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ABSTRACT 

Under t h e  s p o n s o r s h i ?  of the E l e c t r i c  Power R e s e a r c h  

I n s t i t u t e ,  Johns -Manv i l l e  unde r took  a two y e a r  program t o  

e v a l u a t e  t h e  e f f e c t  of a i r  i n f i l t r a t i o n  on t h e  h e a t i n g  

r e q u i r e m e n t s  o f  29 e l e c t r i c a l l y  h e a t e d  homes i n  t h e  Denver ,  

C o l o r a d o  a r e a .  F o l l o w i n g  the measurement of  t h e  r a t e  of i n d u c e d  

a i r  i n f i l t r a t i o n  u s i n g  t h e  S u p e r  S u c k e r ,  t h e  29 homes were  

r e t r o f i t t e d  s p e c i f i c a l l y  t o  min imize  i n f i l t r a t i o n  and 

s u b s e q u e n t l y  r e t e s t e d .  T h i r t y  s imilar  homes were a l s o  t e s t e d  f o r  

i n f i l t r a t i o n  and r e t a i n e d  a s  c o n t r o l s .  X 

The P u b l i c  S e r v i c e  Company of C o l o r a d o ,  a major p a r t i c i p a n t  

hn t h e  program,  f ~ t t e d  a l l  of t h e  59 homes w i t h  su,bmeters 

measure  t h e  e n e r g y  consum?tion a s s o c i a t e d  s o l e l y  w i t h  h e a t  

They have also u n d e r t a k e n  t h e  r e a d i n g  of t h e s e  n e t e r s  each 

t h e  c o m p i l a t i o n  oi an e n e r g y  p r o f i l e  f o r  each  h o u s e ,  



and t h e  i s s u a n c e  of a n o n t h l y  q u e s t i o n n a i r e  t o  e a c h  homeowner 

r e l a t i n g  t o  e n e r g y  c o n s e r v a t i o n  methods or l i f e  style c h a n g e s  

which n i g h t  a f f e c t  t h e  measured h e a t i n g  e n e r g y  usage. T h e i r  

c o n t r i b u t i o n  t o  t h e  program h a s  been i n v a l u a b l e .  

T h i s  paper d e s c r i b e s  t h e  r e t r o f i t  methods,  t h e i r  e f f e c t  upon 

t h e  lnduced  a i r  i n f i l t r a t i o n ,  t h e  o t h e r  d a t a  which a r e  b e i n g  

c o l l e c t e d ,  and t h e  d a t a  a n a l y s e s  which are e x p e c t e d  a t  t h e  

c o m p l e t i o n  of t h e  program. 



Background 

Energy C o n s e r v a t i o n  is r a p i d l y  becoming an eve ryday  t e r m  

wl th  homeowners. Through t h e  e f f o r t s  of v a r i o u s  F e d e r a l  and 

S t a t e  a g e n c i e s  and t h e  u t i l i t y  companies ,  t h e  homeowner is b e i n g  

e d u c a t e d  on s t e p s  he o r  s h e  nay t a k e .  Major emphas is  fo r  
8 .  

r e t r o f i t  h a s  been on i n s t a l l a t i o n  of a d d i t i o n a l  a t t i c  i n s u l a t i o n ,  

and t o  a  l e s s e r  e x t e n t ,  s i d e w a l l  and c r a w l  s p a c e  i n s u l a t i o n .  In 

n o r t h e r n  c l i m a t e s ,  i n s t a l l a t i o n  of s t o r m  windows and s t o r m  d o o r s  

o r  r e p l a c e m e n t  of  s i n g l e  g l a z e d  windows w i t h  d o u b l e  g l a z e d  

windows is b e i n g  recommended. 

However, most  homeowners do n o t  appea r  t o  have an 

a p p r e c i a t i o n  of t h e  h e a t i n g  and c o o l i n g  ene rgy  l o a d  which can  be 

a t t r i b u t e d  t o  a i r  i n f i l t r a t i o n .  For e x a n p l e ,  one 

s t u d y  (l) showed a  35 t o  36 p e r c e n t  e n e r g y  l o s s  i n  a  w e l l  
.D 

i n s u l a t e d  house  under both h e a t i n g  and c o o l i n g  modes due t o  a i r  

infiltration. I n  u n i n s u l a t e d  h o u s e s ,  t h e  v a l u e s  dropped  t o  1 9  

and 27 p e r c e n t  f o r  t h e  h e a t i n g  and c o o l i n g  modes r e s p e c t i v e l y .  

The commonly s u g g e s t e d  neans  of r e t r o f i t t i n g  t o  r e d u c e  a i r  

i n f i l t r a t i o n  is t o  c a u l k  j o i n t s  v i s i b l e  from t h e  o u t s i d e  of t h e  

house .  T h i s  is  a  s t e p  i n  t n e  r i g h t  d i r e c t i o n ,  but. o f t e n  is no t  

ve ry  e f f e c t i v e ,  a s  t h e  honeowner f a i l s  t o  l o c a t e  many of t h e  



o 2 e n l n g s .  Those  unnoticed o p e n i n g s  f rom t h e  o u t s i d e ,  t h e  a t t i c ,  

o r  t h e  c r awl  s p a c e  c a n  p r o v i d e  ineans f o r  , t h e  a i r  t o  f l o w  d i r e c t l y  

i n t o  t h e  l i v i n g  a r e a  o r  i n d i r e c t l y  by p a s s i n g  i n t o  w a l l  a r e a s  and 

t h e n  i n t o  t h e  l i v i n g  a r e a .  

