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Major energy l o s s e s  i n  r e s i d e n t i a l  b u i l d i n g s  can  prove v e r y  e l u s i v e  t o  t h e  energy a u d i t o r .  A s  
a  r e s u l t ,  conven t iona l  c h o i c e s  of r e t r o f i t  can  e a s i l y  ove r look  major problem a r e a s .  This  
paper  o u t l i n e s  a  number of exper imen ta l  approaches  f o r  de te rmin ing  t h e  energy consumption of a 
b u i l d i n g ,  wi th  emphasis on a i r  i n f i l t r a t i o n .  The combined use  of d e p r e s s u r i z a t i o n  of t h e  h o u s e  
and i n f r a r e d  scan  pe rmi t s  t h e  l o c a t i o n  of "bypass" r o u t e s  through which warm a i r  i s  l e a v i n g  t h e  
s t r u c t u r e .  These l o s s e s  tend t o  undermine t h e  e f f e c t i v e n e s s  of i n s u l a t i o n ,  a s  w e l l  a s  t o  
l o v e r  comfort i n  t h e  dwel l ing .  S e v e r a l  t y p e s  of bypasses  a r e  desc r ibed  and evidence f o r  t h e i r  
widespread e x i s t e n c e  is  documented. The impact of r e t r o f i t t i n g  t h e s e  and o t h e r  energy l o s s  
s i t e s  is a l s o  d i s c u s s e d  wi th  r ega rd  t o  s i d e  e f f e c t s  on t h e  occupants  and b u i l d i n g  s t r u c t u r e .  

INTRODUCTION 

This  paper  is based on our  exper i ences ,  and t h o s e  of our  c o l l e a g u e s  a t  P r i n c e t o n ,  i n  (a)  s tudy-  
ing  t h e  energy l o s s e s  i n ,  and r e t r o f i t t i n g ,  some 30 townhouses a t  Twin Rive r s ,  N.J.,1 (b )  
s tudy ing  a t t i c  h e a t  l o s s e s  i n  17 o t h e r  houses ,2 ,3  ( c )  a n a l y z i n g  t h e  r e t r o f i t  p o t e n t i a l  of an 
o ld  50-unit  apar tment  complex,4 (d)  s tudy ing  t h e  performance of 1 0  houses  equipped wi th  hea t  
pumps ,5~6  and (e)  a n a l y z i n g  t h e  p o t e n t i a l  energy s a v i n g s  t o  b e  ob ta ined  i n  four  detached 
houses  by s t a t e -o f - the -a r t  r e t r o f  its.7 

Measuring t h e  energy sav ings  ob ta ined  from a  s e t  of r e t r o f i t s  i s  o f t e n  d i f f i c u l t .  I n  
S e c t i o n  11, we d i s c u s s  one way of e v a l u a t i n g  r e t r o f i t  s a v i n g s ,  us ing  our  Twin Rive r s  s tudy  a s  
a n  example. 

Es t ima t ing  t h e  magnitude of v a r i o u s  energy l o s s e s  i n  a  house is necessa ry  i f  t h e  propere 
r e t r o f i t s  a r e  t o  b e  made. Ways of f i n d i n g  t h e  major energy l o s s e s  a r e  p resen ted  i n  S e c t i o n  B.  
We have found t h a t  s i g n i f i c a n t  h e a t  l o s s e s  from a  house d u r i n g  win te r  t a k e  p l a c e  through [In- 

f a m i l i a r  p a t h s  which we c a l l  "bypasses" (Sec t ion  C ) .  

Bypass h e a t  l o s s e s  occur  when energy i s  t r a n s m i t t e d  through r o u t e s  o t h e r  than t h a t  con- 
templated i n  t h e  r e s i d e n t i a l  des ign .  Examples i n c l u d e  a i r  f low moving through i n s u l a t i o n  o r  
a i r  r e c i r c u l a t i n g  i n  w a l l  c a v i t i e s .  

F i n a l l y ,  i n  S e c t i o n  D we n o t e  t h a t  energy conse rv ing  r e t r o f i t s  i n  a  house may have poten- 
t i a l l y  harmful s i d e - e f f e c t s ,  which must be  cons ide red  w h i l e  planning a  r e t r o f i t  s t r a t e g y .  

A .  RETROFIT EVALUATION 

One way of de te rmin ing  t h e  e f f e c t i v e n e s s  of a  s e t  of r e t r o f i t s  i n  a  house i s  t o  t ake  t h e  
"energy s i g n a t u r e "  of t h e  house b e f o r e  and a f t e r  t h e  r e t r o f i t s .  The d a t a  base  f o r  t h i s  proce- 
d u r e  i s  e i t h e r  d e t a i l e d  measurements o r  t h e  u t i l i t y  b i l l i n g  d a t a ' f o r  a  number of i n t e r v a l s  
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d u r i n g  t h e  h e a t i n g  o r  c o o l i n g  season .  With t h e s e  d a t a  i n  hand one  can  c o n s t r u c t  a  g raph  a s  
shown i n  F i g .  1. The s l o p e  of t h i s  g raph ,  t h e  r a t e  of ene rgy  u s e  p e r  d e g r e e  r e d u c t i o n  i n  ou t -  
s i d e  t empera tu re ,  i s  a  u s e f u l  measure.839 As meaningful  r e t r o f i t s  a r e  performed t h i s  s l o p e  
becomes l e s s  s t e e p .  I f  t h e  i n t e r n a l  t empera tu re  i s  r educed ,  t h e  graph i s  d i s p l a c e d  t o  t h e  
l e f t  w i thou t  change of s l o p e .  

The r e f e r e n c e  t empera tu re  i s  t h e  p o i n t  a t  which t h e  graph i n  F i g .  1 i n t e r s e c t s  t h e  tem- 
p e r a t u r e  a x i s .  I t  i s  t h e  t empera tu re  below which f u r n a c e  h e a t  i n p u t  i s  needed t o  keep t h e  
house  a t  a  s p e c i f i e d  t h e r m o s t a t  s e t t i n g . *  T h i s  p o i n t  i s  de termined by t h e  the rmos ta t  s e t t i n g ,  
t h e  a v e r a g e  " f r e e "  h e a t  o b t a i n e d  from t h e  sun ,  a p p l i a n c e s  and occupan t s ,  and t h e  s l o p e  of t h e  
graph.  The i n t e r c e p t  F of t h e  g raph  on t h e  v e r t i c a l  a x i s  i s  a  measure of t h e  f r e e  h e a t .  Both 
s h i f t s  i n  s l o p e  and r e f e r e n c e  t empera tu re  r e s u l t i n g  from r e t r o f i t s  l e a d  t o  ene rgy  s a v i n g s .  

From such " b e f o r e  and a f t e r "  s i g n a t u r e s ,  we have e s t a b l i s h e d  t h e  s a v i n g s  r e s u l t i n g  from 
r e t r o f i t t i n g  more t h a n  t h i r t y  townhouses a t  Twin R i v e r s ,  N . J .  I n  t h e s e  r e t r o f i t s  reduced a i r  
i n f i l t r a t i o n  was a t t empted  by t i g h t e n i n g  window and door  s e a l s .  A t t i c  i n s u l a t i o n  was upgraded 
from a  nominal R-11 t o  a  nominal R-3010 and some of t h e  a i r  l e a k a g e  p a t h s  connec t ing  l i v i n g  
s p a c e  and a t t i c  were s e a l e d .  Subsequent  a n a l y s i s  showed t h a t  s e a l i n g  t h e s e  a i r  l e a k s  was t h e  
most impor t an t  r e t r o f i t . 1 1  F i n a l l y ,  t h e  f u r n a c e  supp ly  d u c t s  and t h e  e l e c t r i c  o r  g a s  wa te r  
h e a t e r  were b o t h  wrapped w i t h  R-7 i n s u l a t i o n .  The n e t  energy s a v i n g s  from t h i s  s e r i e s  of 
r e t r o f i t s  was found t o  be  % 25%, w i t h  a  documented a v e r a g e  35% r e d u c t i o n  of a i r  i n f i l t r a t i o n 1 2  
r e p r e s e n t i n g  abou t  t w o - f i f t h s  of t h e  s a v i n g s ,  and t h e  a t t i c  r e t r o f i t s  most of t h e  r e s t .  Pay- 
back i n  energy s a v i n g s  of c a p i t a l  expended was of t h e  o r d e r  of 3-4 years.13 

