h e n  t h a t  mea- 

s u r e d  indoor  tempera ture  f l u c t u a t i o n s  are n o t  always a c c u r a t e  r e f l e c -  

t i o n s  of t h e  customer 's  t h e r m o s t a t  management. 

S o l a r  g a i n s ,  i n f i l t r a t i o n ,  o r  f r e q u e n t  door and window openings can 

a l l  cause  t h e  i n d o o r  tempera ture  t o  vary from t h e  t h e r m o s t a t  s e t  p o i n t .  

Occupants '  u n d e r s t a n d i n g  ( o r  l a c k  t h e r e o f )  of how t h e  t h e r m o s t a t  con- 

t r o l s  t h e  f u r n a c e  can  converse ly  c a u s e  t h e  t h e r m o s t a t  set  p o i n t  to vary  

widely from t h e  indoor  tempera ture  (e.g., many customers b e l i e v e  t u r n i n g  

t h e  t h e r m o s t a t  t o  a h i g h e r  s e t t i n g  w i l l  cause t h e  house t o  w a r m  up more 

q u i c k l y ) .  

4.2 Space-Heating Energy Use 

The b e s t  r e g r e s s i o n  e q u a t i o n  f o r  space-hea t ing  energy use w a s  based 

on t h e  customers '  energy  u s e  a t  8:00 a.m (see Table  4 ) .  A t  t h i s  t i m e  of 



18 

Table  4 .  Regress ton  a n a l y s i s  r e s u l t s  f o r  
space  h e a t i n g  energy  u s e  

Dependent 
v a r i a b l e  

C o e f f i c i e n t  Ad j us  t e d 
R2 
(2) 

a Sign i f  i c n n t  
va r i ab1 c ( s t a n d a r d  e r r o r )  

._ 

Average space-heat ing 4 i n t e r c e p t  1.6 (0.5) 
small  fam' ly  0.5 (0.3) 

-0.4 (0.2) PP&L area 6 energy u s e  

8 : O O  a.m. space-heat ing 18 i n t e r c e p t  0.8 (0.8) 
energy u s e  house area 0.9 (0.3)  

s e n i o r  c i t i z e n s  1.3 (0 .4 )  
small fa1nil.y 0.9 (0.5) 
c e n t r a l  f u r n a c e  1.6 ( 0 . 4 )  

Midnight space--heat i n g  
energy use  

6 i n t e r c e p t  2.2 ( 0 . 2 )  
s e n i o r  c i t i z e n s  -0.5 (0.2) 
mobile home 0.8 (0.3) 
c e n t r a l  f u r n a c e  -0.7 (0 .3)  
PP&L area -0.5 ( 0 . 2 )  

" 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  t h e  95% conf idence  l e v e l  u n l e s s  

b 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  t h e  93% conf idence  l e v e l .  

other-wise noted. 

peak energy use ,  t h e  t e s t e d  l i f e s t y l e  v a r i a b l e s  accounted f o r  18% of t h e  

v a r i a t i o n s  among households .  Homes w i t h  s e n i o r  c i t i z e n s  used  abou t  

1.3 kW more a t  t h i s  t i m e  ( t hey  used  about  0.5 klJ less  a t  midnight ) .  

Smal le r  f a m i l i e s  used about  0.9 kW more a t  8:OO a .m.  and homes w i t h  

c e n t r a l  h e a t i n g  systems used about  1.6 k17 more. The e l e c t r i c i t y  u s e  was 

a l s o  p r o p o r t i o n a l  t o  f l o o r  area,  i n c r e a s i n g  about  0.9 k\J f o r  eve ry  

1000 f t 2 .  

i n c l u d i n g  house t y p e  (MULTI o r  PIOBIL) ,  t h e  a t t i t u d e  q u e s t i o n ,  t h e  

p re sence  of a h e a t  pump, income as e i t h e r  a cont inuous  v a r i a b l e  o r  high-  

and low-income tests,  t h e  u s e  of p o r t a b l e  h e a t e r s ,  t h e  p re sence  of 

c h i l d r e n  i n  t h e  household,  and t h e  PPL a r e a  t es t .  

Other  v a r i a b l e s  were t e s t e d  and found t o  be i n s i g n i f i c a n t ,  

The m u l t i p l e  c o r r e l a t i o n  f o r  average  space  h e a t i n g  l o a d  w a s  much 

poore r ;  only 4% of t h e  v a r i a t i o n s  were exp la ined  by t h e  l i f e s t y l e  

v a r i a b l e s .  None of t h e  v a r i a b l e s  t e s t e d  were s i g n i f i c a n t  excep t  f o r  t h e  

small fami ly  and ?P&L area i n d i c a t o r s .  A t  midnight (when t h e  energy u s e  
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i s  a t  a minimum), t h e  e x p l a n a t o r y  power of t h e  model w a s  st€11 very  

small, only 6 % ,  but  more v a r i a b l e s  were s i g n i f i c a n t ,  i n c l u d i n g  s e n i o r  

c i t i z e n s ,  mobile homes, c e n t r a l  r e s i s t a n c e  f u r n a c e s ,  and t h e  PP&L a r e a .  