The Texas  Power and L i g h t  Company h a s  worked w i t h  new hone 

b u i l d e r s  i n  t h e  D a l l a s  a r e a  i n  s t u d y i n g  t h e  s o u r c e s  of a i r  

i n f i l t r a t i o n  and means of r e d u c i n g  t h i s  d u r i n g  t h e  c o n s t r u c t i o n  ' 

p r o c e s s .  ( 2 )  They have conc luded  t h a t  " u n n e c e s s a r y  i n f i l t r a t i o n  

can  a t t r i b u t e  t o  40  p e r c e n t  of  t h e  h e a t i n g / c o o l i n g  e n e r g y  

r e q u i r e m e n t s  of a  t y p i c a l  home". T h e i r  s t u d y  i n d i c a t e d  t h a t  

1-1/2 a i r  changes  p e r  hour were t y p i c a l  f o r  new homes b e i n g  

c o n s t r u c t e d  i n  t h e  a r e a .  (The a c t u a l  a v e r a g e  measured v a l u e  of  

6 a i r  changes  p e r  hour by t h e  Supe r  Sucker  method was d i v i d e d  b y  

4 t o  r e l a t e  t o  t r a c e r  g a s  s t u d i e s . )  They i d e n t i f i e d  t h e  m a j o r  

s o u r c e s  of a i r  i n f i l t r a t i o n  a s  be ing  t h e  s o l e  p l a t e  ( 2 5  p e r c e n t ) - ;  

w a l l  o u t l e t s  (20  p e r c e n t ) ,  windows i n c l u d i n g  f rame ( 1 2  p e r c e n t ) ,  

and d u c t  s y s t e m s  (14 p e r c e n t ) .  

3omeowners a r e  r e s p o n d i n g  t o  t h e  u s e  of  added i n s u l a t i o n  to 

c o n s s r v e  ene rgy .  Tha t  t e c h n o l o g y  is f a i r l y  w e l l  e s t s b l i s h e d .  

However, e f f o r t s  t o  c o n t r o l  a i r  i n f i l t r a t i o n  a r e  f i m i t e d  b e c a u s e  

t h e  t e c h n o l o g y  a s  t o  how t o  accompl i sh  t h i s  is n o t  well known, 

and because  t h e r e  is  a  l a c k  of i n f o r m a t i o n  a s  t o  how much e n e r g y  

can  be saved .  The re  is need t o  d e m o n s t r a t e  on a  r e l a t i v e l y  l a r g e  

s c a l e  and under r e a l  world c o n d i t i o n s  t h e  e n e r g y  s a v i n g s  t h a t  can  



be a c h i e v e d  when a l r  i n f i l t r a t i o n  is r educed  i n  b o t h  e l e c t r i c a l l y  

h e a t e d  and g a s  h e a t e d  h o u s e s ,  T h i s  p r o j e c t  is d i r e c t e d  toward  

d e m o n s t r a t i o n s  i n  e l e c t r i c a l l y  h e a t e d  houses .  

T h i s  pape r  d e s c r i b e s  t h e  r e t r o f i t  methods,  t h e i r  e f f e c t  upon 

t h e  induced  a i r  i n f i l t r a t i o n ,  t h e  o t h e r  d a t a  which a r e  b e i n g  

c o l l e c t e d ,  and t h e  d a t a  a n a l y s e s  which a r e  e x p e c t e d  a t  t h e  

c o m 2 l e t i o n  of the program. 

OBJECTIVE 

F l f t y - n i n e  ( 5 9 )  owner s /occupan t s  of e l e c t r i c a l l y  h e a t e d  

houses  i n  t h e  Denver ,  Co lo rado  .a rea  have ,  s i n c e  t h e  f a l l  o f  1978 ,  

b e e n  p a r t i c i p a t i n g , i n  a s t u d y  s p o n s o r e d  by t h e  E l e c t r i c  Power 

R e s e a r c h  I n s t i t u t e  (EPRI) t o  d e t e r s i n e  t h e  e f f e c t  of a i r  

i n £  i l t r a t i o n  on h e a t i n g  energyt  u sage ,  The program is  under t h e  

d i r e c t i o n  of t h e  Johns.-Manvi-lle Resea rch  and D-evelopment Center- ,  

w i t h  t h e  a c t i v e  c o o p e r a t i o n  of t h e  P u b l i c  S e r v i c e  Company- of 
* 

Colorado .  .The p r i m a r y  o b j e c t i v e  of t h i s  program inay be s t a t e d  a s  

follows: 

To d e m o n s t r a t e  t h e  e n e r g y .  s a v i n g s  t h a t  c a n  

be a c h i e v e d  when a i r  i n f i l t r a t i o n  is reduced  

i n  e x i s t i n g  e l e c t r i c a l l y  h e a t e d .  homes.. 



STRATEGIES 

S i x t y  (6G) e l e c t r i c a l l y  h e a t e d  houses  i n  t h e  immedia te  

Denver a r e a  and s e r v e d  by t h e  P u b l i c  S e r v i c e  Company of C o l o r a d o  

were chosen  f o r  t h e  s t u d y .  Hal f  of t h e s e  h o u s e s  ( u l t i m a t e l y  o n l y  

29 due t o  a  w i t h d r a w l  a t  t h e  homeowners r e q u e s t )  were r e t r o f i t t e d  

t o  r e d u c e  a l r  i n f i l t r a t i o n ,  w h i l e  h a l f  were r e t a i n e d  as  c o n t r o l s .  

A l l  h o u s e s  were measured f o r  a i r  i n f i l t r a t i o n  u s i n g  the Super 

Sucke r  t e c h n i q u e ,  w i t h  t h e  r e t r o f i t  h o u s e s  b e i n g  t e s t e d  b e f o r e  

and a f t e r  r e t r o f i t .  

Each c o n t r o l  and r e t o f i t  house  was submete red  e l e c t r i c a l l y  

t o  measure  t h e  amount of e n e r g y  used just f o r  h e a t i n g .  I f  t h e  

h o u s e  had a  h e a t  pump s y s t e m ,  ene rgy  used f o r  summertime c o o l i n g  

was a l s o  i n c l u d e d  i n  t h i s  measurement ,  T o t e 1  e n e r g y  u s a g e  

r e a d i n g s  were a l s o  t a k e n  and compared w i t h  historical d a t a  

o b t a i n e d  from t h e  P u b l i c  S e r v i c e  Company d a t a  bank. Energy 

c o n s e r v a t i o n  p r a c t i c e s  and c k a n g s s  i n  l i f e  s t y l e  a r e  z l s o  n o t e d  

th rough  t h e  use  a f  a  month ly  Homeowner's Log. 