I n  one  home t h e  r e t r o f i t t i n g  p r o c e s s  was t aken  even f u r t h e r  by one  of ou r  c o l l e a g u e s .  9  

A t t e n t i o n  was g i v e n  t o  f u r t h e r  improvements of windows and d o o r s .  Thermal s h u t t e r s  ( t o  R8) 
were added t o  some windows, p l a s t i c  m u l t i l a y e r  i n t e r n a l  s t o r m e r s  were added t o  o t h e r s ,  and an  
i n t e r n a l  s to rm door  added t o  t h e  p a t i o  door .  A i r  i n f i l t r a t i o n  was f u r t h e r  suppres sed  (from 
0 .7  t o  0 .3  pe r  hour )  by s e a l i n g  t h e  band j o i s t  i n  t h e  basement and s m a l l  open ings  i n t o  t h e  
a t t i c .  F i n a l l y ,  t h e  basement o u t e r  w a l l s  ( i n c l u d i n g  t h e  band j o i s t )  were  covered w i t h  R-11 
i n s u l a t i o n .  The r e s u l t s  of a l l  t h e s e  changes  r e v e a l e d  68% energy s a v i n g s  i n  t h e  h e a t i n g  
season .  ** 

The house  was s o l d  subsequent  t o  t h e  expe r imen t s  and t h e  new owner was a b l e  t o  a c h i e v e  
comparable  energy s a v i n g s  i n  t h e  f o l l o w i n g  w i n t e r .  A  two- th i rds  s a v i n g s  i n  a  r e a s o n a b l y  in -  
s u l a t e d ,  r e c e n t  townhouse s u g g e s t s  t h a t  t h e  p o t e n t i a l  s a v i n g s  i n  o l d e r  hous ing  would be  even 
h i g h e r .  

I f  c e r t a i n  changes  had been made t o  t h a t  house  a t  t h e  t ime  of c o n s t r u c t i o n  ( e .g .  s e a l i n g  
t h e  i n t e r n a l  c a v i t i e s  of t h e  c i n d e r  b l o c k  p a r t y  w a l l s  a t  t h e  a t t i c  f l o o r  l e v e l ) ,  an  a d d i t i o n a l  
7% ene rgy  could  have  been saved l e a d i n g  t o  a  p o t e n t i a l  75% s a v i n g s  f o r  new house  c o n s t r u c t i o n .  

I n  o r d e r  t o  p l a n  a  s u i t a b l e  r e t r o f i t  package,  one  needs  t o  know what t h e  major  e n e r g y .  
l o s s e s  a r e .  These  a r e  n o t  a lways  obv ious ,  a s  w i l l  be  shown i n  S e c t i o n  C ;  o n - s i t e  i n s p e c t i o n  
and measurement may be  n e c e s s a r y .  Techniques  f o r  l o c a t i n g  t h e  major components o f  ene rgy  u s e  
a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

B. DIFFERENT APPROACHES TO FINDING IMPORTANT ENERGY LOSSES 

I n  a d d i t i o n  t o  t h e  t r a d i t i o n a l  n o t e  pad and measur ing t a p e ,  whereby one  c a r e f u l l y  r e c o r d s  t h e  
equipment and a p p l i a n c e s  o p e r a t i n g  i n  t h e  r e s i d e n c e  and measures  a r e a s  of windows, c e i l i n g s ,  
f l o o r s ,  e t c . ,  a n  a r r a y  of energy l o s s  d e t e c t i o n  -- a  "house d o c t o r "  k i t  -- i s  sugges t ed .  

A i r  Leakage.  De te rmina t ion  of t h e  a i r  i n f i l t r a t i o n  r a t e  and t h e  l o c a t i o n  of l e a k a g e  s i t e s  i s  
o f t e n  t h e  most impor t an t  component of a n a l y z i n g  house  energy l o s s e s .  

Blower Door. I n  one  of t h e  most thorough t e c h n i q u e s ,  a n  i n f r a r e d  scanne r  and a  "blower-door" 
a r e  u sed .  I n  t h i s  method a  d o o r ,  w i t h  a  h i g h  f low blower mounted i n  i t ,  i s  a t t a c h e d  t o  t h e  

* In  c e n t r a l  New J e r s e y  houses  we have  s e e n  t h e  r e f e r e n c e  t e m p e r a t u r e s  v a r y  from a  h i g h  of 6B°F 
t o  a  low of 52°F. Such v a r i a t i o n s  imply  a  d r a s t i c a l l y  d i f f e r e n t  d u r a t i o n  of h e a t i n g  season  
f o r  t h e  houses  i n  q u e s t i o n .  

**A 50% sav ing  i s  a s s o c i a t e d  w i t h  t h e  change i n  s l o p e  of t h e  "energy s i g n a t u r e , "  w h i l e  t h e  r e -  
mainder r e s u l t s  from a  r e d u c t i o n  of t h e  r e f e r e n c e  t e m p e r a t u r e  from 62' t o  5Z°F. 



frame o f  a n  o u t s i d e , d o o r  of t h e  house.14 (See F i g .  2 )  The blower i s  f i r s t  se t  t o  p r e s s u r i z e  
t h e  house s l i g h t l y . -  A hand-held i n f r a r e d  scanne r  i s  t h e n  used t o  de tec t :  warm spot S on  the. 
e x t e r n a l  s u r f a c e  of t h e  b u i l d i n g  and p a r t i c u l a r l y  t h e  a t t i c  f l o o r .  Tllese arc;lr; co r r e spond  io 
s:iiies where warm a i r  i s  l e a k i n g  t o  t h e  o u t s i d e  o r  i n t o  t h e  a t t i c .  Next t h e  r e v e r s i b i c ,  v;!)-1.--- 
a b l e  speed motor on  t h e  blower door  is used t o  d e p r e s s u r i z e  t h e  house."" E n t r y  p o i n t s  f o r  
c o l d  a i r  on t h e  i n t e r i o r  s u r f a c e s  of t h e  house  may t h e n  be  observed by an infr-arecl ~ c ; ~ n ~ ~ ~ ' ~ v ~ ~  
A t e s t  iriclrldirlg b o t h  p r e s s u r i z a t i o n  and d e p r e s s u r i z a t i o n  h e l p s  t o  i d e n t i f y  a i r  lealiagv p a t h s  
t h a t  do n o t  p a s s  d i r e c t l y  t h rough  a n  o u t s i d e  w a l l .  For i n s t a n c e ,  a i r  l e a k i n g  t h r o u g h  an e l er- 
tr.ic.cll o u t l e t  may t r a v e l  a l o n g  a n  e x t e r n a l  w a l l  b e f o r e  p a s s i n g  through a s u i t a b l e  c ~ p e n i x ; ~  <!,-? 

t h e  o u t e r  surfac .e .  Or-her examples i n c l u d e  bypass  h e a t  l o s s e s  through a t t i c s ,  tii:;c~rsse~ci i i t  
S e c t i o n  C.  Our e x p e r i e n c e  shows t h a t  t h e s e  unusual a i r  l eakage  r o u t e s  o f t e n  tiorriiilatcl i.hc, 
o v e r a l l  l e a k i n e s s  of a  b u i l d i n g .  Under n a t u r a l l y  o c c u r r i n g  ai.r i n f i l t r r r t i o i l ,  c c ~ l d  a i r  i l r r r . i z i - s  

rlllrl b u i l d i n g  i n  a v a r i e t y  of l o c a t i o n s  and warm a i r  o f t e n  l e a v e s  e l s ewhere  so t h a t  ztrr i n i rn i . e \ i  
s c a n  a l o n e  . (on  b o t h  i n n e r  and o u t e r  s u r f a c e s )  r e v e a l s  o n l y  some of t h e  s i t e s  ~ l m c  show u p  i r k  
t h e  comple t e  pressurization/depressurization-infrared scan .  Without a n  i n f r a r e d  s c a n n e r ,  t h e  
blower door  a l o n e  may be  used t o  d e t e c t  some l e a k a g e  s i t e s  b u t  t h e  p rocedure  may b c  ci~nlber:;oil~cb, 
e s p e c i a l l y  f o r  l e a k a g e  s i t e s  t h a t  a r e  n o t  e a s i l y  a c c e s s i h l e .  I n  a d d i t i o n  t o  if ir iding l e a k s ,  t l ~ e  
blower door  may be  used t o  g e n e r a t e  a  p r e s s u r e  v s .  l e a k a g e  r a t e  c u r v e  f o r  [:he h o t ~ s e .  Srlcir 
measurements may l e a d  t o  a  l e a k i n e s s  s t a n d a r d  f o r  houses . l 4 ,17  