4.3 Water-Heating and Base Energy Use 

Water-heat ing energy u s e  w a s  more c l o s e l y  t i e d  t o  t h e  t e s t e d  v a r i -  

a b l e s  as evidenced by t h e  f a c t  t h a t  49% of t h e  d i f f e r e n c e  i n  average 

energy u s e  could  b e  accounted for by t h e  l i f e s t y l e  v a r i a b l e s .  The 

energy  u s e  w a s  a s t r o n g  f u n c t i o n  of t h e  number of r e s i d e n t s  a t  al.1 the 

t e s t e d  times: 8:OO a.m., 7:OO p.m.,  and t h e  o v e r a l l  average. Another 

examinat ion  of water -hea t ing  energy  u s e  on an a n n u a l  b a s i s  a l s o  showed 

t h a t  t h e  number of r e s i d e n t s  w a s  a dominant f a c t o r . 7  Table  5 summarizes 

Table  5. Regression a n a l y s i s  r e s u l t s  f o r  water -hea t ing  
and b a s e  energy  u s e  

Adjusted S i g n i f i c a n t a  C o e f f i c i e n t  
va r i a b l e  ( s t a n d a r d  e r r o r )  R2 

(%I  
D e  p end e n  t 
v a r i a b l e  

Average water-heat ing 4 9  i n t e r c e p t  0.2 (0.1) 
energy u s e  number of r e s i d e n t s  0.2 (0.02) 

s e n i o r  c i t i z e n s c  -0.08 (0 .04)  

8:OO a.m. water-heat ing 3 3  i n t e r c e p t  -0.2 (0.2) 
energy u s e  number of r e s i d e n t s  0.4 (0.06) 

h i g h  income 0.3 (0.1) 

7 :00 p.m. water-heat ing 39 i n t e r c e p t  0.2 ( 0 . 1 )  

s e n i o r  c i t i z e n s  -0.2 (0.1) 
energy use  number of r e s i d e n t s  0.3 ( 0 - 0 3 )  

Average baseb 
energy u s e  

3 2  i n t e r c e p t  0.3 (0.2)  
p o r t a b l e  h e a t e r s  0.3 (0.1) 
number of r e s i d e n t s  0.07 (0.03) 
h igh  income 0.3 (0.1) 
house a r e a  0.4 (0.1) 

-. __ 
a 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  t h e  95% conf idence  leve l  u n l e s s  

bBase = t o t a l  energy use  minus space  and water-heat  energy use.  

G 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  t h e  93% conf idence  l e v e l .  

o t her-wis e n o t  e d. 
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t h 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  water -hea t ing  energy  

use.  The water -hea t ing  load  i n c r e a s e d  about  0.2 kW/person on the 

average ,  about  0.4 kW/person a t  8:00 a .m. ,  and about  0 . 3  kW/person at. 

7:OO p.m. Homes w i t h  s e n i o r  c i t i z e n s  used about  0.2 kW less i n  the 

evening  and homes wi th  incomes above $40,00O/year used 0.3 kW mort? i n  

the morning t h a n  o t h e r  homes. Some v a r i a b l e s  expec ted  t o  be s i g n i - f i c a n t  

were n o t ,  such  as t eenage r s  i n  t h e  home o r  t h e  presence  of d i sh -  

washers.  The a t t i t u d e ,  PPL,  and i n c a m  v a r i a b l e s  a l s o  were i n s i g n i f i -  

can t .  

The base load  w a s  c a l c u l a t e d  by s u b t r a c t i n g  t h e  space-  and water -  

h e a t i n g  l o a d s  from t h e  t o t a l  load.  This  base  load  should  r e f l e c t  the  

energy used f o r  l i g h t i n g  and app l i ances .  The base load  w a s  found t o  i n -  

c r e a s e  w i t h  i n c r e a s i n g  numbers of r e s i d e n t s  a t  the r a t e  of about  0.07 kW 

p e r  pe r son  ( s e e  Table  5). Households wi th  a n  income g r e a t e r  t h a n  

$40,000 p e r  yea r  used about  0.3 kW more t h a n  o the r  households .  

energy use  was a l s o  r e l a t e d  t o  house s i z e  wi th  t h e  base  energy use 

i n c r e a s i n g  about  0.4 kW f o r  eve ry  1000 f t 2  of f l o o r  a rea .  

showed a p o s i t i v e  c o r r e l a t i o n  between p o r t a b l e  h e a t e r  u s e  and base 

energy use  because t h e  space h e a t i n g  provided  by p o r t a b l e  h e a t e r s  was 

no t  measured as  space h e a t  and w a s  t h e r e f o r e  inc luded  i n  t h e  base  h e a t  

d e f i n i t i o n .  These homes tended t o  have base  l o a d s  about  0.3 kW h i g h e r  

t h a n  homes wi thout  p o r t a b l e  h e a t e r s .  The base  u s e  w a s  no t  s i g n i f i c a n t l y  

r e l a t e d  t o  income (as a cont inuous  v a r i a b l e ) ,  low l e v e l s  of income, 

educa t ion ,  t h e  a t t i t u d e  tes t  q u e s t i o n ,  o r  t h e  PPL area t e s t .  