- SUPER SUCKER TESTING 

The Supe r  Sucke r  ( 2 )  was used t o  measure  induced  a i r  

i n f i l t r a t i o n ,  T h r e e  l e v e l s  each  of vacuum and p r e s s u r e  were 

a p p l i e d  a c r o s s  t h e  o u t s i d e  w a l l s  of e v e r y  house .  The g o a l s  of 

75 Pa ,  50 Pa and 25 Pa ( U - 3 ,  0 . 2  and 0 . 1 - i n c h )  wa te r  column 



p r e s s u r e  and vacuum w e r e  a c h i e v e d  i n  most  c a s e s .  An 

o c c a s s i o n a l l y  v e r y  l e a k y  h o u s e  made it i m p o s s i b l e  t o  r e a c h  75 Pa 

( 0 . 3 - i n c h ) .  The p r i m e  g o a l  o f  25  Pa ( G . 1 - i n c h ) ,  a p p r o x i m a t i n g  a 

2 4  km/h (15 n p h )  w i n d ,  was met i n  a l l  c a s e s .  A p r e s s u r e  d r o p  o f  

50 ? a  ( 0 . 2 - i n c h ) ,  t h e  b a s i s  o f  t h e  S w e d i s h  S t a n d a r d ,  was met i n  

a l m o s t  a l l  h o u s e s .  The most  n o t a b l e  e x c e p t i o n  was a  h o u s e  w i t h  

a n  a b a n d o n e d  f u r n a c e  v e n t .  

The  i n d u c e d  a i r  c h a n g e s  per  h o u r  (IACPH) a t  25 Pa  ( rJ .1- inch)  

w a t e r  column vacuum f o r  e a c h  r e t r o f i t  h o u s e  is shown i n  T a b l e  1. 

The r e s u l t s  a r e  a r r a n g e d  by s t y l e  o f  h o u s e  a r c h i t e c t u r e .  

A v e r a g e s  d e r i v e d  f ro in  Table 1 a r e  shown i n  T a b l e  2 .  I n d u c e d  a i r  

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

volume I n  e a c h  h o u s e .  For  e x a m p l e ,  i f  a  c r a w l  s p a c e  f r e e l y  

communica ted  a l r  w i t h  t h e  h e a t e d  s p a c e  i n  t h e  h o u s e ,  t h i s  c r a w l  

s p a c e  was i n c l u d e d  i n  t h e  volume u s e d  t o  c a l c u l a t e  IACPB. 

I t  seems a p p a r e n t  t h a t  d i f f e r e n c e s  b e t w e e n  h o u s e  s t y l e s  a r e  

n o t  r e a l l y  s i g n i f i c a n t .  I t  is s i g n i f i c a n t  t o  n o t e ,  h o v d e v e r ,  t h a t  

t h e  r e t r o f i t  w o r k e r s  c o n s i s t e n t l y  r e p o r t e d  t h a t  b i -  a n d  t r i -  

l e v e l s  were  t h e  most  d i f f i c u l t  t o  t r e a t  f o r  m e a s u r a b l e  r e d u c t i o n  

i n  i n d u c e d  a l r  i n f i l t r a t i d n .  



GAS DIFFUSION TESTING - 

Gas diffusion tests using SF6 were performed on two houses, 

before and after retrofit, . The results of these tests are 

compared to the induced air infiltration data at a pressure drop 

of 25 Pa (0.1-inch) in Table 3 .  

Note that the IACPH values reported for house R-15 in the 

"ducts open" configuration are lower than reported in Table 1. 

This is because total volume including crawl space, rather than 

heated volume, was used in the calculation. Total volume was 

selected for this specific comparison because the warm air ducts 

were found to provide communication between conditioned and 

unconditioned space. This communication continued ins?i te of 

attempts to repair the leaks in the ducts. The IAC?H value after 

retrofit wlth the duct system sealed is based on the heated 

volume only. 

SOURCES OF LEAKS - 

Records were kept of the leaks which required treatment in 

each of the retrofit houses. Forty-five ( 4 5 )  different leak 

sources required treatment, Several sources occurred in only one 

house while several occurred in all, or nearly all houses. 

Table 4 lists the sources and the percent o-f the total number of 

retrofit houses requiring treatment for each source. Note that 



n o t  a l l  s o u r c e s  were p o s s i b l e  i n  a l l  h o u s e s ,  and r e c o r d s  were  n o t  

.- k e p t  t o  d e t a i l  p o t e n t i a l  a i r  l e a k s  which d i d  n o t  r e q u i r e  

t r e a t m e n t .  However, i t  was n o t e d  by t h e  t e s t i n g  crew t h a t  e v e r y  

house  h a v i n g  a f o r c e d  a i r  d u c t  sys t em d e m o n s t r a t e d  e x c e s s i v e  

l e a k a g e  t h r o u g h  t h e  d u c t s .  Thus ,  w h i l e  o n l y  2 4  p e r c e n t  of t h e  

h o u s e s  had a d u c t  s y s t e m ,  100  p e r c e n t  of t h o s e  r e q u i r e d  . 

c o r r e c t i o n  f o r  l e a k a g e  d u r i n g  r e t r o f i t t i n g .  

RETROFIT PROCEDURE 

P r e p a r a t i o n  

The p r e p a r a t i o n  was conduc ted  by bo th  t h e  homeowner and t h e  

r e t r o f i t  crew. P r i o r  t o  t h e  a r r i v a l  of  t h e  c rew,  t h e  homeowner 

removed d r a p e r i e s ,  c u r t a i n s ,  p i c t u r e s ,  e tc .  f rom t h e  walls,  and 

r e l o c a t e d  s m a l l  n i c -naks  which c o u l d  be i n a d v e r t a n t l y  knocked o-ff 

o f  end t a b l e s ,  etc. 

The r e t r o f i t  crew comple t ed  t h e  p r e p a r a t i o n  by removing t h e  

t r i m  from a round  windows ( i f  i t  e x i s t e d )  and e x t e r i o r  d o o r s ,  

r o l l e d  back t h e  c a r p e t  a b o u t  1-2  f e e t  f rom t h e  e x t e r i o r  .wa l l s ,  

and removed t h e  baseboa rd  from e x t e r i o r - w a l l s .  E l e c t r i c  o u t l e t  

and s w t i  t c h  cover  p l a t e s  were removed a s  was any t r i m  which 

a b u t t e d  t h e  w a l l ( s )  t o  be t r e a t e d ,  i . e . ,  p a n e l i n g  edqe t r i m .  

