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A . l  BACKGROUND  

APPEN D I X  A 

EST I MAT ION  OF  TOTAL V ENT I LAT I ON RATES 
FOR P ROPOSED  VENT I LAT ION  STRATEG I ES 

I N  N EW RES I D ENT I A L  STRUCTURES 
Bonnev i l l e Power Admi n i s trat i on 

Draft E n v i ronment a l  Impact Statement Comment s . I n  February 1987 , t he  
Bon nev i l l e Power Admi n i s trat i on (BPA 1 987) pub l i s h ed t h e  New Homes Draft 
En v i ronmenta l  Imp act  Statemen t  ( D E I S ) . Th i s  D E I S  p resented the h ea l t h  i mpacts 
and  other en v i ronmenta l  effects  of var i ous  methods for con struct i ng n ew 
energy- eff i c i en t  res i dences . The  major f i n d i n g  was t h at h omes can  be  b u i l t  
wi t h  d i fferent  l eve l s of n atura l  and  mech an i ca l  vent i l at i on and  t h at these  
l ev e l s can  i n f l uence d i rec t l y  t he  concentrat i on s  of i n door a i r po l l utant s . 
Lon g -term exposure to these  po l l utants  i s  thought  to resu l t  i n  an i ncreased 
i nc i dence of l ung  d i sease . The D E I S  est i mated t h i s  i ncrease i n  d i sease for 
t he  v ar i ous  ways energy-eff i c i en t  hous i ng cou l d be b u i l t .  I t  was a l so 
determi ned  t h at b u i l d i ng h omes wi t h  d i fferent  l eve l s of  a i r 
i n f i l t rat i on / ven t i l at i on cou l d  affect the  n eed for add i t i on a l  reg i on a l  power 
supp l y  and  cou l d i n f l uence t he  cost  of p rov i d i ng t h i s  power s upp l y ,  a nd  t he  
assoc i ated en v i ronmenta l  effects .  

The D E I S  rece i ved pub l i c  rev i ew and  commen t  t h rough Apr i l 1987 . N umerous  
commen t s  were p rov i ded to Bonn ev i l l e .  One  part i cu l ar l y i mportant  commen t  
concern ed t h e  as s umpt i on s  a n d  c a l c u l at i on s  for res i dent i a l a i r exchange  rates . 
Commenters q uest i oned t he  tec h n i que  used for estab l i s h i n g these  rates . They 
suggested t h at s i nce  t h e  D E I S  depended on these  rates to  determ i n e  t h e  
i ncrementa l  hea l t h  i mp acts  from i ndoor a i r po l l utants  for t h e  v ari ous  
con s t ruct i on " pathway s "  or  methods , Bonnev i l l e shou l d  u se  a more r i gorous 
approach i n  deve l op i ng total  vent i l at i on rates . As i de  from the general  comment 
t h at a more defens i b l e  tech n i que was n eeded to ca l c u l ate vent i l at i on rates , 
t here were other  spec i f i c  comments dea l i ng wi t h  two aspects of t he  
ca l cu l at i on s :  i nc l u s i on of effect i ve versus actua l  vent i l at i on rates a nd  
hand l i ng of uncert a i n ty i n  est i mated ven t i l at i on rates . 

Act u a l  versus  Effect i ve  Ven t i l at i on Rates . Commenters expressed concern t h at 
t h e  ca l c u l at i on s  s h ou l d recogn i ze t he  fact t h at concent rat i on of i ndoor a i r 
po l l utants  i s  i n vers e l y  p roport i on a l  to the  vent i l at i on rate as shown i n  
Equat i on 1 be l ow .  

C = S / ( V*ACH ) ( Eq .  1 )  

where : 

C = Po l l utant  Concentrat i on 
S = Po l l utant  Source Rate 
V = House Vo l ume 
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ACH = Vent i l at i on Rate 