Rase 

The norleJ 
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5. CONPARTSON Of PRE- AND POST-RETROFIT BEHAVIOR. 

Indoor  tempera tures  may be  a f f e c t e d  by ou tdoor  t empera tu res .  

The re fo re ,  the comparison of p r e -  and pos t -  r e t r o f i t  behavior  w a s  based 

on d a t a  c o l l e c t e d  d u r i n g  about  40 days  s e l e c t e d  from t h e  1 9 8 4 / 8 5  w i n t e r  

and 40 days  s e l e c t e d  from t h e  1985/1986 winter .  

s e l e c t e d  by choos ing  matching p a i r s  of comparable days,  Days were 

d e f i n e d  as comparable i f  both t h e i r  average  and minimum tempera tures  

matched w i t h i n  5°F (most days were matched much more c l o s e l y )  and if 

t h e i r  day of t h e  week w a s  t h e  same. The days were chosen s o  t h a t  t h e  

d i s t r i b u t i o n  of ou tdoor  t empera tu res  d u r i n g  t h e  40 s e l e c t e d  p a i r s  of 

days w a s  s imilar  t o  t h e  d i s t r i b u t i o n  of ou tdoor  tempera tures  d u r i n g  

these two w i n t e r  pe r iods .  

u s i n g  p a i r e d  t-tests on bo th  t h e  d a i l y  ave rage  tempera ture  and t h e  d a i l y  

minimum tempera ture .  These tests confirmed t h a t  t h e  two s e l e c t e d  groups 

of days were comparable. 

These days  w e r e  

The s e l e c t e d  p a i r s  of days were t h e n  t e s t e d  

W e  used two groups of customers  f o r  ou r  comparison of p re -  and 

p o s t - r e t r o f i t  energy u s e  behav io r ,  one t o  r e p r e s e n t  t h e  average  l e v e l  of 

c o n s e r v a t i o n  r e t r o f i t s  and t h e  o t h e r  t o  r e p r e s e n t  a much h i g h e r  l e v e l  of 

c o n s e r v a t i o n  r e t r o f i t s .  Both groups were l i m i t e d  t o  homes where t h e  

r e s i d e n t s  s t a t e d  t h a t  t h e i r  pr imary heating s o u r c e  was e l e c t r i c i t y .  The 

f i r s t  group (88 cus tomers)  were a l i k e  i n  tha t  t h e y  a l l  had c e i l i n g  and 

f l o o r  i n s u l a t i o n  i n s t a l l e d  w i t h  o t h e r  minor r e t r o f i t s  such  as water 

heater i n s u l a t i o n ,  low-flow showerheads,  e tc ,  The ave rage  r e t r o f i t  c o s t  

i n  these homes w a s  $6500. The second group (185 cus tomers)  w a s  no t  con- 

s t r a i n e d  by neasu re  s e l e c t i o n .  The ave rage  r e t r o f i t  c o s t  i n  t h i s  t o t a l  

group of homes w a s  $4500, about  $2000 less  t h a n  i n  t h e  homes s e l e c t e d  i n  

t h e  f i r s t  group because t h e y  had bo th  f l o o r  and c e i l i n g  i n s u l a t i o n  in -  

s t a l l e d .  

5.1 Indoor  T e m D e r a t u r e  

Examinat ion of pre-  and post-retrofit i ndoor  tempera ture  p r o f i l e s  

showed t h a t  dayt ime behavior  i s  unchanged b u t  n i g h t t i m e  t empera tu res  a r e  

r a i s e d  by about  0.4'F f o l l o w i n g  r e t r o f i t  f o r  the l a r g e r  group of 
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customers.  As i n d i c a t e d  i n  Fig.  7 ,  t h e  d i f f e r e n c e  i s  much g r e a t e r ,  

l.O°F, f o r  t h e  c e i l i n g  and f l o o r  i n s u l a t i o n  group. 

ence between t h e  two seasons  € o r  both  groups appea r s  t o  occur  a t  about 

5:OO o r  6 : O O  a.m. 

The g r e a t e s t  differ- 

Bar c h a r t s  ( s e e  Figs .  8 and 9 )  comparing daytime and n igh t t ime  

tempera ture  changes between t h e  two seasons  show t h a t  about  2 / 3  of t h e  

households  d i d  n o t  change t h e i r  i ndoor  tempera ture  by more than  2°F. 