F u r n i t u r e  was a l s o  moved, and baseboa rd  e l e c t r i c  h e a t e r  S d e t a c h e d  



(mechanically but not electrically) from t he  walls, to provide 

clear access to the entire wall surface. 

The materials used in this retrofit program included: 

'Fiber Glass Mat, Johns-Manville Type 7115 in 7.6 cm, (3-inch), 

13.2 cm (4-inch), and 1.22 n (48-inch) widths. 

'Adhesive, Specification Chemicals, Inc., Boone, Iowa, 

No. 1300 White Plastlc Adhesive (now designated No. 2500). 

'Caulk, latex for interior exposure "self-skinning" or 

"paintable" meeting Federal Specification TT-C-00598C. 

'Caulk, Tremco Curtain Wall Sealer for unexposed areas 

meeting N I W M M  5C-1.1. 

"Rope putty, Tremca 440 Tape Black/Bronze. 

'Paint, Kelly-Xoore Latex wall paint. 

-. 

"Electrical gaskets, the Vision Company, 

2840 Singleton Boulevard,.Dallas, Texas 75212. 



N a l l  System A p p l i c a t i o n  

The f l r s t  s t e p  was t o  a p p l y  t h e  a d h e s i v e  o n t o  t h e  b a s e  of  

t h e  w a l l  a b o u t  5 cm ( 2 - i n c h e s )  up from t h e  f l o o r ,  and o n t o  t h e  

f l o o r  o u t  t o  t h e  c a r p e t  t a c k  s t r i p  ( a b o u t  2..5 cm).  A s t r i p  of 

7 . 6  c m  wide g l a s s  mat was t h e n  l a i d  w i t h  one edge a g a i n s t  t h e  

t a c k  s t r i p ,  t o  t h e  w a l l / f l o o r  i n t e r s e c t i o n ,  and up t h e  w a l l .  

A f t e r  t h e  g l a s s  mat was p r e s s e d  f i r m l y  i n t o  the '  a d h e s i v e ,  a 

s econd  c o a t  of a d h e s i v e  was a p p l i e d  o v e r  t h e  mat and worked i n t o  

t h e  mat. A c o n v e n t i o n a l  p a i n t  b rush  was used t o  a p p l y  t h e  

a d h e s i v e  i n  t h i s  a r e a .  Dry ing  t ime  between c o a t s ,  s u f f i c i e n t  f o r  

t h e  mat t o  be s e t  f i r m l y ,  was 1 5  t o  3 0  m i n u t e s .  

I f  t h e  windows d i d  n o t  have wooden t r i m ,  a d h e s i v e  was 

a p p l i e d  t o  t h e  s h e e t r o c k  jamb s u r f a c e  a round t h e  window. The 

1 0 . 2  cm ( 4 - i n c h e s )  g l a s s  mat was t n e n  p r e s s e d  f i r m l y  i n t o  the 

a d h e s l v e ,  and a  second  c o a t  of a d h e s i v e  was a p p l i e d .  Excess  mat 

which e x t e n d e d  beyond t h e  p l a n e  of t h e  w a l l  s u r f a c e  was trimmed 

w i t h  a  r a z o r  b l a d e .  I f  t h e  windows were t h e  t y p e  which r e q u i r e d  

i n t e r i o r  wood t r i m  (which had been removed d u r i n g  t h e  p r e p a r a t i o n  

s t e p ) ,  t h i s  s t e p  was bypassed ,  

The wall s u r f a c e  was t h e n  c o a t e d  w i t h  t h e  a d h e s i v e  from 

c e i l l n g  t o  f l o o r  s t a r t i n g  i n  one c o r n e r  and e x t e n d i n g  outward  

s l l g h t l y  more t h a n  1 .22  m ( 4  f e e t ) .  The a d h e s l v e  was a p p l i e d  

w l t h  a  s h o r t - n a p  p o l y e s t e r  p a i n t  r o l l e r  a t  a r a t e  of about  



Table 4 showed a list of the major sources of infiltration 

in the 29 retrofit houses. Those areas which were caulked 

routinely included: 

'plumbing wall penetrations, 

"ceiling and wall light fixtures (between the box 
and the sheet rock), 

'bathroom exhaust ducts, 

'foundation/sill joint in both basements and 
crawl spaces, 

'attic access. 

mere mapping showed other specific infiltration areas, they were 

also treated, They included: 

'window sill/dry wall intersection, 

'stairs over unheated space, 

'kitchen fan vent (between vent 
and wall or ceiling 
sheet rock), 

'in-wall air conditioner , 

*crawl space opening, 



' b a s e b o a r d  h e a t e r ,  

' f i r e p l a c e / s h e e t  rock j o i n t  

The e f f e c t  of f o r c e d  a i r  d u c t s  on t h e  i nduced  i n f i l t r a t i o n  

(and  t h e  g a s  d i f f u s i o n )  measurements  was c o n s i d e r e d  t o  be 

s i g n i f i c a n t .  X h i l e  o n l y  s e v e n  ( 7 )  of t h e  r e t r o f i t  h o u s e s  had  

d u c t i n g ,  a l l  of them were  r e p o r t e d  a s  major  i n f i l t r a t i o n  s o u r c e s .  

Thus,  an a t t e m p t  was made t o  s e a l  a l l  o ~ e n i n g s  i n  t h e  d u c t i n g  and 

t r a n s i t i o n  p i e c e s ,  and t o  s e a l  between t h e  r e g i s t e r s  and t h e  

s u b f l o o r i n g .  I n  s p i t e  of c l o s e  a t t e n t i o n  t o  t h e s e  a r e a s ,  t h e  

d u c t s  s t i l l  r e p r e s e n t e d  a major s o u r c e  o f  a i r  i n f i l t r a t i o n  a s  

shown p r e v i o u s l y  i n  T a b l e  3 .  The e f f e c t  was e v i d e n t  n o t  o n l y  

w i t h  t h e  Super  S u c k e r ,  b u t  a l s o  w i t h  t h e  g a s  d i f f u s i o n  

measurement method. 