G i v en t h i s  rel at i onsh i p  and a ser ies  of  vent i l at i on rates over t i me ,  one can 
ca l c u l ate  an equ i v a l en t  po l l utant concentrat i on for each vent i l at i on rate 
per i od . I f  t he  source rate and house  v o l ume are constant , then  i t  i s  pos s i b l e  
to take  t he  average po l l utan t  concen t rat i on for the  ent i re peri od and  use  the  
s ame equat i on to  s o l ve for  an " effec t i v e "  vent i l at i on rate . Th i s  " effect i ve "  
vent i l at i on rate can be  i nterp reted a s  t h e  amount  of  vent i l at i on that  i s  
" effect i ve "  for d i l ut i n g p o l l utants . U s i n g  t h i s  eq u at i on ,  i f  t h e  vent i l at i on 
rate over  any g i v en t i me peri od i s  constan t , then  t he  " effect i ve "  vent i l at i on 
rate and the  average of  t he  actu a l  ven t i l at i on rate wou l d  be  i dent i ca l . 
Howeve r ,  i f  t he  v ent i l at i on rates ( and  by def i n i t i on the  a i r  exchange  rate as 
we l l )  v ary over t he  t i me per i od used for averag i n g ,  then t he  average actu a l  
vent i l at i on rate a n d  t he  effect i ve vent i l at i on rate w i l l  v ary con s i derab l y .  
The effect i s  best  i l l u s trated by an examp l e .  

Suppose  t h at for two consecut i ve hours the  act u a l  ven t i l at i on rate i s  exact l y  
0 . 9  ACH for t he  f i rst hour  an d then d rops i n stant l y  t o  0 . 1  ACH and  rema i n s  
con stant  a t  t h at l eve l  for t h e  en t i re second hou r .  The average act ua l  a i r  
exchange  rate for t he  b u i l d i ng i s :  

Average Actua l  ACH = (0 . 9  + 0 . 1 ) /2 = 0 . 5  ACH 

Us i ng Equat i on 1 and a s sum i n g  the  po l l utant source rate to  v o l ume rat i o  i s  a 
con stant  v a l ue  of 1 . 0 ,  then  o ur  average concen t rat i on for the  s ame 2 h o urs i s  
g i ven as : 

Concentrat i on for Hour  1 = 1 . 0/0 . 9  = 1 . 1 1 
Concen trat i on for Hour 2 = 1 . 0/0 . 1  = 10 . 0  

The average concentrat i on for the  2 hours i s  g i ven by : 

Average concentrat i on = ( 1 . 1 1 + 10 . 0 ) / 2  = 5 . 55 

Retu rn i ng to  Equat i on 1 ,  by a s sum i n g  a constant  source rate to v o l ume rat i o  we 
can ca l c u l ate  an " effect i ve "  average v ent i l at i on rate based  on t he  average 
concentrat i on wh i c h  y i e l d s : 

Average Effect i ve ACH = 1 . 0 /5 . 55 = 0 . 18 ACH 

Th i s  examp l e  i l l u s trates t he  magn i tude of the  poten t i a l  d i fference between the  
average and effect i ve vent i l at i on rates when t here are l arge s h arp changes  i n  
t he  ven t i l at i on rate . However ,  t he  magn i tude of  th i s  effect w i l l  be  reduced 
s i gn i f i cant l y  i f  the var i at i on s  i n  v ent i l at i on rate a re not l arge an d v ary 
s l ow l y  over  t i me .  The commenters argued t h at th i s  very i mportant  effect must  
be  taken i nto  con s i derat i on to  g i ve p roper cred i t  to  houses  b u i l t  wi t h  l ow 
n atura l  i n f i l t rat i on rates and con stan t l y  operat i ng mechan i c a l  vent i l at i on when 
compared to homes re l y i ng so l e l y  on h i gher  n at ura l  a i r  i n f i l t rat i on rates . 

Uncert a i n ty i n  Est i mated Ven t i l at i on Rate Ca l cu l at i on s . Another comment  that  
was  s tron g l y  s upported rel ated to  t he  way t h at the  an a lys i s  t reated the  
uncert a i n ty of t he  a s sumpt i ons . I n  the  DE I S ,  t he  fact  t h at t here was 
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con s i derab l e  uncert a i n ty about t he  measurement s  of vent i l at i on rates was 
h a nd l ed by the  use  of a mu l t i p l e  " b ase l i nes " i . e .  d i fferent assumption s  about 
what the " t ru e "  vent i l at i on rate i s  for b u i l d i n gs  constructed wi t h  cu rrent 
techn i ques . The DE I S  i n c l uded a " h i gh "  base l i n e ,  a " l ow"  base l i n e ,  and a 
f l oat i n g base l i n e t h at went  from h i g h  to l ow over a peri od of years . 
Unfortunate l y ,  t h i s  c h o i ce of "mu l t i p l e  base l i n e s "  added more confu s i on t h an 
i t  d i s s i pated and t h erefore comments  i n d i cated t h at a d i fferent  met hod of 
h a nd l i ng uncert a i n ty was needed . 