More t h a n  2 / 3  o f  t h e  customers  i n  t h e  f l o o r  and c e i l i n g  t n s u l a t i o n  group 

who changed t h e i r  indoor  t empera tu re  chose  warmer tempera tures  fo l lowing  

r e t r o f i t .  However, among t h e  t o t a l  sample,  a lmos t  a s  many customers  

choose c o l d e r  temperatures as warmer temperatures. These tempera ture  

changes f o r  t h e  t o t a l  sample were a l s o  examined u s i n g  a p a i r e d  t-test. 

T h i s  t es t  showed t h a t  none of t h e  average  temperature i n c r e a s e s  (daytir?.e 

average  i n c r e a s e  of 0.08OF, n i g h t t i n e  average  i n c r e a s e  of 0.37OF, and 

o v e r a l l  average  i n c r e a s e  of 0 . l l " F )  were s t a t i s t i c a l l y  d i f f e r e n t  from 

0.0 a t  t h e  90% conf idence  l e v e l .  

Another examinat ion  of t h e  Hood R i v e r  d a t a  base  a l s o  showed no 

s t a t i s t i c a l l y  s i g n i f i c a n t  chanqes i n  t h e  measured tempera ture .  

a i S85/ 1986 
1944/19LM ----- 

I- 64 I,___.... , .... ...... 
MIDNIGHT 6 AM NOON 6 BU MIDNIGHT 

TIME OF DAY 

Fig .  7 .  Comparison of p r e -  and pos t -  r e t r o f i t  i n d o o r  tempera ture  
p r o f i l e s  f o r  t h e  c e i l i n g  and  f l o o r  i n s u l a t i o n  group. 
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Fig.  8. D i s t r i b u t i o n  of  pre-  and pos t -  r e t r o f i t  i ndoor  tempera ture  
changes f o r  t h e  group of c u s t o n e r s  w i t h  f l o o r  and c e i l i n g  i n s u l a t i o n  
i n s t a l l a t i o n s .  
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Fig.  9. D i s t r i b u t i o n  of p r e -  and p o s t -  r e t r o f i t  indoor  t empera tu re  
changes f o r  t h e  t o t a l  sample. 



However, an  econometr ic  model developed u s i n g  t h i s  d a t a  p r e d i c t s  a n  

average  i n c r e a s e  of O.?I0F a t t r i b u t a b l e  t o  improvements i n  s t r u c t u r a l  

e f f i c i e n c y .  T h i s  econometr ic  model i nc luded  monthly outdoor  tempera- 

t u r e  as  a n  independent  v a r i a b l e  r a t h e r  t h a n  no rma l i z ing  t h e  weather  

s e p a r a t e l y  as  was done i n  t h i s  s tudy.  Also,  t h e  s e v e r e  weather  pe r iod  

du r ing  November 1986 ( s e v e r a l  100-year r e c o r d s  were broken)  was used  as 

i n p u t  € o r  t h i s  econometr ic  model bu t  was excluded i n  t h e  a n a l y s i s  pre-  

s e n t e d  he re .  

Although t h e  average  tempera ture  change f o r  t h e  group as a whole 

was i n s i g n i f i c a n t ,  Figs.  8 and 9 show t h a t  some customers  a r e  changing 

t h e i r  indoor  tempera tures .  Because t h e  d i f f e r e n c e  i n  indoor  tempera- 

t u r e s  between t h e  two seasons  w a s  shown t o  be g r e a t e s t  a t  about  5 a.m., 

t h i s  time was chosen t o  test t h e  exp lana to ry  v a l u e  of s e v e r a l  l i f e s t y l e -  

r e l a t e d  v a r i a b l e s .  The model t e s t e d  whether  t h e  fo l lowing  f a c t o r s  would 

he lp  e x p l a i n  t h e  d i f f e r e n c e s  between be fo re  and a f t e r  tempera ture  cho ice  

a t  5 AM: (1)  t h e  presence  of s e n i o r  c i t i z e n s ,  c h i l d r e n ,  o r  t e e n a g e r s  i n  

t h e  home, ( 2 )  h e a t i n g  s y s t e m  t y p e  ( c e n t r a l ,  h e a t  pump, o r  baseboard)  

and whether p o r t a b l e  h e a t e r s  were used,  ( 3 )  e d u c a t i o n  l e v e l  of t h e  

household head, ( 4 )  f ami ly  s i z e ,  ( 5 )  household income, ( 6 )  tempera ture  

cho ice  be fo re  t h e  r e t r o f i t ,  (7) f l o o r  a r e a  of the  home, (8) t h e  t o t a l  

c o s t  of t h e  measures i n s t a l l e d ,  ( 9 )  t h e  ave rage  t o t a l  energy  u s e  b e f o r e  

r e t r o f i t ,  (10)  a n  a t t i t u d e  v a r i a b l e  based on t h e  r e s i d e n t ’ s  b e l i e f  t h a t  

they  have a r i g h t  t o  u s e  as  much energy  as  t h e y  can  a f f o r d ,  (11) an  

energy c o s t  v a r i a b l e  t h a t  d i f f e r e d  between c u s t o m r s  on t h e  PP&L rates 

and t h e  Hood River  Co-op r a t e s  (Co-op r a t e s  were much less t h a n  PP&L 

rates which had r i s e n  s t e e p l y  i n  t h e  y e a r s  immediately preceding  t h e  