RETROFIT COSTS 

The r e t r o f i t  c o s t s  were accumula ted  i n  s u f f i c i e n t  d e t a i l  t o  

p e r m i t  an e s t i m a t e  of t h e  a v e r a g e  c o s t  pe r  house  t o  comple t e  t h e  

r e t r o f i t .  T h i s  a v e r a g e  was $1050 f o r  m a t e r i a l s  and l a b o r .  T h i s  

d o e s  n o t  i n c l u d e  t h e  t e s t i n g  of t h e  house  w i t h  t h e  Supe r  S u c k e r ,  

o r  t h e  i n i t i a l  mapping of t h e  l e a k s ,  b u t  i t  does  i n c l u d e  t h e  

c a u l k i n g  done w h i l e  t h e  Supe r  Sucker  was i n  p l a c e .  C o n s i d e r i n g  

t h a t  t h e  a v e r a g e  f l o o r  a r e a  was abou t  1600 s q u a r e  f e e t ,  t h e  

a v e r a g e  c o s t  works o u t  t o  a b o u t  $65 p e r  160 s q u a r e  f e e t .  The  

y (  



a v e r a g e  r e t r o f i t  c o s t s  were based  upon t h e  f o l l o w i n g  l a b o r  and 

m a t e r i a l  c o s t s :  

LaSor - $6.50 pe r  hour  

No. 1 3 0 0  Whi te  P l a s t i c  Adhes ive  - $8.70 p e r  g a l l o n  

No. 7115 F i b e r  G l a s s  Mat - $ 4 . 9 4  pe r  
101.) s q u a r e  f e e t  

Caulk - a p p r o x i m a t e l y  $25  pe r  house .  

Based on p r e s e n t  knowledge and e x p e r i e n c e ,  t h e  r e t r o f i t  

e f f o r t  c o u l d  p r o b a b l y  be s i g n i f i c a n t l y  reduced  i n  houses  where 

t h e  w a l l s  a r e  i n  good c o n d i t i o n .  Under t h e s e  c i r c u m s t a n c e s ,  t h e  

w a l l  c o v e r i n g  s y s t e m  s h o u l d  p r o b a b l y  be a p p l i e d  o n l y  behind  t h e  

baseboa rd  and window and door  t r i m .  C a u l k i n g ,  t a p l n g  and g a s k e t  

a p p l i c a t i o n  would s t i l l  be n e c e s s a r y ,  however.  

DATA COLLECTION 

P u b l i c  S e r v i c e  Company of . C o l o r a d o ,  a major c o n t r i b u t o r  t o  

the program e f f o r t ,  h a s  t h e  r e s p o n s i b i l i t y  f o r  e n e r g y  usage  d a t a ,  

and l l f e  s t y l e  i n f o r m a t i o n  c o l l e c t i o n .  These  d a t a  f a l l  i n t o  

t n r e e  c a t e g o r i e s :  h i s t o r  i e a l  ene rgy  use  d a t a ,  c u r r e n t  ene rgy  u s e  

d a t a ,  and l i f e  ~ t ~ l e / ~ h ~ s l c s l  changes  i n f o r m a t i o n .  



Homeowner ' - S Log 

Whereas t h e  e n e r g y  u s e  d a t a  r e p r e s e n t  measured q u a n t i t i e s ,  

t h e  e f f e c t  of  l i f e  s t y l e  changes  and house  ma in t enance  and 

a l t e r a t i o n s  r e p r e s e n t  q u a l i t a t i v e  d a t a .  Each month t h e  2 u b l i c  

S e r v i c e  Company s e n d s  a q u e s t i o n n a i r e  t o  each  homeowner/occupant 

r e q u e s t i n g  i n f o r m a t i o n  r e g a r d i n g  changes  i n  l i f e  s t y l e ,  f a m i l y  

s l z e ,  h a b i t s ,  e n e r g y  s a v i n s  a l t e r a t i o n s ,  a d d i t i o n s ,  e t c .  which 

might  a l t e r  t h e  e n e r g y  usage  of t h e  house.  - A s  a  r e s u l t  of 

"awareness"  g e n e r a t e d  by p a r t i c i p a t i o n  i n  t h e  program,  t h e  

c o l d e s t  December 1978 / Janua ry  1979 i n  h i s t o r y ,  and i n c r e a s i n g  

u t i l i t y  r a t e s ,  o n l y  s e v e n  ( 7 )  homeowners have r e p o r t e d  no change  

w h a t s o e v e r .  

I t  i s  u n c l e a r  a t  t h i s  s t a g e  how t h i s  i n fo rma t ' i on  can  be 

f a c t o r e d  i n t o  t h e  f i n a l  a n a l y s i s  of e n e r g y  usage  b e f o r e  v e r s u s  

a f t e r  t h e  i n f i l t r a t i o n  r e t r o f i t .  I t  h a s  been e s t a b l i s h e d  however 

t h a t  t h e  o c c u p a n t s  p l a y  a  v e r y  major r o l e  i n  d e t e r m i n i n g  how much 

e n e r g y  t h e y  u s e i 4 r 5 ) .  A s  a  r e s u l t ,  t h e  Homeowner I s  Log 

i n f o r m a t i o n  c a n n o t  be i g n o r e d  i n  t h e  f i n a l  a n a l y s i s .  

B l i n d  C o n t r o l s  

A s  a  r e s u l t  of monthly '  h e a t i n g  e n e r g y  use  r e a d i n g s  and 

Homeowner's Logs,  t h e  p a r t i c i p a t i n g  homeowners a i e  v e r y  e n e r g y  

c o n s e r v a t i o n  c o n s c i o u s ,  p o s s i b l y  more s o  t h a n  t h e  g e n e r a l  p u b l i c .  