T r a c e r  - Gas. Another method of r a t i n g  a i r  i n f i l t r a t i o n  i s  by measuring t h e  d e c ~ y  111 ( o i i c r r ~ t :  I -  

l i o n  of a  t r a c e r  g a s ,  caused by t h e  exchange of house  a i r  w l t h  t h e  o u t s i d e .  Although ~ ~ t o -  
mated a l r  l n f  l l t r a t i o r r  equipment h a s  been developed , 1 8 9 1 9  i t s  u s e  is  more appropr  l a t e  f o ~  
r e s e a r c h  s t u d l e s  t h a n  f o r  r e s i d e n t i a l  ene rgy  a u d i t .  One v a r i a t i o n  of t h e  rrdc e r  gas  ~ p p r t )  ri 11 
I., t o  t a k e  bag samples  of a i r  f o l l o w i n g  t h e  i n j e c t i o n  and mixing of t r a c e r  gaz, i ~ r  t tie liou~ ,i It '  
?his approach  h a s  even a l lowed measurements t o  be  made a c r o s s  t h e  counrry .L0>21 Bec d u s t  i i r r  

sample bags  a r e  e x p e n s i v e  (>$lO/bag)  and r e q u i r e  a  hand pump f o r  f l l l l n g ,  a n  cvcn s m r p l e ? ,  i i ,  
expensive v e r s i o n  h a s  evolved.  A  b o t t l e  of t r a c e r  g a s  and s i x  p l a s t i c  sample b o t t l e s  d r  j i tu  

v ided  t h e  homeowner t o g e t h e r  w i t h  i n s t r u c t i o n s .  The house  i s  seeded w i t h  t h e  sulphur  t ~ c x ~ t i r ,  
o r i d e  t r a c e r  g a s  and t h e n  g a s  samples  a r e  t aken  e v e r y  h a l f  hour by s l ~ n p l y  squcbeziog i1l.i. boi t L c  
whlch a r e  l a t e r  ana lyzed  i n  t h e  l a b .  T h i s  t e c h n i q u e  y i e l d s  i n e x p e n s i v e  s p o t  c h r c k s  of . I I ~  ~n 
f l l t r a t l o n  arld cart be  used t o  compare t h e  a i r  i n f i l t r a t i o n  of a  house  b e f o r e  artd d f t t r  a ,et o l  
r e t r o f i t  s. Wind and t empera tu re  d a t a  a t  t h e  t ime  o f  t h e  t e s t  t o g e t h e i  w i t h  a  r e l ~ a b l ~  a ~ i  LII 

f i l t r a t ~ o n  model a r e  n e c e s s a r y  i f  i n t e r p r e t a t i o n  of a i r  i n f i l t r a t i o n  ove r  a wldr rang(. of 
weather  t o r ~ d i t l o n s  is t o  be  made. 

A rule-of-thumb i n  ene rgy  l o s s  d i s t r i b u t i o n  t h a t  was v e r y  e v i d e n t  i n  t h e  Twin Rrver r, 
s t ~ d i e s l ~ 9 ~ ~  (now t h e  r e s e a r c h  i s  c o n c e n t r a t i n g  on o l d e r  housing)  i s  t h a t  rough ly  113 of r h r  
ene rgy  l o s s e s  a r e  t r a c e a b l e  t o  a i r  i n f i l t r a t i o n ;  113 t o  conduc t ion  th rough  w a l l s ,  re i l i r ig . ,  .jnJ 
f l o o r s  ( p r o v i d i n g  a l l  have i n s u l a t i o n  i n i t i a l l y )  and 113  i s  l o s t  t h rough  windows. (To malic 
major s a v i n g s  each  segment must b e  ana lyzed  f o r  r e t r o f i t  p o t e n t i a l . )  In  dea l inggwi rh  ol,ii*x 
homes t h a t  l a c k  any i n s u l a t i o n , 2 3  t h i s  three-way b a l a n c e  can be  g r e a t l y  a l t e r e d  and ir ,$,ulat  rorr 
p robab ly  becomes f i r s t  p r i o r i t y ,  w i t h  t h e  p r e c a u t i o n s  a s  s t a t e d  i n  S e c t i o n  C .  

Conduct ion .  For t h e  a n a l y s i s  of conduc t ion  l o s s e s  t h e  same i n f r a r e d  s c a n  t h a t  rcvcaivd i:X~c, 
-.-.-.-p "- 

l e a k a g e  s i t e s  w i l l  a l s o  i n d i c a t e  non-un i fo rmi t i e s  a n d / o r  t h e  absence  of i n s u l . a t i o ~ i  i n  ~ ~ 1 1 1 : ; ~  
c e i . l i n g s ,  and f l o o r s .  For more q u a n t i t a t i v e  i n f o r m a t i o n ,  s u r f a c e  t empera tu re  measurement:; 
have been found t o  be  u s e f u l .  Heat l o s s  t h rough  a w a l l  may be  e s t i m a t e d  from me:rsur:elilcnts i i !  

t h e  a i r  and w a l l  s u r f a c e  t empera tu re s .  Using t h e  c o n v e c t i v e - r a d i a t i v e  f i l m  coefficient F:>I 
t.he i n s i d e  a i r  layer2!1 (= 1 .47  B T I J / ~ ~ ~ / ~ " F  o r  8 .35  w/m2/'c), t h e  h e a t  l o s s  p e r  u n i t  ;arc.;l, I)/&, 
is g i v e n  by 

w h e r e  TRY TS, To a r e  t h e  t e m p e r a t u r e s  o f  t h e  room a i r ,  t h e  w a l l  s u r f a c e  and c ~ i i i s ~ i i r  (^F) l l r i ,  !l 

v a l u e  of tl-lr w a l l  ( i n c l u d i n g  t h e  o u t s i d e  i i l m  c o e f f i c i e n t )  can  the11 be  determined 1~6~t t i  btrnwl, c l i  e 

of t ile i n s r d e - o u t s i d e  t empera tu re  d i f f e r e n c e .  I f  t h e s e  measurements a r e  t o  reve'll d r t  3 ll., o r  

" I n t e r i o r - e x t e r i o r  p r e s s u r c  d i f f e r e n c e  of 25 Pa i s  adequa te .  

""If t h e  htrlibe i s  equipped w i t h  a  g a s  o r  o i l  f u r n a c e ,  i t  must b e  trrrnecl o f f  t o  a v o l d  i 1 1 1 1 ,  
p---- -- --M - 

r e v e r s a l  I n  t h e  f l u e  and i n j e c t i o n  of combust ion  fumes i n t o  t h e  house .  -- -- -- 



t h e  R v a l u e  of t h e  s t r u c t u r e ,  t h e n  t h e  measurements must be  made on w a l . 1 ~  o r  c e i l i n g s  t h a t  
have n o t  recent !  y  been exposed t o  t h e  s u n ,  h e a t i n g  d u c t s ,  e e c .  S o l a r  e f f e c t s  should  be  avnidsC 
by choos ing  a  n o r t h  w a l l ,  a  west  w a l l  i n  t h e  morning, and so  on. 