HRCP programs) ,  ( 1 2 )  b u i l d i n g  type  ( s i n g l e  f a m i l y ,  mu l t i f ami ly ,  o r  

mobile homes), (13)  t h e  group i d e n r i t y  based on t h e  s p e c t r a l  a n a l y s i s  

d i s c u s s e d  i n  Sec t .  2 . 3 ,  and (I!,) the p resence  of a dishwasher  i n  t h e  

home. 

The reduced v e r s i o n  of t h i s  model, w i t h  most v a r i a b l e s  found to be 

s t a t i s t i c a l l y  i n s i g n i f i c a n t  removed, exp la ined  about  45% ( a d j u s t e d  R 2 )  

of t h e  v a r i a t i o n  i n  b e f o r e  and a f t e r  t empera tu res  f o r  t h e  f l o o r  and 

c e i l i n g  i n s u l a t i o n  group, Only t h r e e  v a r i a b l e s  ( b e f o r e - r e t r o f i t  t e m -  

p e r a t u r e  choice ,  u se  of p o r t a b l e  h e a t e r s ,  and area of t h e  home) w e r e  
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s i g n i f i c a n t .  

homes were more l i k e l y  t o  lower t h e i r  t empera tu re  ( s e e  F igs .  10 and 11), 

whi le  s m a l l e r  homes and homes w i t h  c o o l e r  p r e - r e t r o f i t  t empera tu res  

r a i s e d  t h e i r  t empera tures .  Homes w i t h  p o r t a b l e  h e a t e r s  were l i k e l y  t o  

have t empera tu re  i n c r e a s e s  about  1.5”F g r e a t e r  t h a n  homes wi thout  

p o r t a b l e  h e a t e r s .  

Homes wi th  warmer p r e - r e t r o f i t  t empera tu res  and l a r g e r  

T h i s  same model e x p l a i n e d  about  34% ( a d j u s t e d  R2) of t h e  v a r i a t l o n  

i n  t h e  t o t a l  sample and s e v e r a l  o t h e r  v a r i a b l e s  were found t o  be  s i g n i f -  

i c a n t ,  The e f f e c t s  of p r e - r e t r o f i t  temperature cho ice  and house s i z e  

were about  t h e  same. The p r e s e n c e  of a co l lege-educa ted  household  head 

l e d  t o  lowered p o s t - r e t r o f  it indoor  t empera tu res ,  wh i l e  t h e  r e v e r s e  was 

t r u e  f o r  a non-col lege-educated household  head (F ig .  12). Homes w i t h  a n  

ave rage  p r e - r e t r o f i t  l oad  of less than  2 kW showed a d rama t i c  i n c r e a s e  

i n  t h e i r  i ndoor  t empera tu re  f o l l o w i n g  r e t r o f i t  (Fig. 13). A h i g h  income 

l e v e l  was a s s o c i a t e d  w i t h  h i g h e r  p o s t - r e t r o f i t  t empera tu res  a t  5 a.m.,  

bu t  F ig .  14 shows t h a t  th roughout  t h e  rest of t h e  day, income h a s  ve ry  

l i t t l e  e f f e c t .  

ORNL-DWO 87-15292 
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Fig .  10. Change i n  i ndoor  t empera tu re  p r o f i l e s  € o r  groups of homes 
based on t h e i r  p r e - r e t r o f i t  i ndoor  t empera tu re  a t  5:OO a . m . ,  f l o o r  and 
c e i l i n g  i n s u l a t i o n  group. 
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Fig.  11. Change in indoor  tempera ture  p r o f i l e s  f o r  groups of homes 
based on their f l o o r  areas,  f l o o r  and ceiling i n s u l a t i o n  group. 
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Fig. 12. Indoor tempera ture  p r o f i l e s  b e f o r e  and after r e t r o f i t  €o r  
homes i n  t h e  t o t a l  sample w i t h  and wi thou t  a co l lege-educa ted  r e s i d e n t .  



27 

OWL-DWG 87- 15295 

AVERAGE TOTAL LOAD, BEFORE 
I_ < z w  

>= 2 ItW AND <= 1 W ----- 

MIDNIGHT MIDNIGHT 6 AM NOON 6 PU 
TlUE OF DAY 

Fig .  13. Indoor  t empera tu re  p r o f i l e s  b e f o r e  and a f t e r  r e t r o f i t  f o r  
homes i n  t h e  t o t a l  sample grouped a c c o r d i n g  t o  p r e - r e t r o f i t  t o t a l  l o a d  
l e v e l s .  
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Fig .  14. Indoor  t empera tu re  p r o f i l e s  b e f o r e  and a f t e r  r e t r o f i t  f o r  
homes i n  the t o t a l  sample grouped accord ing  t o  income l e v e l .  