1 



Thus,  t h e  c o n t r o l  houses  may n o t  be a s  t r u e  a  s e t  of c o n t r o l s  a s  

d e s i r e d .  I n  an a t t e m p t  t o  q u a n t i f y  t h i s  awareness  e f f e c t ,  t h e  

P u b l i c  S e r v i c e  Company h a s  e s t a b l i s h e d  t h i r t y  ( 3 0 )  b l i n d  

c o n t r o l s .  S i n c e  t h e s e  homeowners a r e  n o t  aware t h a t  t h e i r  e n e r g y  

consurnptlon is b e i n g  m o n i t o r e d ,  t h e i r  i d e n t i t y  must remain  

con£ i d e n t i a l  w i t h  t h e  P u b l i c  S e r v i c e  Company. (The o t h e r  

p a r t i c i p a n t s  have  a l l  p r o v i d e d  w r i t t e n  p e r m i s s i o n  t o  u t i l i z e  

t h e i r  ene rgy  use  d a t a . )  Da ta  c o l l e c t i o n  and a n a l y s i s  w i l l  f o l l o w  

t h e  e x a c t  p a t t e r n  a s  d i s c u s s e d  above e x c e p t  t h a t  t h e  ene rgy  usage  

w i l l  be e x p r e s s e d  a s  t o t a l  e n e r g y  u s a g e ,  s i n c e  no s u b n e t e r i n g  

w i l l  be done.  

PROPOSED A N A L Y S I S  

', 

B i s t o r i c a l  V e r s u s  C u r r e n t  D a t a  

The a n a l y s i s  e f f o r t  w i l l  be c e n t e r e d  f i r s t  a round  t h e  e n e r g y  

use  d a t a ,  bo th  h i s t o r i c a l  and c u r r e n t .  Thus,  t h e  f o l l o w i n g  

s p e c l f i c  a n a l y s e s  w i l l  be u n d e r t a k e n  as t h e y  r e l a t e  t o  t h e  e n e r g y  

use d a t a :  

1. Each i n d i v i d u a l  r e t r o f i t  house  b e f o r e  v e r s u s  
a f t e r  r e t r o f i t ,  

2 .  Each i n d i v i d u a l  c o n t r o l  house  b e f o r e  v e r s u s  
a f t e r  t h e  p e r i o d  of r e t r o f i t ,  

3 .  A l l  r e t r o f i t  houses  combined b e f o r e  
v e r s u s  a f t e r  r e t r o f i t ,  



'baseboard heater, 

'fireplace/sheet rock joint 

The effect of forced air ducts on the induced infiltration 

(and the gas diffusion) measurements was considered to be 

significant, While only seven (7) of the retrofit houses had 

ducting, all of them were reported as major infiltration sources. 

Thus, an attempt was made to seal all openings in the ducting and 

transition pieces, and to seal between the registers and the 

subflooring. In spite of close attention to these areas, the 

ducts still represented a major source of air infiltration as 

shown previously in Table 3. The effect was evident not only 

with the Super Sucker, but also with the gas diffusion 

measurement method. 

RETROFIT COSTS 

The retrofit costs were accumulated in sufficient detail to 

permit an estimate of the average cost per house to complete the 

retrofit. This average was $1050 for materials and labor. This 

does not include the testing of the house with the Super Sucker, 

or the initial mapping of the leaks, but it does include the 

caulking done while the Super Sucker was in place. Considering 

that the average floor area was about 1600 square feet, the 

average cost works out to about $65 per 100 square feet. The 



,' 
a v e r a g e  r e t r o f i t  c o s t s  were based upon t h e  f o l l o w i n g  l a b o r  and 

m a t e r i a l  c o s t s :  

Labor - $6.50 p e r  hour  

No. 1 3 0 0  Whi te  P l a s t i c  Adhes ive  - $8.70 p e r  g a l l o n  

No. 7115 F i b e r  G l a s s  Mat - $ 4 . 9 4  per  
10d s q u a r e  f ee t  

Caulk  - a p p r o x i m a t e l y  $ 2 5  per  house .  

Based on p r e s e n t  knowledge and e x p e r i e n c e ,  t h e  r e t r o f i t  

e f f o r t  c o u l d  p r o b a b l y  be s i g n i f i c a n t l y  r educed  i n  houses  where 

t h e  w a l l s  a r e  i n  good c o n d i t i o n .  Under t h e s e  c i r c u m s t a n c e s ,  t h e  

w a l l  c o v e r i n g  s y s t e m  s h o u l d  p r o b a b l y  be a p p l i e d  o n l y  behind  t h e  

baseboa rd  and window and door  t r i m .  C a u l k i n g ,  t a p l n g  and g a s k e t  

a p p l i c a t i o n  would s t i l l  be n e c e s s a r y ,  however.  

DATA COLLECTION 

P u b l i c  S e r v i c e  Company o f , C o l o r a d o ,  a major c o n t r i b u t o r  t o  

t h e  program e f f o r t ,  h a s  t h e  r e s p o n s i b i l i t y  f o r  e n e r g y  usage d a t a ,  

and l i f e  s t y l e  i n f o r m a t i o n  c o l l e c t i o n .  These  d a t a  f a l l  i n t o  

t n r e e  c a t e g o r i e s :  h i s t o r i c a l  ene rgy  , u s e  d a t a ,  c u r r e n t  ene rgy  u s e  

d a t a ,  and l i f e  ~ t ~ l e / ~ h ~ s l c s l  changes  i a f  o rmat  i o n .  



2. Nhen t h e  house  changed owners or  o c c u p a n t s  d u r i n g  1977-1978, 
o n l y  t h e  d a t a  f rom t h e  most r e c e n t  occu2ancy 
was useci. 

3 .  The p e r i o d  immed ia t e ly  a f t e r  occupancy  was d i s c a r d e d  a s  n o t  
be ing  t y p i c a l  f o r  t h e  e n e r g y  usage  f o r  t h a t  f a m i l y .  

The r e m a i n i n g  d a t a  were  t h e n  p l o t t e d  and a r e g r e s s i o n  
a n a l y s i s  conduc ted  f o r  each  house  s e p a r a t e l y .  The model u sed  
was: 

KXH = A + (B) (DD) + (C) ( D D ~ )  

where: KWH = t o t a l  e l e c t r i c a l  e n e r g y  usage  i n  
a v e r a g e  k i l o w a t t  h o u r s  pe r  day ,  

DD = a v e r a g e  d e g r e e  days  g e r  day ,  
A,  B ,  C = c o n s t a n t s .  