S u r f a c e  t e m p e r a t u r e  measurements may a l s o  b e  used t o  e s t i m a t e  window conduc t ion  l o s s e s ,  

App l i ances  and Heat ing/Cool ing Equipment. E v a l u a t i o n  of a p p l i a n c e s  and space  c o n d i t i o n i n g  
equipment i s  another c r i t i c a l  component i n  a  house  ene rgy  a u d i t .  Using f lue -gas  a n a l y s i s  
equipment one  can  q u i c k l y  de t e rmine  t h e  s t e a d y - s t a t e  e f f i c i e n c y  of o i l  o r  g a s - f i r e d  furns.ci .s .  
Ofcen, r e t x n i n g  t h e  b u r n e r  can  r e s u l t  i n  i n s t a n t  improvement a t  minimal c o s t  ( e .g .  a  r ecenc  
ad jus tmen t  of a n  o i l  b u r n e r  i n  one t e s t  home i n c r e a s e d  i t s  e f f i c i e n c y  from 72% t o  81% -- equiv-  
a l e n t  t o  a  13% f u e l  s a v i n g s  f o r  l e s s  t h a n  a n  h o u r ' s  e f f o r t ) ,  Older  o i l  b u r n e r s  o f t e n  havz no 
p o t e n t i a l  ro  exceed a  s t e a d y - s t a t e  e f f i c i e n c y  of 70%, whereas  newer d e s i g n s  can  o p e r a t e  above 
80%. %?*  

I n  1 0  h e a t  pump homes which were s t u d i e d ,  t h e  c o e f f i c i e n t  of performance averaged 1 . 5  i n -  
s t e a d  of  i t s  nominal v a l u e  of 2 .0 .  Here performance d e g r a d a t i o n  was t r a c e d  t o  t h e  e x c e s s i v e  
u s e  of d e f r o s t  and a u x i l i a r y  h e a t ,  and problems a s s o c i a t e d  w i t h  i n i t i a l  i n s t a l l a t i o n  of c l uc t i ng ,  
and c o n t r o l s . 5 ~ 6  

Water h e a t i n g  and r e f r i g e r a t i o n  a r e  two o t h e r  i t e m s  t h a c  should  n o t  be  i gnored .  I n  many 
a r e a s  o f  t h e  c o u n t r y  wa te r  h e a t i n g  expense  exceeds  t h a t  f o r  s p a c e  h e a t i n g .  The s u r f a c e  temper- 
a t u r e  p robe  a g a i n  p roves  h e l p f u l  i n  e s t i m a t i n g  b o t h  s t o r a g e  and d i s t r i b u t i o n  l o s s e s .  

I n  t h e  c a s e  of r e f r i g e r a t o r  performance e v a l u a t i o n ,  we have developed a  s imp le  wa t tme te r  
t h a t  r e c o r d s  t h e  ene rgy  used over  a  p e r i o d  s u f f i c i e n t l y  l o n g  t o  a d e q u a t e l y  t a k e  i n ~ o  acco:ir.-t 
compressor ,  d e f r o s t  and f a n  c y c l e s .  Using t h i s  i n s t r u m e n t  one  can  r e a d i l y  s p o t  r e f r i g e r a t o r s  
and f r e e z e r s  t h a t  a r e  consuming a s  much a s  doub le  o r  more t h e  e l e c t r i c a l  ene rgy  of o t h e r  com- 
p a r a b l y  s i z e d  u n i t s ,  

C. 3NFAMILIAR "BYPASS" HEAT LOSSES 

I n  t h e  c o u r s e  of o u r  r e s e a r c h ,  we have  documented and q u a n t i f i e d  anomalous w i n t e r  h e a t  l o s s e s  
which can accoun t  f o r  a s i g n i f i c a n t  f r a c t i o n  of house  h e a t i n g  energy use .  

We d e f i n e  bypass  h e a t  l o s s  t o  be  t h e  r e s u l t  of h e a t  t r a n s f e r  t h a t  bypasses  t h e  conduc t ive  
o r  c o n d u c t i v e - r a d i a t i v e  h e a t  t r a n s f e r  between two r e g i o n s  of t h e  house .  Def ined i n  t h i s  
manner, h e a t  t r a n s f e r  between t h e  i n t e r i o r  and e x t e r i o r  of t h e  b u i l d i n g  by a i r  i n f i l t r a t i s n  
c o n s t i t u t e s  a  bypass .  

Our expe r imen t s  i n  occupied  houses  i n  Twin R i v e r s ,  N . J .  and e l s ewhere  have r e v e a l e d  Lwo 
k i n d s  of b y p a s s e s ,  I n  t h e  f i r s t  k i n d ,  h e a t  i s  t r a n s f e r r e d  by a i r  movement. T h i s  a i r  f l o w  m;y6 
be r e c i r c u l a t o r y  i n  n a t u r e  and does  n o t  a lways  c o n t r i b u t e  t o  t h e  n e t  exchange of l i v i n g  s p a c e  
a i r  w i t h  t h e  o u t s i d e  ( i . e . ,  does  n o t  c o n s t i t u t e  a i r  i n f i l t r a t i o n ) .  The second t y p e  of bypzss  
h e a t  l o s s  i n v o l v e s  w a l l s  or' hol low masonry r n a t e r i a l s  such  a s  c i n d e r  b l o c k ,  where a i r  f l o w  . . w r ~ i l i n  t h e  c a v i t i e s  p e r m i t s  v e r t i c a l  h e a t  t r a n s f e r s  between ewo r e g i o n s  connected  by t h e  w a l l .  

A t t i c  Bypasses  .----PP a t T w i n  R i v e r s ,  Our s e a r c h  f o r  bypass  h e a t  l o s s  p a t h s  d a t e s  back t o  1976 when 
t h e  a t t i c  a i r  t e lxpe ra tu re s  measured i n  a  nilmber o f  i n s t rumen ted  Twin R i v e r s  townhouses were 
observed t o  be  s u b s t a n t i a l l y  g r e a t e r  t h a n  p r e d i c t e d  b  a  s imp le  t h e o r e t i c a l  model.  I n  t h a t  
model,  which we r e f e r  t o  a s  t h e  t w o - r e s i s t a n c e  model,Y1 t h e  l i v i n g  s p a c e ,  a t t i c  and o u t s i d e  
were  each  c h a r a c t e r i z e d  by a  s i n g l e  t empera t i l r e  TH, TA and TO, r e s p e c t i v e l y ,  The h e a t  t r a n s f e r  
r a t e  between l i v i n g  spac2  and a t t i c ,  and between a t t i c  and o u t s i d e  a r e  e q u a l ,  and each is  sro--  
p o r t i o n a l  t o  t h e  a p p r o p r i a t e  t empera tu re  d i f f e r e n c e .  The a t t i c  h e a t  b a l a n c e  may be  exp res sed  
a s  : 

*A change from 70% t o  85%, a 15% improvement i m p l i e s  a  21% ene rgy  s a v i n g s .  S i n c e  so:ne newer 
d e s l g n s  t end  t o  have  l e s s  s t a c k  l o s s e s  between f i r i n g  c y c l e s ,  che  annua l  s a v i n g s  may h e  even 
l a r g e r ,  



The h e a t  f l u x e s  a r e  r e l a t e d  t o  t h e  t empera tu re  d i f f e r e n c e s  by t h e  c o n s t a n t s  of p r o p c r t i o n a ' i t y ,  
WIu and MAO, r e f e r r e d  t o  a s  conduc tances  f o r  conven ience .  I n  a  s imp le  t w o - r e s i s t a n c e  model 
W m  i s  made up of conduc t ion  th rqugh  t h e  a t t i c  f l o o r ,  w h i l e  b o t h  conduc t ion  through t h e  roof  a s  
w e l l  a s  v e n t i l a t i o n  of t h e  a t t i c  ( w i t h  o u t s i d e  a i r )  c o n s t i t u t e  T h i s  model p r e d i c t s  t h a t  

Tne r a t i o ,  X i s  app rox ima te ly  c o n s t a n t  provided t h e  c o n t r i b u t i o n  of a t r i c  v e n t i l a i i o n  rs 
t 9  

WAFi i s  s m a l l  o r  s t e a d y .  Based on handbook c o n d u c t i v i t i e s 2 4  and v e n t  i l a i i o n  ci-rarac t e r i s t i c s  of 
T w l n  R i v e r s  a t t i c s , 2 5  a  v a l u e  of 

was o b t a i n e d .  Based on measured t e m p e r a t u r e s  f o r  a  sample of Twin R i v e r s  townhoubes, 

was observed t o  have  a n  a v e r a g e  v a l u e  of 1 . 0 .  T h i s  d i s c r e p a n c y ,  X = 1 . 0  # 8 . 9  = A r e f u t e s  
t' 

t h e  node1 expres sed  i n  Equa t ion  ( IV .2 ) .  I n  p h y s i c a l  t e rms ,  f o r  any g i v e n  f n s i 6 e  anc o i l t c ide  
t e m p e r a t u r e s ,  t h e  measured a t t i c  t e m p e r a t u r e s  were much l a r g e r  t h a n  t h o s e  p r e d i c t e d  b y  Sq.  
( I V .  2 ) .  