F i n a l  En v i ronmenta l  I mpact St atement Est imated Vent i l at i on Rate Met hodo l ogy . 
I n  order to  address  these  comments , t he  met hodo l ogy for c a l cu l at i n g  est imated 
vent i l at i on rates for the F i n a l  En v i ronmenta l  I mpact St atement ( FE I S )  was 
comp l ete l y  rev i s ed . After exam i n i ng severa l a l ternat i ves , t he  fo l l ow i n g  
c r i teri a were deve l oped for the  devel opment of t he  an a l ys i s  methodo l ogy . 
F i rst , i t  was dec i ded t hat  i t  wou l d  be undes i rab l e  to  depart from the  bas i c  
p rem i se  i n  t he  D E I S  t hat  t he  an a l ys i s  wou l d  b e  based on measured and not 
t heoret i ca l  data  wherever pos s i b l e .  Howeve r ,  t h i s  requ i rement  meant  t h at t he  
a va i l ab l e  data  wou l d  h ave  to be  rean a l yzed to deri ve spec i f i c  norma l i zed 
con struct i on parameters t hat  cou l d be app l i ed to any b u i l d i n g .  

Secon d , i n  order to deve l op a more sc i en t i f i ca l l y  defen s i b l e est i mate of t h e  
vent i l at i on rates , i t  was determ i ned t h at a mode l  wou l d  need to be  deve l oped 
t h at cou l d  take the parameters deri ved from the data and  use  t hem d i rect l y  to 
compute  a vent i l at i on rate for a p rototyp i ca l  b u i l d i n g .  The mode l  wou l d  h ave  
to c a l c u l ate both  act ua l  a nd  effect i ve vent i l at i on rates for bu i l d i ngs  wi t h  
v ary i ng comb i nat i ons  of a i r  l eakage contro l  pac kages a n d  mec han i ca l  vent i l at i on 
systems . 

T h i rd ,  t h e  an a l ys i s  wou l d  h ave  to dea l  d i rect l y  wi t h  t h e  i s sue  of  data and  
mode l  uncert a i n ty wi thout  destroy i n g  the  usefu l n ess  of t he  res u l ts in  t he  
po l i cy dec i s i on mak i n g p rocess . 

T he  res u l t i ng methodo l ogy con s i s ted of t he  fo l l owi ng  components . The  data that  
had  p rev i ou s l y  been  used i n  t he  D E I S  ( i . e .  RSDP  data )  wou l d  be used  and  
supp l emented where necess ary to der i ve  norma l i z ed a i r l eakage and  vent i l at i on 
data . These norma l i zed  parameters wou l d  be used  as i nputs  to  two d i s t i nct  
vent i l at i on rate mode l s .  

T he  f i rs t  mode l  wou l d  be  eng i neeri ng  based and  wou l d  i n corporate t h e  
i n f i l t rat i on rate ca l cu l at i on p rocedures deve l oped by Sh erman and  Gr imsrud  
( 198 1 )  at Lawrence  Berke l ey Laborator i es . Th i s  mode l  wou l d  t a ke t he  
norma l i zed spec i f i c  l eakage area data from the  var i ous  sources of  fan 
pres s ur i z at i on data av a i l ab l e  and ca l c u l ate the natura l  component  of the tota l  
v en t i l at i on rate . The  mode l  wou l d  then  i n c l ude  a separate ca l cu l at i on for 
add i n g t h e  appropr i ate amount  of mechan i ca l l y  i nduced vent i l at i on . By 
perform i ng these  c a l cu l at i on s  hour l y ,  t he  effect i ve vent i l at i on rate cou l d be 
compu ted by mere ly  ca l cu l at i n g and summ i n g  the i n verse of the hour l y 
v en t i l at i on rate and  t h en i n vert i n g t he  average over the  en t i re peri od . 