5.2 Energy Use 

Before  r e t r o f i t ,  t h e  c e i l i n g  and f l o o r  i n s u l a t i o n  group used an 

average  of 0.0133 kWh/dd p e r  1000 f t 2  for win te r t ime  s p a c e  h e a t  compared 

t o  0.0093 kWh/dd p e r  1000 f t 2  a f t e r  r e t r o f i t  (30% sav ing) .  

sponding w i n t e r  t o t a l  energy u s e  s a v i n g  w a s  19%, 

group t h e  win te r t ime  space  h e a t  s a v i n g  was about  24% and the t o t a l  

energy use saving w a s  about 15%. 

The c o r t e -  

For t h e  t o t a l  sample 

I n  a n o t h e r  a n a l y s i s  of a lmost  3000 RRCP p a r t i c i p a n t s ,  t h e  annual  

t o t a l  energy sav ings  were a l s o  found to be  about  15%.' The average  sav-  

i ngs  f o r  t h e s e  3000 homes r e p r e s e n t s  about 43% of t h e  p r e d i c t e d  sav ings .  
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6 .  COMPARISON OF WOOD-BURNING AND ELECTRICALLY HEATED HOMES 

The comparison of wood-burning and  e l e c t r i c a l l y  h e a t e d  homes w a s  

based on t h e  same set  of similar days d i s c u s s e d  i n  Sec t .  5. The average  

e l ec t r i ca l  s p a c e  h e a t i n g  energy u s e  f o r  121 customers  i n  HRCP who claim 
t h a t  t h e i r  main h e a t i n g  f u e l  i s  wood o r  p r e s t o l o g s  i s  p r e d i c t a b l y  less 

t h a n  t h e  average  s p a c e  h e a t i n g  energy  u s e  of 193 customers  whose main 

h e a t i n g  f u e l  i s  e l e c t r i c i t y .  T h e i r  p r o f i l e s  become s l i g h t l y  c l o s e r  

(compare F i g s .  15 and 16)  f o l l o w i n g  r e t r o f i t  because t h e  wood-heated 

homes saved less t o t a l  energy (14% on a p e r  s q u a r e  f o o t  b a s i s )  t h a n  t h e  

e l e c t r i c a l l y  h e a t e d  homes ( l a % ,  also on a p e r  s q u a r e  f o o t  b a s i s ) .  

Indoor  tempera tures  i n  both  wood and e l e c t r i c a l l y  h e a t e d  homes 

appeared t o  be s l i g h t l y  e l e v a t e d  (about  0.2 t o  0 . 3 O F )  f o l l o w i n g  r e t r o -  

f i t .  The wood-heated homes were about  1.3'F w a r m e r  t h a n  e l e c t r i c a l l y  

h e a t e d  homes both b e f o r e  and a f t e r  t h e  c o n s e r v a t i o n  r e t r o f i t  (Fig.  

17) .  The warmer tempera tures  i n  wood-heated homes could be caused by 

t h e  placement of t h e  indoor  tempera ture  n o n i t o r  i n  o r  n e a r  t h e  room w i t h  

t h e  wood s tove .  Indoor tempera tures  vary  throughout  a house. This  

OWL-DWG 87-15297 

MIDNIGHT MIDNlOHl S A M  NOON 6 Phi 
TIME OF DAY 

Fig.  15. Space h e a t i n g  load  p r o f i l e  f o r  e l e c t r i c  and wood-heated 
homes, b e f o r e  r e t r o f i t .  
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Fig. 16. Space h e a t i n g  load  p r o f i l e  f o r  e l e c t r i c  and wood-heated 
homes, a f t e r  r e t r o f i t ,  
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Fig.  1 7 .  Indoor  tempera ture  p r o f i l e s  f o r  e l e c t r i c  and wood-heated 
homes fo l lowing  r e t r o f i t .  
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e f f e c t  would l i k e l y  be magnified i n  homes heated by a wood s tove  a s  
compared t o  homes heated by a central  system with ductwork. 

whole-house temperatures of wood and e l e c t r i c a l l y  heated homes may 

therefore be more s imi lar  than would be measured by a s i n g l e  temperature 

probe. 