P o s s i b l e  c a u s e s  f o r  t h i s  d i s c r e p a n c y  were i n v e s t i g a t e d  and i t  was shown t h a t  t h e  a t t i c s  
were t o o  warm l a r g e l y  because  o f  h e a t  t r a n s f e r  p a t h s  o t h e r  t h a n  conduc t ion  through t h e  a t t i c  
f l o c r .  During t h i s  p r o c e s s ,  t h r e e  such bypass  h e a t  l o s s  p a t h s  were uncovered.  I n  each c a $ e ,  
a  suspec t ed  h e a t  l o s s  p a t h  was e l i m i n a t e d  by a  s u i t a b l e  r e t r o f i t  i n  one  o r  more t o ~ ~ i z ~ h o u s e s ,  
The change i n  t h e  e x t e n t  of t h e  d i s c r e p a n c y  when t empera tu re  d a t a  were s u b s t i t u t e d  i n  E q .  
(IV.2) b e f o r e  and a f t e r  t h e  r e t r o f i t  de t e rmined  whether  t h e  suspec t ed  h e a t  l o s s  p a t h  was in-- 
deed s i  n i f i c a n t .  Such d a t a  can  a l s o  b e  used t o  q u a n t i f y  t h e  e q u i v a l e n t  conductance  of t h e  
bypass.81*26 Thus,  t e m p e r a t u r e  measurements i n  s emi -ex te r io r  s p a c e s  may s e r v e  as  a  me.xsi:ri 
of  t h e  h e a t  f l o w  th rough  t h e  space .  The t h r e e  bypasses  a r e  o u t l i n e d  below. 

Furnace  S h a f t  Bypass. A m e t a l l i c  f l u e  from t h e  f u r n a c e ,  l o c a t e d  i n  t h e  basement.  pdsses  - 
t h rough  t h e  Twin R i v e r s  a t t i c .  T h i s  i s  surrounded by a  r e c t a n g u l a r  s h a f t ,  open a t  s o t s  e n d s  
which c o n n e c t s  basement w i t h  a t t i c .  Warm basement a i r  may p a s s  through t h i s  s h a f t  i n t o  t h e  
a t t i c .  ( I n  a  s i m i l a r  f a s h i o n  warm a i r  can  t r a v e l  upward i n  t h e  opening t h a t  su r rounds  plumb- 
i n g  v e n t  p i p e s . )  

P a r t y  Wall Gap Bypass.  Twin R i v e r s  townhouses a r e  of wood f rame c o n s t r u c t i o n  and scpdra t ed  
from each  o t h e r  by c i n d e r  b l o c k  f i r e  w a l l s  t h a t  extend from basement t o  a t t i c .  There is  a 
space  between t h e  gypsum board  s i d e  w a l l s  and t h e  p a r t y  w a l l s  which a l s o  c o n n e r r s  the bz*?rniinr 
and a t t i c  and p e r m i t s  a i r  f l o w  between t h e s e  s p a c e s .  

Both o f  t h e  above bypasses  a r e  o f  t h e  FIRST K I N D  - i . e . ,  t h e y  i n v o l v e  a i r  f l ow i n t o  cind 
c u t  3f  t h e  a t t i c .  They were l a r g e l y  e l i m i n a t e d  by s t u f f i n g  t h e  open ings  a t  t h e  a t t r :  f l o o r  
l e v e l  w i t h  compressed f i b e r g l a s s  d u r i n g  a  s e r i e s  of r e t r o f i t s .  (See Sec t io r ,  I 1  ancl Xiief. iiii 

' ~ a r t ~ ~ a l l  - -- Convect ion  Bypass.  Th i s  bypass  i s  of t h e  SECOND K I N D ,  where a i r  movement. w i t h i n  
t h e  c a v i t i e s  of t h e  c i n d e r  b l o c k  p a r t y  w a l l  c o n s i d e r a b l y  enhances  h e a t  t r a n s f e r  i n T c  a t r i c  
from t h e  l i v i n g  s p a c e  and t h e  basement.  T h i s  bypass  canno t  be  r e a d i l y  e l i m i n a t e 6  oace  a  bi;:ild - 
i n g  i s  i n  p l a c e .  To prove  i t s  e x i s t e n c e ,  b o t h  p a r t y  w a l l s  i n  a  Twin R i v e r s  a t t i c  were covered 
ove r  w i t h  R-l1 f i b e r g l a s s  i n s u l a t i o n  b a t t s .  The e f f e c t  on t h e  a t t i c  t empera tu re  prove(i t h e  
r x i - s t e n c e  of t h i s  bypass  p a t h .  However, s i n c e  each  p a r t y  w a l l  i s  exposed t c  two d i f f e r e n t  
a t t i c s ,  add ing  i n s u l a t i o n  t o  one s i d e  does  n o t  e l i m i n a t e  t h i s  h e a t  l o s s .  L a t e r ,  i n  a  p a i r  :)F 
townhouses,  a  r e t r o f i t  p rocedure  f o r  e l i m i n a t i n g  t h i s  bypass  h e a t  l o s s  p a t h  was corrducted. Lrz 
t h a t  expe r imen t ,  h o l e s  were  d r i l l e d  i n t o  t h e  b l o c k  c a v i t i e s  of t h e  p a r t y  .wall  a t  t h e  a t t i c  
f l o o r  l e v e l  arid c e l l u l o s e  i n s u l a t i o n  was blown i n  a s  a  p lug  t o  p reven t  warm a i r  i n  t h e  c a v i t i e s  
from r e a c h i n g  t h e  a t t i c . 2  T h i s  r e t r o f i t  was a b l e  t o  e l i m i n a t e  o n l y  abou t  60% of t h e  parcy  w a l l  
conductance, One reasoi; f o r  t h i s  i s  t h a t  a l l  t h e  c i n d e r  b l o c k  c a v i t i e s  a r e  rroc e q ~ a l i y  



a c c e s s i b l e ,  e s p e c i a l l y  t h o s e  n e a r  t h e  eaves .  While t h e  c o s t - e f f e c t i v e n e s s  of such a  r e t r o f i t  
may be  q u e s t i o n a b l e ,  i t  should  be  emphasized t h a t  e l i m i n a t i o n  of t h i s  bypass  i n  a  new house  i s  
t r i v i a l ,  e . g .  by l a y i n g  a  c o u r s e  of s o l i d  masonry b l o c k s  i n  t h e  p a r t y  w a l l s  a t  t h e  a t t i c  f l o c r  
l e v e l .  

The d i s c o v e r y  of t h e s e  bypasses  l e d  t o  t h e  f o r m u l a t i o n  of a  t h ree -zone  model f o r  h e a t  
t r a n s f e r  c o n n e c t i n g  bas,ement , a t t i c  and l i v i n g  ~ ~ a c e . 2 7  The r e l a t i v e  c o n t r i b u t i o n  of t h e  
basement and l i v i n g  s p a c e  t o  t h e  p a r t y  w a l l  c o n v e c t i o n  bypass  i s  shown i n  F ig .  3 .  

The p r a c t i c a l  consequence  of t h e s e  bypasses  i s  t h a t  t h e  Twin R i v e r s  a t t i c ,  a s  b u i l t ,  
l o s e s  abou t  5 t i m e s  a s  much h e a t  a s  i t  would i n  t h e  absence  of t h e s e  p a t h s .  The a t t i c  h e a t  
l o s s  t h e n  a c c o u n t s  f o r  about  35% of t h e  h e a t  l o s s  f o r  t h e  e n t i r e  house .  The two e a s i e r  r e t r o -  
f i t s  a l o n e  would lower  t h e  f u e l  consumption of a  Twin R i v e r s  townhouse by 20%.27 

A t t i c  Bypasses i n  Other  Houses.  The impor t ance  of a t t i c  bypasses  on house  h e a t  l o s s  a t  Twin 
R i v e r s  l e d  u s  t o  wonder i f  such p a t h s  were  p r e s e n t  i n  o t h e r  hous ing  s t y l e s  a s  w e l l .  F e a t u r e s  
found i n  Twin R i v e r s ,  such a s  p a r t y  w a l l s ,  a r e  n o t  common i n  s i n g l e  f a m i l y  hous ing  ( a l t hough  
i t  is  t h e  norm i n  row hous ing ) .  Nor do m e t a l l i c  f u r n a c e  f l u e s  surrounded by open s h a f t s  r u n  
th rough  a l l  a t t i c s  ( b u t  masonry chimneys u s u a l l y  have  open ings  around them). A  su rvey  of 1 5  
houses  of v a r i o u s  s t y l e s  ( a l l  w i t h  i n s u l a t e d  a t t i c s )  was c a r r i e d  o u t  d u r i n g  t h e  w i n t e r  of 1977- 
78. Most of t h e s e  houses  d i d  n o t  have t h e  bypasses  i d e n t i f i e d  i n  Twin Rive  s a t t i c s .  A s i m -  
p l e r  e x p e r i m e n t a l  p rocedure ,  u s i n g  o n l y  t h r e e  maximum-minimum thermometers ,  showed t h a t  t h e s e  
a t t i c s  t o o  were i n v a r i a b l y  warmer t h a n  p r e d i c t e d  by t h e  model i n  Eq. ( IV.2) .  The a t t i c s  i n  ou r  
sample l o s t  between 3  and 7 .5  t i m e s  a s  much h e a t  a s  t h e i r  i n s u l a t i o n  l e v e l  would p r e d i c t . *  

The n e x t  s t e p  was t o  i d e n t i f y  and e l i m i n a t e  t h e s e  bypasses .  