T he  second mode l  wou l d  be  a s tat i st i ca l l y  b ased regress i on mode l  t h at uses  
v ari ous  phys i c a l  c h aracteri s t i cs data to pred i ct an effec t i ve  vent i l at i on rate 
for a p rototyp i ca l  bu i l d i n g  wi thout  who l e  house  mech an i c a l  ven t i l at i on . The  
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stat i st i c a l  mode l  wou l d  on l y  p rov i de an es t i mate of t h e  effect i ve v en t i l at i on 
due  to n atura l  forces (wi n d  an d stack p ressures )  and norma l  occupancy ( b ath  and 
k i tchen fan i n term i ttent  use for s pot vent i l at i on need s ) . Th i s  s tat i st i ca l  
mode l  wou l d  be  based o n  a n  an a l ys i s  of t h e  Perfl uorocarbon Tracer ( P FT) gas  
test i n g on the  RSDP  con t ro l  home samp l e .  Th i s  effect i ve vent i l at i on rate wou l d 
t h en mu l t i p l i ed by a seri es of factors deri ved from t he  eng i n eeri n g  mode l  to 
compute  the effect i ve vent i l at i on rate of t he  b u i l d i n g  wi t h  the added 
mech an i ca l  vent i l at i on systems and the  actua l  v en t i l at i on rate both wi t h  and 
wi thout  mec han i c a l  vent i l at i on .  

After  rev i ewi ng  t h e  l i terature , i t  was determ i ned t h at t h e  b i ases i n herent  i n  
t he  data  and  t he  model s wou l d  tend  to dr i ve  t h e  res u l t s  from t he  two mode l s  i n  
oppos i te d i rect i on s . I t  wou l d  therefore be  pos s i b l e  to  use  t h i s b i as to a l l ow 
t he  res u l t s  from t he  two mode l s  to " bound "  t he  ran ge  of vent i l at i on rates . By 
ass i gn i n g t he  h i g her  set of  vent i l at i on rates to t he  " upper  bound " and t he  
l ower set to t he  " l ower boun d "  t h e  an a l ys i s  wou l d  a l l ow t h e  po l i cy makers to  
exam i ne  t h e  l i ke l y  " best " a nd  worst "  c a se  outcomes from a part i c u l ar  po l i cy 
c ho i ce  and have  some conf i dence t h at the  act ua l  res u l t wi l l  fa l l somewhere i n  
between . 

Th i s  tec h n i que  for deal i n g wi t h  t he  uncert a i nty i n  t h e  data was u l t i mate l y  
p referred over a t rad i t i on a l  error an a l ys i s  where a med i an v a l ue  wou l d  have  
been  bounded by  a range  of  standard dev i at i on s  or  a con f i dence i nterv a l . I n  
t h e  t rad i t i on a l  techn i que , t h e  po l i cy makers u sua l l y  end u p  l oo k i n g  a t  t h e  data 
as t h ree separate est i mates , a med i an case , a med i an p l us and a med i an m i nus  
a s pec i f i ed i n terva l . Unfortunate l y ,  t he  add i t i on a l  i n format i on tends to get 
l ost  an d on l y  the med i an v a l ues used for po l i cy p l ann i n g . By u s i ng t h e  
upper/ l ower bound concept i t  was fe l t  t h a t  a n  adequate a l l owance  for 
uncert a i n ty was i n s ured wh i l e  ma i n ta i n i n g  the usefu l n ess  of  both est i mates . 

I t  i s  i mportant  to  note t h at there are some comb i n at i on s  of  parameters t h at 
res u l t i n  t he  two mode l s  swi tch i ng p l aces between h i g her  and l ower v a l ues . 
G i ven t h at t h e  v a l ues were mere l y  b e i n g  used to " boun d "  the  vent i l at i on rates 
for a g i ven set of measures , i t  was determ i ned t hat t here was no techn i ca l  
reason for n o t  p l ac i ng t h e  l ower v a l ues i n  t he  l ower bound a n d  t he  h i g her 
v a l ues i n  t he  upper bound regard l es s  from wh i c h  mode l  t hey were deri ved . 