Each r e g r e s s i o n  r e p r e s e n t s  t h e  b a s e  t o  which t h e  p o s t  r e t r o f i t  

. , d a t a  w i l l  be compared. 

. P o s t  R e t r o f i t  Da ta  

F o l l o w i n g  r e t r o f i t ,  and s u b s e q u e n t  t o  t h e  i n s t a l l a t i o n  of a  

submeter  t o  r e c o r d  o n l y  t h e  h e a t i n g  e n e r g y  used i n  bo th  t h e  

c o n t r o l  and t h e  r e t r o f i t  h o u s e s ,  t h e  P u b l i c  S e r v i c e  Company h a s  

been c o l l e c t i n g  t o t a l  e n e r g y  u s a g e ,  h e a t i n g  e n e r g y  usage  and  

d e g r e e  day  d a t a  on a r e g u l a r  s o n t h l y  b a s i s .  These  d a t a  a r e  

hand led  i n  t h e  s a n e  inanner a s  t h e  h i s t o r i c a l  d a t a ,  and a r e  

c u r r e n t l y  b e i n g  e n t e r e d  i n t o  t h e  computer d a t a  bank f o r  
1 

s u b s e q u e n t  r e g r e s s i o n  a n a l y s i s  a t  t h e  c o n c l u s i o n  of t h e  program 



H i s t o r i c a l  ,Data  

T o t a l  e n e r g y  u s e  d a t a  were ' c o l l a t e d  f o r  each  house  f o r  t h e  

y e a r s  1977 and 1978. These  d a t a ,  which were g e n e r a l l y  month ly  

me te r  r e a d i n g s ,  were t h e n  r e c o n s t r u c t e d  a c c o r d i n g  t o  a c t u a l  d a t e s  

which a l lowed  t h e  d e t e r m i n a t i o n  of t h e  number of  d a y s  between 

r e a d i n g s ,  and t h e  a c t u a l  number of  d e g r e e  d a y s  d u r i n g  t h e  p e r i o d  

f o r  each  r e a d i n g .  The d e g r e e  day i n f o r m a t i o n  was o b t a i n e d  f r o n  

t h e  U . S .  Weather Bureau a t  S t a p l e t o n  I n t e r n a t i o n a l  A i r p o r t  i n  

3 e n v e r .  

The t o t a l  e n e r g y  usage  f o r  each  p e r i o d  was t h e n  d i v i d e d  by 

t h e  number of d a y s  i n  t h e  p e r i o d  t o  y i e l d  an a v e r a g e  e n e r g y  u s e  

p e r  day  i n  k i l o w a t t  hou r s .  The t o t a l  number of  d e g r e e  d a y s  f o r  

t h e  i d e n t i c a l  p e r i o d  was a l s o  d i v i d e d  by t h e  number of  days  i n  

t h e  p e r i o d  g i v i n g  t h e  a v e r a g e  d e g r e e .  d a y s  pe r  day.  . T h e s e  v a l u e s  

were t h e n  p l o t t e d  a s  dependen t  and i n d e p e n d e n t  v a r i a b l e s  

r e s p e c t i v e l y  f o r  each  d a t a  p e r i o d .  

C e r t a i n  c r i t e r i a  were e s t a b l i s h e d  t o  d e t e r m i n e  i f  a  p o i n t ,  

o r  s e r i e s  of p o i n t s ,  s h o u l d  be e x c l u d e d  from t h e  r e g r e s s i o n  

a n a l y s i s  f o r  each  house ,  They were: 

1. Data  f o r  p e r i o d s  l e s s  t h a n  2 0  o r  more t h a n  4 0  days  i n  l e n g t h  
* were e x c l u d e d  a s  n o t  r e p r e s e n t i n g  an a v e r a g e  o r  

t y p l c a l  c o n d i t i o n  o r  c i r c u m s t a n c e .  



4 .  A l l  c o n t r o l  houses  combined b e f o r e  
v e r s u s  a f t e r  t h e  p e r i o d  of r e t r o f i t ,  

5. A l l  r e t r o f i t  houses  combined v e r s u s  
a l l  c o n t r o l  houses  combined b e f o r e  r e t r o f i t ,  and 

6. A l l  r e t r o f i t  houses  combined v e r s u s  
a l l  c o n t r o l  houses  combined a f t e r  r e t r o f i t .  

A n a l y s i s  Number 5 above h a s  a l r e a d y  been comple ted  u s i n g  t.he 

h i s t o r i c a l  ( p r e - r e t r o f i t )  e n e r g y  use  d a t a .  T h i s  a n a l y s i s  showed 

t h a t  i t  is h i g h l y  u n l i k e l y  t h a t  t h e  r e t r o f i t  g roup  and t h e  

c o n t r o l  g roup  were t a k e n  from d i f f e r e n t  p o p u l a t i o n s .  

The p r e v i o u s  s e c t i o n  d i s c u s s e d  how t h e  h i s t o r i c  ene rgy  u s e  

d a t a  w i l l  be compared w i t h  t h e  c u r r e n t  h e a t i n g  e n e r g y  u s e  d a t a .  

T h i s  assumes t h a t  t h e  h i s t o r i c  base  l o a d  ( e n e r g y  used f o r  

e v e r y t h i n g  e x c e g t  h e a t i n g )  was r e p r e s e n t e d  by t h e  " Y "  a x i s  

intercept a t  " z e r o "  d e g r e e  days  per  day.  I t  a l s o  assumes t h a t  

t h e  b a s e  l o a d  is c o n s t a n t  r e g a r d l e s s  of t h e  nuinber of d e g r e e  days  

p e r  day .  T h i s  a s sumpt ion  is  n e c e s s a r y  a t  t h i s  p o i n t  i n  t i n e  

s i n c e  t h e r e  a r e  no h i s t o r i c a l  d a t a  f o r  h e a t i n g  ene rgy  usage  

a l o n e .  