One of t h e  houses  surveyed -- a  s p l i t  l e v e l  c o l o n i a l  -- had a  warm a t t i c  d e s p i t e  t h e  l a c k  
of a l l  Twin R ive r s - type  bypasses .  A d e t a i l e d  s t u d y  showed t h a t  t h e  two b a t h t u b s  i n  t h e  f l o o r  
below t h e  a t t i c  had dropped c e i l i n g s .  I n t e r i o r  w a l l  c a v i t i e s  communicated w i t h  t h e  space  
above t h e  dropped c e i l i n g s .  T h i s  s p a c e  was covered ove r  by i n s u l a t i o n  b a t t s  and could  n o t  be  
s een  from t h e  a t t i c .  When t h e  w a l l  c a v i t i e s  were s e a l e d  o f f  from t h e  s p a c e  above t h e  dropped 
c e i l i n g s ,  t h e  a t t i c  t e m p e r a t u r e  showed much b e t t e r  agreement w i t h  t h e  t w o - r e s i s t a n c e  model. 9 

The e s t i m a t e d  s e a s o n a l  s a v i n g s  from t h i s  r e t r o f i t  i n  t h i s  g a s  h e a t e d  New J e r s e y  house  was $69, 
assuming a  g a s  p r i c e  of $ . 4 0  p e r  100  c u .  f t .  The dropped c e i l i n g  bypass  ( o r  s i m i l a r  c o n d i t i o n  
above t h e  second f l o o r  s t a i r s  c e i l i n g )  h a s  been i d e n t i f i e d  i n  o t h e r  houses  a s  w e l l .  T h i s  r e l -  
a t i v e l y  e a s y  r e t r o f i t  ( o f t e n  a  p l a s t i c  vapor  b a r r i e r  can  p r o v i d e  t h e  s e a l ) ,  w i t h  l a r g e  poten-  
t i a l  s a v i n g s ,  i s  v e r y  c o s t - e f f e c t i v e .  

Other  s p e c i f i c  bypasses  remain  t o  be  d i s c o v e r e d .  U l t i m a t e l y  i t  w i l l  be  p o s s i b l e  t o  c r e a t e  
a  c a t a l o g  of such p a t h s  so  t h a t  r e t r o f i t  need n o t  be  preceded by measurement.  

Basement Bypasses .  I n  t h e  t r a d i t i o n a l  model of basement h e a t  l o s s ,  w a l l s  above g r a d e  (wi thob t  
t h e  b e n e f i t  of any ground i n s u l a t i o n )  have  a  l a r g e  conductance .  Wal ls  below g r a d e  have r a p i d l y  
d e c r e a s i n g  conduc tance  w i t h  i n c r e a s i n g  d e p t h . 2 9  However, i n  l i g h t  of ou r  e x p e r i e n c e  w i t h  
c i n d e r  b l o c k  bypasses  t o  a t t i c s  ( F i g .  3 ) ,  one might  e x p e c t  convec t ion  p a t t e r n s  w i t h i n  t h e  
c a v i t y  w a l l s  t o  pe rmi t  w a l l s  below g r a d e  t o  l o s e  h e a t  a t  a  h i g h e r  r a t e .  A  basement w a l l  h e a t  
l o s s  model i n c l u d i n g  such a  c o n v e c t i v e  p a t h  i s  shown s c h e m a t i c a l l y  i n  F i g .  4. P r e l i m i n a r y  
measurements of h e a t  f l u x  and s u r f a c e  t empera tu re  d i s t r i b u t i o n  i n  ho l low and s o l i d  basement 
w a l l s  c o n f i r m  t h i s  h y p o t h e s i s .  These r e s u l t s  i n d i c a t e  t h a t  basement w a l l s  w i l l  l o s e  much more 
h e a t  t h a n  s u 5 ~ e s t e d  by t h e  t r a d i t i o n a l  models of two-dimensional conduc t ion ,  developed f o r  
s o l i d  w a l l s .  s 3 1  

Thermal Br idges .  We have d e f i n e d  bypass  h e a t  l o s s e s  t o  b e  t h o s e  o t h e r  t h a n  conduc t ion  o r  
c o n d u c t i o n - r a d i a t i o n .  However, i n  many c a l c u l a t i o n s  of h e a t  l o s s ,  u n i n s u l a t e d  p o r t i o n s  a r e  
i gnored  and t h e  i n s u l a t i o n  i s  assumed t o  e x i s t  ove r  t h e  e n t i r e  s u r f a c e  i n  q u e s t i o n .  The most 
prominent  u n i n s u l a t e d  p a r t  of a  w a l l  o r  a t t i c  i s  t h e  wood frame. However, s i n c e  wood i s  a  
r e l a t i v e l y  good i n s u l a t o r  i n  i t s  own r i g h t ,  t h e  omis s ion  of t h e  wood f rame from h e a t  t r a n s f e r  
c a l c u l a t i o n s  d o e s  n o t  u s u a l l y  r e s u l t  i n  a  major  u n d e r e s t i m a t e  of t h e  h e a t  l o s s .  

* I n t e r e s t i n g l y  enough, we have  found r e c o r d s  of unexp la ined  warm a t t i c s  r e p o r t e d  i n  1941. 
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Using t h e i r  d a t a ,  we c a l c u l a t e  a n  a t t i c  h e a t  l o s s  t w i c e  t h e  p r e d i c t e d  v a l u e . 2  



However, our  exper i ence  wi th  a t t i c s  shows t h a t  a t t i c  doors  and t r a p  doors  a r e  o f t e n  un- 
i n s u l a t e d  and may add s i g n i f i c a n t l y  t o  t h e  h e a t  l o s s  through t h e  a t t i c .  Th i s  i s  e s p e c i a l l y  
t r u e  i n  t h e  c o n t e x t  of h igh  i n s u l a t i o n  l e v e l s  recommended f o r  a t t i c s  today.32 For i n s t a n c e ,  
i f  t h e  u n i n s u l a t e d  p o r t i o n  of t h e  a t t i c  f l o o r  (say a  door)  r e p r e s e n t s  2% of t h e  t o t a l  a r e a ,  
and t h e  U-value f o r  i n s u l a t e d  and u n i n s u l a t e d  p o r t i o n s  a r e  0.03 and 0 . 5  ~ t u / f t ~ / h / O ~  respec-  
t i v e l y ,  t h e n  even a  one-dimensional h e a t  t r a n s f e r  c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  un insu la ted  
door adds  about  30% t o  t h e  o v e r a l l  U-value of t h e  a t t i c  f l o o r .  I n  r e a l i t y ,  a d j a c e n t  r e g i o n s  
of d i s s i m i l a r  i n s u l a t i n g  v a l u e s  w i l l  l e a d  t o  d e p a r t u r e s  from one-dimensional h e a t  t r a n s f e r ,  
and a n  even h igher  h e a t  f l u x  than p r e d i c t e d  by t h e  l - D  model may r e s u l t .  