A . 2  DATA SOURCES 

W h i l e  t he  DE I S  u sed data p r i mari l y  i n  i ts raw form , t he  F E I S  an a l ys i s  wou l d  
requ i re more deta i l ed i n format i on t h at cou l d  be  app l i ed to  p rototyp i ca l  
bu i l d i ng s . I t  was t h erefore necessary t o  rean a l yze  t he  data a n d  i n vest i g ate  
some new sources of data to p rov i de i nputs  to t h e  mode l . The  fo l l ow i n g  
sect i on s  descr i be  t he  v ar i ous  data s e t s  a n d  an a l yt i c a l  p rocedures used i n  t h i s  
an a l ys i s .  

The  data  c ame p r i mar i l y  from four sources : 

The  Res i dent i a l  Standards Demonstrat i on P rogram ( RSDP )  
The  Tu l a l i p  Man ufactu red Hou s i n g Proj ect 
The Energy Eff i c i en t  Manufactured Hous i ng Demon strat i on ( EEMHD )  Proj ect 
The New Man ufact ured Hous i n g  A i r Leakage Survey 
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Add i t i on a l  data  from the  Mu l t i fami l y  Vent i l at i on Rate Study was rev i ewed but  
not used due to l arge vari at i ons  i n  t he  d ata  set . 

RSDP  Dat a .  Most of the  data  used i n  t h i s  an a l ys i s  was deve l oped t h rough 
Bonne v i l l e ' s  Res i dent i a l Standards Demon st rat i on Program . Th i s  p rogram , begun 
i n  1 984 , was a f i e l d demon s t rat i on p rogram of t h e  Mode l  Conserv at i on Standards 
(MCS)  as p roposed by the  Nort hwest  Power P l an n i n g Counc i l  in  1 983 . Under RSD P ,  
approx i mate l y  400 res i dences were con structed i n  comp l i ance wi t h  t h e  MCS i n  the  
Northwest  St ates . These  h omes were matched on an aggregate b as i s  to  about 400 
con t ro l homes b u i l t  over the  past  several  years i n  comp l i ance wi th  the  current 
preva i l i n g bu i l d i ng codes . Construct i on cost d at a , therma l  performance , an d 
other  re l evant  data  was co l l ected on each h ome . 

The  MCS RSDP  h omes were b u i l t  us i ng e i ther  of two a i r  l eakage con t ro l  
" p ackages " .  P ac k age  " A "  a i r  l eakage contro l  req u i red good cau l k i ng and  
weatherst r i pp i n g and fa i r l y  t i gh t  wi ndows and doors . Package "C "  con struct i on 
req u i red a fu l l y con t i nuous  a i r b arri er  t h at v i rt ua l l y  e l i m i nated a i r l eakage 
i nto  the home as we l l as very t i ght  wi ndows an d d oors . A l l MCS RSDP h omes were 
req u i red to i nc l ude mechan i ca l  ven t i l at i on w i t h  heat recovery . The current 
p ract i ce h omes had no  req u i rements for e i ther  t i ghten i ng or  vent i l at i on .  

Vari ous  a i r i n f i l t rat i on and vent i l at i on data were co l l ected on the  RSDP  
h omes . Th i s  data  i nc l u ded fan  p res s u r i z at i on test  res u l ts for  a l l h omes , 
perf l uorocarbon t racer gas  measurements  for about one-th i rd of t he  h omes , an d 
a i r-to- a i r heat exch anger  (AAHX) a i rf l ow meas urement s  i n  t he  MCS h omes ( H arri s 
1 986 ) 

. The fan p ressur i z at i on d at a  i s  usefu l for q uan t i fy i ng t he  l eakage 
ch aracteri st i cs of the b u i l d i n gs . The PFT meas u rements  p rov i de some i n d i cat i on 
of t h e  tot a l  effect i ve vent i l at i on rate of t he  homes i n c l ud i n g t h e  natura l l y  
i nduced vent i l at i on , t h e  operat i on of mechan i ca l  ven t i l at i on sys tems , an d 
i n d i v i du a l  occupant usage of  t he  hous e .  The  AAHX a i rf l ow rates p rov i de some 
i n format i on on t he  system ' s mechan i ca l  ven t i l at i on capac i ty ,  and  coup l ed wi th  
equ i pment usage  i n format i on ,  some data on  tota l  mechan i c a l  ven t i l at i on .  
Un fortun ate l y  errors i n  t he  f l ow rate measurements  and i ncomp l ete  knowl edge 
of  t h e  operat i n g t i mes of the AAHX e l i m i n ated the AAHX data from p rov i d i n g a 
usefu l  con t r i b u t i on to the an a l ys i s  of  the  tota l  vent i l at i on rates of t he  MCS 
RSDP  houses . 