The average 
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7. RESULTS AND CONCLUSIONS 

This  a n a l y s i s  addressed  two s e p a r a t e  q u e s t i o n s :  (1) a re  l i f e s t y l e  

v a r i a b l e s  impor tan t  i n  d e f i n i n g  energy u s e  and can  t h e y  be inco rpora t ed  

i n t o  energy  u s e  e s t i m a t i o n  procedures  t o  improve t h e  accuracy  of  energy  

sav ings  p r e d i c t i o n s ,  and (2)  a r e  energy sav ings  less  t h a n  p r e d i c t e d  

because customers are  e l e c t i n g  t o  r e c e i v e  a p o r t i o n  of t h e  s a v i n g s  i n  

the f o r m  of improved comfort .  The major conc lus ion  i s  t h a t  wh i l e  take-  

back occur s  i n  some houses ,  i t s  o v e r a l l  e f f e c t  i s  ve ry  s m a l l  i n  magni- 

tude  and can not  e~p1aiPn the l a r g e  d i f f e r e n c e s  between p r e d i c t e d  and 

achieved  energy sav ings  due t o  c o n s e r v a t i o n  r e t r o f i t s .  I n  a d d i t i o n ,  t h e  

r e s u l t s  of t h i s  s tudy  i n d i c a t e  t h a t  minor ad jus tmen t s  and improvements 

can be made t o  a u d i t  p rocedures ,  but  t h a t  t h e s e  ad jus tmen t s  will n o t  

e l i m i n a t e  t h e  l a r g e  sav ings  d i s c r e p a n c i e s  noted. 

Other  conc lus ions  based on t h i s  s t u d y  inc lude :  

8 I n  g e n e r a l ,  t h e  exp lana to ry  power of s e l e c t e d  l i f e s t y l e  v a r i a b l e s ,  

a l though s t a t i s t i c a l l y  s i g n i f i c a n t ,  was too  weak t o  be u s e f u l  i n  

p r e d i c t i n g  space-hea t ing  o r  t o t a l  energy  use.  

The number of occupan t s  was the n o s t  s i g n i f i c a n t  f a c t o r  i n  deter-  

mining wa te r  h e a t i n g  ener,gy u s e ,  e x p l a i n i n g  49% of t h e  d i f f e r e n c e  

i n  average  water h e a t i n g  use.  This r e l a t i o n s h i p  shou ld  he i n -  

co rpora t ed  i n t o  a u d i t  p r e d i c t i o n s  of h o t  water use  and energy 

sav ings .  ( I n t e r e s t i n g l y ,  the  p resence  o f  t e e n a g e r s  i n  t h e  

household was not  s i g n i f i c a n t ,  a l though i t :  is  o f t e n  inentfoned as 

l e a d i n g  t o  i n c r e a s e d  h o t  water use . )  

(b Although changes i n  t h e  indoor  t empera tu re  b e f o r e  and a f t e r  r e t r o -  

f i t  d i d  occur ,  t h e  changes were small and were not  u n i v e r s a l  o r  

c o n s i s t e n t  among t h e  households .  About 213 of t h e  households  d i d  

no t  change t h e i r  indoor  tempera ture  by more t h a n  2°F. Among t h e  

t o t a l  sample,  a lmost  as  many customers  chose  c o l d e r  t empera tu res  a5 

warmer temperatures .  Homes wi th  lower p re - r e t ro f  i t  tempera tures  

and smaller homes were more l i k e l y  t o  ra i se  t h e i r  t empera tures ,  

These f a c t o r s  exp la ined  about  45% of t h e  v a r i a t i o n  i n  be fo re  and 

a f t e r  tempera tures  f o r  a group of customers  t h a t  liad f l o o r  and 

c e i l i n g  i n s u l a t i o n  i n s t a l l e d .  Fo r  t h e  t o t a l  group of e l e c t r i c a l l y  
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hea ted  homes, t h e  e f f e c t s  of l i f e s t y l e  v a r i a b l e s  accounted 

about  34% of the v a r i a t i o n  i n  b e f o r e  and a f t e r  t empera tu re  

f o r  

d i f f e r -  

ences  f o r  t h e  t o t a l  sample. The e f f e c t s  of t h e s e  v a r i a b l e s  a r e  

l a r g e  enough t o  i n c o r p o r a t e  i n t o  a u d i t  p r e d i c t i o n s  as some s o r t  of 

c o r r e c t i o n  f a c t o r .  However, t h e  average  magnitude of t h i s  takeback 

c o r r e c t i o n  i s  very  small and would not s i g n i f i c a n t l y  improve t h e  

accuracy  of t h e  a u d i t  p r e d i c t i o n s .  

Only 4 %  of t h e  d i f f e r e n c e s  i n  ave rage  s p a c e  h e a t i n g  l o a d s  were 

e x p l a i n e d  by l i f e s t y l e  v a r i a b l e s .  

The accuracy  of energy s a v i n g  p r e d i c t i o n s  depends on t h e  accuracy 

of t h e  indoor  t empera tu re  used  i n  t h e  a u d i t  c a l c u l a t i o n s .  However, 

t h i s  s t u d y  found t h a t  s e l f - r e p o r t e d  t empera tu res  are u n r e l i a b l e  ( a s  

ev idenced  by comparison of t h e  r e p o r t e d  and measured n igh t t ime  t e m -  

p e r a t u r e s ) ,  Also,  o n l y  6% of t h e  d i f f e r e n c e s  i n  ave rage  indoor  

t empera tu re  were e x p l a i n e d  by l i f e s t y l e  v a r i a b l e s .  