I m l i i c a t i o n s  of Bypass P a t h s  f o r  Energy Saving R e t r o f i t s .  Our exper iments  i n d i c a t e  t h a t  c h e i e  - 
i s  a l a r g e  energy sav ings  p o t e n t i a l  from c o s t  e f f e c t i v e  r e t r o f i t s .  We e s t i m a t e  t h a t  t h e  
win te r  h e a t  l o s s  through a t t i c  bypasses  i n  one and two s t o r y  s i n g l e  f ami ly  wood frame houses 
a l o n e  accoun t s  f o r  about  20% of a l l  r e s i d e n t i a l  space  h e a t i n g  energy u s e  (and 2% of a l l  t h e  
energy use)  i n  t h e  U .  S.2 

We have a l s o  shown t h a t  because a t t i c  bypasses  s h o r t - c i r c u i t  i n s t a l l e d  i n s u l a t i o n ,  f u l l  
b e n e f i t s  from t h e  a d d i t i o n  of i n s u l a t i o n  a r e  n o t  r e a l i z e d  i f  bypasses  a r e  l e f t  ~ n c h a n g e d . ~ ? ~  
E l imina t ion  of a t t i c  bypasses  should t h e r e f o r e  precede o r  accompany t h e  a d d i t i o n  of a t t i c  
i n s u l a t i o n .  

Our i n i t i a l  s e a r c h  f o r  bypasses  involved a  t r i a l - a n d - e r r o r  approach: a  p o t e n t i a l  bypass  
p a t h  was r e t r o f i t t e d  t o  s e e  i f  it had any e f f e c t .  S ince  then  t h e  method us ing  blower doors  
and i n f r a r e d  scans  h a s  been u t i l i z e d  a s  d i s c u s s e d  i n  S e c t i o n  B  and i l l u s t r a t e d  i n  F i g .  5. 

The p r i n c i p a l  l e s s o n  l ea rned  from bypasses  and thermal  b r i d g e s  may b e  summarized as  
fo l lows .  Once t h e  major h e a t  l e a k s  have been t r e a t e d  and reduced,  t h e  o r i g i n a l l y  smal l e r  
l e a k s  become more impor tan t .  For i n s t a n c e ,  conduct ion from l i v i n g  space  accoun t s  f o r  most 
of t h e  h e a t  i n p u t  t o  a n  u n i n s u l a t e d  a t t i c ,  and bypasses  a r e  sma l l  i n  comparison. However, i f  
a t t i c  h e a t  l o s s  i s  reduced by adding more and more i n s u l a t i o n  then  a  p o i n t  i s  reached when 
conduc t ion  through t h e  a t t i c  f l o o r  i s  no longer  t h e  dominant h e a t  i n p u t .  I n  f a c t ,  a s  our  
su rvey  i n d i c a t e s ,  even a t t i c s  w i t h  o n l y  R-l1 i n s u l a t i o n  l o s e  about  3  t o  5 t imes  a s  much hea t  
a s  can  b e  accounted f o r  by conduc t ion  through t h e  i n s u l a t i o n  a lone .3  Nowadays, much higher  
i n s u l a t i o n  l e v e l s  i n  a t t i c s  a r e  r ecomended .32  These s t a n d a r d s  a r e  based on c a l c u l a t i o n s  
where on ly  l i v i n g  space  c e i l i n g  conduc t ion  c o n s t i t u t e s  h e a t  i n p u t  t o  t h e  a t t i c .  I n  t h e  f lood  
of g u i d e l i n e s ,  s t a n d a r d s ,  and recommendations based on t h e o r e t i c a l  models, v e r y  few a t t e m p t s  
a t  v a l i d a t i o n  a r e  a p p a r e n t .  Our exper i ence  s u g g e s t s  t h a t  e x t r a p o l a t i n g  models (witliout p r i o l  
v a l i d a t i o n )  t o  h i g h  i n s u l a t i o n  l e v e l s  may g e n e r a t e  mis l ead ing  r e s u l t s .  

D .  SIDE-EFFECTS FROM RETROFITS 

I n  a d d i t i o n  t o  t h e  in tended energy s a v i n g s ,  t h e r e  a r e  o t h e r  e f f e c t s  which may r e s u l t  from 
r e t r o f i t s  -- some b e n e f i c i a l ,  some p o t e n t i a l l y  harmful .  For i n s t a n c e ,  room tempera tu res  may. 
e q u a l i z e  a f t e r  a  r e t r o f i t  l e a d i n g  t o  more c 0 m f o r t . ~ 3  On t h e  o t h e r  hand, i n s u l a t i o n  packed 
improper ly  around a  l i g h t  f i x t u r e  might l e a d  t o  f i r e ;  o r  a  r e t r o f i t - i n d u c e d  mois tu re  problem 
might e a t  u p  f u e l  s a v i n g s  i n  r e p a i r  b i l l s .  

I t  i s  important  t o  i d e n t i f y  p o t e n t i a l l y  harmful s i d e - e f f e c t s  a s  e a r l y  a s  p o s s i b l e  bo th  t o  
p r o t e c t  t h e  h e a l t h ,  s a f e t y ,  and investment  of t h e  p u b l i c  a s  w e l l  a s  t o  guard a g a i n s t  a r e t r o -  
f i t  back lash .  (A few h o r r o r  s t o r i e s  abou t  unexplained s i d e - e f f e c t s  could l ead  t o  m i l l i o n s  of  
home owners n e e d l e s s l y  fo rego ing  b e n e f i c i a l  r e t r o f i t s . )  

It i s  a l s o  important  t o  o b t a i n  a  f u l l  unders t and ing  of s i d e - e f f e c t  phenomena, e s p e c i a l l y  
mois tu re  f low,  so  t h a t  c o n s e r v a t i v e  p r e c a u t i o n s  do n o t  f o r e c l o s e  energy-saving r e t r o f i t s  un-- 
n e c e s s a r i l y .  

There a r e  p r e s e n t l y  t h r e e  p o t e n t i a l  s i d e - e f f e c t s  which a r e  r e c e i v i n g  major a t t e n t i o n :  
inc reased  r i s k  of f i r e s ,  indoor  a i r  p o l l u t i o n ,  and mois tu re  problems. 

F i r e  S a f e t y .  Complaints have been recorded i n  connec t ion  w i t h  flammable foam and i n  connec t ion  
w i t h  t h e  placement of i n s u l a t i o n  around l i g h t  f i x t u r e s .  Bu i ld ing  codes  now r e q u i r e  p r o t e c t i v e  
cover ings  from flammable foam i n s u l a t i o n  and,  obv ious ly ,  c a r e  must b e  t aken  i n  i n s u l a t i r ~ g  
around l i g h t  f i x t u r e s  and o t h e r  h e a t  sources .  The p r e s e n t  s a f e t y  s t a n d a r d s  a s s o c i a t e d  w i t h  
r ecessed  c e i l i n g  l igh t ing34y35  may l e a d  t o  a t t i c  bypasses  u n l e s s  s p e c i f i c  procedures  a r e  
worked o u t  t h a t  e n s u r e  s a f e t y  whi l e  e l i m i n a t i n g  t h e  bypass .  



I n  t h e  p rocess  of r e t r o f i t t i n g ,  e l e c t r i c a l  w i r e s  may be  sandwiched between thermal  in- 
su la t ion ,  and t h e  i n s u l a t i o n  may f i l l  e l e c t r i c a l  o u t l e t s .  Temperature bu i ldup  a s s o c i a t e d  w i t h  
t e s t s  on the rmal ly  i n s u l a t e d  e l e c t r i c a l  w i r i n g ,  a s  opposed t o  an  a c t u a l  h i s t o r y  of f i r e s ,  have 
produced concern.  U n t i l  a l l  t h e  r e q u i r e d  d a t a  can be  c o l l e c t e d ,  one must proceed c a u t i o u s l y  
i n  t h i s  a r e a .  

However, i n s u l a t i o n  r e t r o f i t s  can a l s o  h e l p  t o  p reven t  f i r e s .  By b lock ing  a i r  f low,  
p a r t i c u l a r l y  i n  balloon-frame w a l l s  wi thou t  f i r e  s t o p s ,  t h e  r a t e  of f i r e  spread should  be  
reduced. I n  any c a s e ,  i t  i s  important  f o r  t h o s e  of u s  i n  t h e  r e t r o f i t  f i e l d  t o  keep t r a c k  of 
f i r e  s t a t i s t i c s .  