Tu l a l ip  P roject Dat a . The Tu l a l i p  p roj ect con s i sted of  approx i mate l y  35  
man ufactured homes b u i l t  to comp l y  wi th  the  MCS . A l l of t he  homes were 
con s t ructed by a s i ng l e  manufacturer to the  same a i r l eakage contro l  standards 
p rescr i bed for pac kage A in  RSD P . The homes were a l l s i ted  on the Tu l a l i p  
Ind i an Reservat i on i n  Marys v i l l e ,  Was h i ngton . Fan p res s ur i z at i on test  data 
were ava i l ab l e  on 21  of the  un i ts ( Ek 1 986a) . 

Energy Eff i c i en t  Manufactured Hous i ng Demon strat i on ( EEMHD)  P roject D at a .  The 
E EMHD  p roj ect con s i s ted of  f i ve res i dences man ufactured to  the MCS i nc l u d i n g  
a i r-t i gh t  con struct i on features des i gned t o  ach i eve t h e  s ame l ev e l  o f  a i r 
t i g htness  as t he  RS D P  p ac kage C houses . Fan p res s u ri z at i on data was ava i l ab l e  
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for these  un i t s  bot h before and  after  t ran sportat i on ( E k  1 986b ) . Some PFT 
data was a l s o ta ken on these  same homes . 

New Man ufactured Hous i ng A i r Leakage Survey Data . Th i s  p roj ect wa s des i gned 
to determ i n e t he  average a i r l eakage ch aracteri s t i cs of  typ i c a l  n ewl y 
con s t ructed man ufactu red hous i n g  i n  t he  Bonnev i l l e  serv i ce a rea . Fan 
p res s ur i z at i on data were ava i l ab l e  on s i x  s i n g l e wi de and n i nety two doub l e  
wi de un i t s ( E k  1 98 7 ) . Th i s  data i s  equ i v a l ent  to t he  RSDP  cu rrent  p ract i ce 
samp l e  for man ufactured hou s i n g .  U nfortunate l y ,  t here was no  PFT data 
ava i l ab l e  i n  t h i s  data set . 

Mu l t i fam i l y  Data Sets . G i ven t h at i t  i s  d i ff i cu l t ,  i f  not i mposs i b l e ,  to 
perform fan p res s u ri zat i on tests on mu l t i fam i l y  dwe l l i n gs , t he  on l y  source of 
data a va i l ab l e  for th i s  type of dwe l l i ng  was some p re l i m i n ary t racer gas  tests 
from the RSDP  and  from two other  case  stud ies ( Parker 1 98 7 ) . U nfortunate l y ,  
t he  v a ri ance i n  t h e  data and t he  sma l l s amp l e  s i z es ren dered t h e  data use l ess  
for p urposes of t h i s  ana l ys i s . Therefore , a l l mu l t i fam i l y  ca l cu l at i on s  were 
made u s i n g  t he  RSDP  s i n g l e -fam i l y  data sca l ed approp ri ate l y .  

A i r Leakage Characteri st i cs Data An a l ys i s . As d i scus sed p rev i ous l y ,  t he  
an a l ys i s  mode l s requ i re a i r l eakage character i s t i cs for p rototyp i ca l  
s i te-b u i l t ,  manu factured , a nd  mu l t i fam i l y  b u i l d i n gs . G i ven t h at t he  mode l s  
wou l d  be us i n g p rototyp i ca l  b u i l d i n gs , i t  was neces s ary to norma l i z e t h e  
l eakage ch aracter i s t i c s of t he  var i ous categori es of houses tes ted . 

I n  add i t i on ,  t h e  two d i fferent mode l s  used to generate the  upper  and l ower 
bound est i mates of t he  tota l  vent i l at i on rate req u i red d i fferent var i ab l es from 
the  fan p ressur i z at i on database . The eng i n eeri ng  based mode l  requ i red an 
effect i ve l eakage area ( E LA )  b ased on t he  LBL ca l c u l at i on p rocedure ( S herman 
et a l . 1 98 1 ) . The stat i s t i ca l  mode l  requ i red v a l ues for the a i rch ange rate 
at 50 pasca l s  (ACH50)  from the fan p res sur i z at i on test . 