Temperature s e t b a c k  p a t t e r n s  cannot  be assumed based  on t h e  

p re sence  o r  absence of c lock  t h e r m o s t a t s  because d a i l y  indoor  t e m -  

pera ture  p r o f i l e s  of bo th  groups were found t o  be  t h e  same. 
L i f e s t y l e  v a r i a b l e s  e x p l a i n  32% of t h e  d i f f e r e n c e s  i n  base  energy 

use. 
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Appendix A 

S p e c t r a l  Ana lys i s  Details 

S p e c t r a l  a n a l y s i s  r e q u i r e s  time-series d a t a  and h a s  been used  I n  

t h e  p a s t  t o  d i s c e r n  between weather -dr iven  and l i f e s t y l e - d r i v e n  space  

h e a t i n g  1 0 a d s . ~  

terms t o  a g iven  p r o f i l e  t o  i d e n t i f y  t h e  u n d e r l y i n g  f r e q u e n c i e s  of t h e  

p r o f i l e  and t h e  c o n t r i b u t i o n s  of t h e s e  f r e q u e n c i e s  t o  t h e  p r o f i l e .  

example, a s p e c t r a l  a n a l y s i s  of t o t a l  house load  f o r  a group of houses  

would show l i f e s t y l e  p a t t e r n s  w i t h  fundamental  f r e q u e n c i e s  of 24 h 

( d a i l y  a c t i v i t i e s ) ,  1 2  h (morning and evening  a c t i v i t y  p e r i o d s ) ,  4 t o  

6 h (cooking and c l e a n u p ) ,  and a h o s t  of o t h e r  f r e q u e n c i e s ,  depending o n ,  

t h e  e l ec t r i c i ty -consuming  a c t i v i t i e s  engaged i n  a t  t h e  group of houses. 

S p e c t r a l  a n a l y s i s  f i t s  a series of s i n e  and c o s i n e  

For 

This  s p e c t r a l  a n a l y s i s  t echn ique  w a s  a p p l i e d  t o  t h e  HRCP d a t a  set  

i n  a n  a t t empt  t o  group t o g e t h e r  customers  w i t h  similar energy use  p a t -  

t e r n s ,  This  a n a l y s i s  covered  each  cus tomer ' s  t o t a l  energy  u s e  t i m e  

series d a t a  d u r i n g  t h e  month of November, 1984. Customers were as s igned  

t o  groups based on t h e i r  two h i g h e s t  s p e c t r a l  d e n s i t y  peaks. 

l a r g e s t  group of customers ,  a lmost  200, w a s  dominated by 1 2  and 24 h 

cyc le s .  

dominance of c y c l e s  l o n g e r  t h a n  24 h. The l a s t  group of about  40 

members showed a tendency toward s h o r t e r  c y c l e s  of 6 h o r  less. The 

ave rage  (ove r  t h e  month of November) s p a c e  h e a t  and t o t a l  energy use  

p r o f i l e s  were t h e n  c a l c u l a t e d  f o r  each  group. 

F igs .  18 and 19, r e f l e c t  t h e  t r e n d s  i d e n t i f i e d  by t h e  spectral  

a n a l y s i s .  Group 1 ' s  curve  i s  a r e l a t i v e l y  smooth, double  humped curve 

showing t h e  e a r l y  morning h e a t i n g  load  and t h e  morning and evening  

a c t i v i t y  pe r iods .  Group 2 ' s  curve  i s  n o t i c e a b l y  f l a t t e r  t h a n  t h e  

o t h e r s ,  w i t h  sha l lower  t roughs  and smaller peaks. The l a s t  group ' s  

curve  is  e x c e p t i o n a l l y  peaky and rough. Load cu rves  t h a t  ave rage  a t  

least  30 randomly chosen homes a r e  g e n e r a l l y  much smoother t han  t h i s  

curve. Because t h i s  curve  r e p r e s e n t s  t h e  ave rage  of about  40 homes ove r  

a month's t i m e ,  t h e  roughness  must a c t u a l l y  r e f l e c t  t h e  f l u c t u a t i n g  

n a t u r e  of t h e s e  cus tomers '  energy  use.  

The 

A second group of about  50 customers  was d i s t i n g u i s h e d  by t h e  

These p r o f i l e s ,  shown i n  
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Fig.  18. Hood River  November 1984 space-heat ing energy use, 
customers c l u s t e r e d  u s i n g  s p e c t r a l  a n a l y s i s .  
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Fig .  19. Hood River  November 1984 t o t a l  energy u s e ,  customers 
c l u s t e r e d  u s i n g  spec t ra l  a n a l y s i s .  
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This spec tra l  group ident i ty  was then tested a s  another explanatory 
variable  i n  the  regression ana lys i s  to discover whether these  energy use  

patterns were re lated t o  take back behavior. They were not. 
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