Indoor A i r  P o l l u t i o n .  Indoor a i r  p o l l u t i o n  h a s  r e c e n t l y  r ece ived  q u a n t i t a t i v e  a t t e n t i o n .  
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When a  house i s  t i g h t e n e d  up t o  save  energy,  fo rced  v e n t i l a t i o n  may be  necessa ry  i n  h igh  source  
a r e a s  of m o i s t u r e  and p o l l u t i o n  such a s  k i t c h e n s  and bathrooms. Th i s  w i l l  enab le  u s  t o  r e t a i n  
a c c e p t a b l e  a i r  q u a l i t y  w h i l e  r educ ing  energy l o s s  from e x c e s s i v e  a i r  i n f i l t r a t i o n .  

Concern over a i r  q u a l i t y ,  a s  w e l l  a s  r e c o g n i t i o n  of t h e  d e s i r a b i l i t y  of f r e s h  a i r  from a  
comfort  p o i n t  of view, s u g g e s t s  t h a t  h e a t  (and mois tu re )  r e c u p e r a t i o n  t echn iques  be  g iven  in -  
c reased  a t t e n t i o n .  Such t echn iques  p rov ide  t h e  d e s i r e d  v e n t i l a t i o n  w i t h  minimum energy l o s s ,  
s i n c e  incoming a i r  can b e  cond i t ioned  w i t h  outgoing a i r .  It h a s  a l r e a d y  been demonstrated 
t h a t  i t  i s  p o s s i b l e  t o  t i g h t e n  up t h e  s h e l l  of t h e  house t o  0 . 1  a i r  exchangeslhr .  and then  
c o n t r o l  v e n t i l a t i o n  through a  h e a t  and /o r  mois tu re  e ~ c h a n g e r . ~ ~ , ~ ~  

Mois ture  Problems. Mois ture  problems a r e  a l r e a d y  d e t r a c t i n g  from t h e  p o s i t i v e  a s p e c t s  of 
r e t r o f i t t i n g .  Concern over  p o s s i b l e  condensa t ion  h a s  l e d ,  i n  some c a s e s ,  t o  abandonment of 
w a l l  i n s u l a t i o n  a s  a  r e t r o f i t . "  S ince  mois tu re  f low i s  l a r g e l y  a s s o c i a t e d  w i t h  a i r  f low 
( d i f f u s i o n  through w a l l s  and c e i l i n g s  i s  u s u a l l y  i t  f i t s  n a t u r a l l y  i n t o  P r i n c e t o n ' s  
a i r  i n f i l t r a t i o n  s t u d i e s .  From a  t h e o r e t i c a l  p o i n t  of view, i t  i s  n o t  y e t  p o s s i b l e  t o  g i v e  
d e f i n i t e  answers a s  t o  when t o  fo rego  i n s u l a t i o n  because  of mois tu re .  The key v a r i a b l e s  have 
no t  y e t  been i d e n t i f i e d .  (This ,  perhaps ,  e x p l a i n s  why t h e r e  i s  such a  con t roversy  over  t h i s  
s u b j e c t . )  However, some g e n e r a l  p r i n c i p l e s  a r e  a p p l i c a b l e  i n  i n d i c a t i n g  where t o  look  f o r  
problems f i r s t .  

I n  a  house w i t h  a  f u r n a c e ,  o u t s i d e  a i r  must b e  drawn i n t o  t h e  f u r n a c e  room of t h e  house 
t o  make up f o r  a i r  l e a v i n g  through t h e  f l u e .  S tack  e f f e c t s  based upon t h e  i n s i d e - o u t s i d e  
t empera tu re  d i f f e r e n c e  tend t o  produce e x f i l t r a t i o n  a t  t h e  t o p  of t h e  house,  i n f i l t r a t i o n  a t  
t h e  bottom. S ince  i t  i s  outgoing warm, mois t  a i r  which might condense,  i t  f o l l o w s  t h a t  t h e  
f i r s t  p l a c e  t o  look  f o r  problems i s  a t  t h e  t o p  of w a l l s ,  r a t h e r  t h a n  a t  t h e  bottom, and on 
t h e  second s t o r y  r a t h e r  t h a n  t h e  f i r s t ,  Regions of h i g h  mois tu re  sources ,  such a s  bathrooms, 
k i t c h e n s ,  e t c .  a r e  t h e  o t h e r  obvious  p l a c e s  t o  look.  

Because of t h e  house - spec i f i c  n a t u r e  of a i r  f low,  and occupan t - spec i f i c  n a t u r e  of mois tu re  
sources ,  one should n o t  expec t  t o  f i n d  mois tu re  problems, i f  any, t o  t h e  same e x t e n t  i n  a l l  
houses .  Th i s  makes t h e  s i t u a t i o n  e s p e c i a l l y  f r u s t r a t i n g  t o  energy-minded i n d i v i d u a l s ,  who 
s e e  t h e  u s e  of w a l l  i n s u l a t i o n  be ing  t h r e a t e n e d  i n  m i l l i o n s  of homes i n  o r d e r  t o  p reven t  
problems i n  a  few. Perhaps  some k ind  of r e t r o f i t  i n s u r a n c e  would be  i n  o r d e r  he re .  

The problem w i t h  w a l l s ,  a s  opposed t o  a t t i c s ,  i s  t h a t  t h e r e  i s  no c u r r e n t  consensus  
about  t h e  need t o  v e n t i l a t e  them. When i n s u l a t i o n  i s  added t o  e x i s t i n g  w a l l s ,  t h e  temperature  
of t h e  o u t e r  s h e a t h i n g  w i l l  drop,  i n c r e a s i n g  t h e  p o t e n t i a l  f o r  condensat ion.  However, t h e  
a d d i t i o n  of i n s u l a t i o n  might a l s o  s t o p  t h e  v e r y  a i r  f low t h a t  i s  t h e  source  of m o i s t u r e  i n  * * t h e  f i r s t  p l a c e .  Fur thermore ,  t h e  s e n s i b l e  h e a t  c o n t e n t  of t h e  a i r  f low reach ing  t h e  
shea th ing  w i l l  warm i t  and t h u s  d e t e r  condensat ion.  Thus, t h e o r e t i c a l  arguments c u t  b o t h  ways. 
Actual  i n s p e c t i o n  of more w a l l s  should h e l p  r e s o l v e  which e f f e c t s  a r e  dominant. 

The s i t u a t i o n  i n  a t t i c s  d i f f e r s  from w a l l s  i n  t h a t  t h e r e  i s  a  f i r m  consensus about  t h e  
need f o r  v e n t i l a t i o n .  Also,  i t  i s  u s u a l l y  easy  t o  i n s p e c t  an  a t t i c  a t  a  l a t e r  d a t e  f o r  s i g n s  
of m o i s t u r e  problems. The homeowner can  be  i n s t r u c t e d  t o  make y e a r l y  i n s p e c t i o n s .  

*The l a r g e  TVA home r e t r o f i t  p r o j e c t  d i d  n o t  i n c l u d e  w a l l  i n s u l a t i o n .  

** Mois tu re  t r a n s p o r t  by d i f f u s i o n  through t h e  w a l l  may be d e a l t  w i t h ,  when necessa ry ,  by 
p a i n t i n g  t h e  i n t e r i o r  w a l l  s u r f a c e  w i t h  a low-permeance p a i n t .  



Our work on attic bypasses confirms that the amount of moisture entering an attic may 
be quite large, much larger than permeable flow through the ceiling alone could accomplish." 
There are two types of bypasses, those involving flow of living space air into the attic and 
those involving recirculating air. The former will be associated with the moisture problem. 
Blocking such bypasses is the first step to reduce the amount of moisture entering attics, so 
that bypass reduction is actually safer in the moisture context than adding insulation. In 
any case, any attic retrofit which lowers the attic temperature covld conceivably introduce a 
new moisture problem, sb it is important to check for proper ventilation. 
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F i g .  1 " E n e r g y  S i g n a t u r e "  o f  t h e  h o u s e ,  w h e r e  h e a t  c o n s u m p t i o n  
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F i g .  2 T h e  e n e r g y  a u d i t i n g  e q u i p m e n t  i n c l u d e s :  c a m e r a  A ;  m e a s u r i n g  s t i c k  t o  
a p p e a r  i n  o u t e r  w a l l  p h o t o g r a p h s  B ;  f u r n a c e  e f f i c i e n c y  m e a s u r i n g  d e v i c e s  C ;  
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c o n t r o l  p a n e l  w i t h  d i f f e r e n t i a l  p r e s s u r e  a n d  r p m  r e a d o u t  J ,  C l i p b o a r d s ,  K ,  
a r e  u s e d  t o  r e c o r d  o n - s i t e  d a t a .  
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