Bowever, c u r r e n t  d a t a  p e r m i t s  t h e  compar i son  of t h e  b a s e l o a d  

wi th  d e g r e e  days  pe r  day ,  Thus ,  w i th  a l l  e l s e  be ing  e q u a l ,  t h e  

r e l z t i o n s h i 2  between b a s e  l o a d  and d e g r e e  d a y s  per  day s h o u l d  be 

a p p r o p r i a t e  f o r  t h e  h i s t o r i c a l  d a t a  a s  w e l l .  T h e r e f o r e ,  t h e  

e s t i m a t e d  h i s t o r i c a l  h e a t i n g  energy  u s e  c u r v e  f o r  each housz w i l l  



be corrected still further bzsed upon the results of the base 

load versus degree days per day relationship generated with the 

new energy data, 

Total energy use by the blind control houses'will be 

compared before and after the retrofit period. Any difference 

which might occur as a group will be taken into consideration 

when analyzing any difference which might occur in the regular 

control house group. 

Comaarison with Other Factors 

The availability of other data and general information 

relating to each house and its occupants opens up numerous other 

comparisons which could be made, some quantitatively, others 

qualitatively. These include: 

1. Change in heating energy use versus change 
in induced air changes per hour, 

2. Change in heating energy use versus change 
in induced air infiltration, 

3. Change in heating energy use versus house 
physical factors such as size, style, heating type, etc. 

As mentioned previously, there are also other factors which can 

be brought into these analyses,-if only in a qualitative way. 

The extent to which they will be considered will be determined at 

a later date. 
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TABLE l 

INFILTRATION TESTS - RETROFIT HOUSES 

R e s u l t s  a t . 2 5 P a  ( 0 . 1 - i n . )  Water Column Vacuum 

% 
R e t r o -  I m -  R e t r o f i t  

House  I n i t i a l  R e t r o f i t  I n i t i a l  f i t  IACPH a t  prove- 
N o .  S t y l e  CFM CFM 

V I A C P H ' ~ )  ~ C P H  m e n t  0 . 2  In. 
( 

5  Ranch 
6  
7  
8  

1 0  
11 
1 4  
1 5  
1 6  
1 9  
20 
2 1  
22 
29 
30 

1 B i - L e v e l  

, 7 . 5  
7 . 4  
5 . 5  
7 .4  
3 . 3  

c 2 . 0  
1 2 . 9  

6 .7  
9 .5  
3.8 
4 .5  
6.8 
7 . 9  
3 . 3  

t 2 . 4  

F u r n a c e  
V e n t  Ope 

9 . 1  
6 . 5  
6 .0  

3 T r i - L e v e l  1 1 9 0  724 
4 990 710  
9 1 7 9 0  1320  

1 3  1 4 4 0  c500  
24 1 4 4 0  1280  
26 1 8 8 0  1 3 9 0  
27 1 4 4 0  ~ 5 0 7  

1 2  Tvio-S tory 1 5 6 0  950 1 0 . 3  6 . 3  3 9 . 1  8 . 3  
1 3  2090  1 6 6 0  8 . 2  6 . 5  20 .6  8 . 7  
25  1 8 0 0  1 6 5 0  1 0 . 1  9 .2  8 .3  1 3 . 7  

(1) mCPH = I n d u c e d  air c h a n g e s  p e r  h o u r  u s i n g  a c t u a l  m e a s u r e d  CFM 

( 2 )  S w e d i s h  s t a n d a r d  i s  3 . 0  maximum 



Two Sto ry  

TABLE 2 

VARIATION OF IACPH WITH HOUSE STYLE 
.- 

Initial IACPH* Final IACPH* Percent Improvement 

Bi-Level 

Ranch 

Tri-Level 

All 

Standard Deviation 

*IACPH = Induced Air Changes Per Hour 



TABLE 3 

COMPARISON OF SUPER SUCKER AND 

GAS DIFFUSION TESTS ON TWO HOUSES 

Be£ ore Retrofit After Retrofit 

IACPH' (1) IACPH 
House No. 25Pa (0. lin. )WC ACPH ( * )  25PA (0. lin. )WC ACPH 

R-15 
(ducts open) 6 - 7  0.70 3.6 0.50 

R-15 
, (ducts closed) - 0.33 2 . 5 ( 3 . 9 3 )  (3) 0.20 

R-10 6.7 0.45 c2.6 0.29 

(1) Super Sucker - Induced Air Changes Per Hour. 
( 2 )  Gas Diffusion - Adjusted to 10 mph wind velocity and 40'~ 

temperature difference. 

( 3 )  3.93 IACPH based on volume of heated space only. 



TABLE 4 
FREQUENCY OF AIR INFILTRATION LOCATIONS 

0 
OF HOUSES 

SOURCE OR LOCATION OF INFILTRATION TREATED 

Bottom of drywall 100 
Window fit including sill 86 
Plumbing fixtures, inside and outside walls 79 
Electric fixtures including medicine cabinet 76 
.Bathroom vent 59 
Outside door fit 55 
Access to attic space 52 
Basement door fit 48 
Fireplace fit 45 
Stair steps and risers over unheated space 45 
Garage door fit 38 
Clothes dryer vent 34 
Garage-house connection 31 
Fireplace damper 2 8  
Heating ducts 24 
Bathtub fit 24 
Kitchen fan vent 24 
Closet door trim 17 
In-wall air conditioner 17 
Sill plate 17 
Door to unheated storage 14 
Door bell 14 
Smoke alarm 14 
Crawl space opening 14 
Baseboard heater 14 
Crawl space vent 14 
Shower stall fit 14 
Closet door runners 10 
Kitchen Cabinets, behind or on top 10 
Philips control box 10 
Sewer pipe penetration 7 
Wood paneling on studs or furring 7 
Intercom 7 
Cellar floor drain 7 
Toilet paper holder 7 
Construction discontinuities 7 
Telephone cord 7 
Abandoned furnace flue 3 
Soil pipe to basement 3 
Bathroom cabinets, behind 3 
Door latch 3 
Sky light 3 
Masonry seems porous 3 
False ceiling beam 3 
Stove damper 3 
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