I n  order to norma l i ze t h e  data for s i n g l e -fam i l y  bu i l d i n gs , t he  appropr i ate ELA 
was d i v i ded by t h e  g ross  cond i t i oned f l oor area to ca l c u l ate  a spec i f i c  l eakage 
area ( S LA) . Howeve r ,  g i ven t h at t h ere was no  s u i t ab l e  data  set to descr i be t he  
l eakage  ch aracter i s t i c s for mu l t i fam i l y  b u i l d i ngs , t h e  RSDP  ELAs were 
norma l i zed  by t h e  exposed s u rface area to accommodate t h e  d i fferences i n  
geometry between s i ng l e-fam i l y  and mu l t i fami l y  b u i l d i n gs . Accurate data  for 
t h e  f l oor areas of the New Man ufactured Hous i n g A i r Leakage Survey homes was 
not ava i l ab l e  so  t h e  ELA data for th i s  data set was norma l i zed by exposed 
s urface area  as we l l .  The ACH50 v a l ues for a l l of the  data sets a re i n herent l y  
norma l i z ed by t h e  v o l ume o f  t he  s t ructure and t hus  were not norma l i zed further .  

For  e ach  hous i ng type , t h e  a i r l eakage data  was segregated accord i n g to t h e  
type of a i r l ea k age  control  used i n  t he  b u i l d i ng .  T hree d i s t i nct categori es 
were i dent i f i ed for use i n  the E I S : " b ase l i ne "  homes b u i l t  to cu rrent 
p ract i ce ,  " s t andard " h omes b u i l t  wi th  a moderate amount  of a i r  sea l i ng beyond 
current p ract i ce ,  and " advanced " homes bu i l t  to fu l l a i r- t i gh t  con struct i on 
standards . Base l i n e v a l ues were deri ved from t he  RSDP  control  h omes for 
s i te-bu i l t  and from the New Manufactured Hous i ng A i r Leakage Survey for 
man ufactu red h omes . Va l ues for " s t andard "  a i r t i ghten i n g were taken from the 
RS DP  Package A homes for s i te-b u i l t  and  from the Tu l a l i p  Proj ect h omes for 
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man ufactured h omes . Advanced a i r t i gh ten i n g v a l ues were taken from the  RSDP 
Package C homes for s i te b u i l t  and from the Energy- Eff i c i en t  Man ufactured Home 
Demon strat i on P roject for manufactured homes . 

S ummary s tat i s t i cs for the  spec i f i c  l eakage areas of t he  RSDP data  set are 
p rov i ded i n  Tab l es A . 1  and  A . 2  b e l ow .  The res u l ts  for manufactured hous i n g are 
p resented  i n  Tab l es A . 3  and A . 4  be l ow .  A i r ch an ges at 50 pasca l s are g i ven i n  
Tab l e  A . 5  for the  RSDP  data  set and i n  Tab l e A . 6  for the  manufactured hous i n g 
data  sets . 

2 2 
Tab l e  A . 1 .  RSDP  Spec i f i c  Leakage Area ( i n  / 1 00 ft ) 

Current Pract i ce 

Samp l e  S i ze 402 
Mean 5 . 66 
Med i an 5 . 32 
Standard Dev i at i on 3 . 6 7 
Max i mum 53 . 9  
M i n i mum 0 . 1 1 

Package A Package 

42 280 
3 . 86 2 . 23 
3 . 8 1  1 . 9 7  

2 . 06 
1 1 . 2  
0 . 34 

8 . 73 
0 . 1 1 

2 - 2 

C 

1 . 46 

TABLE  A . 2 .  RSDP  Leakage Rat i o  ( i n  / 1 00 ft ) 
Cu rrent Pract i ce 

S amp l e  S i ze 3 50 
Mean 2 . 28 
Med i an 2 . 09 
Stand ard Dev i at i on 1 .  9 1  
Max i mum 32 . 5  
M i n i mum 0 . 33 

Pack age A 

32 
1 . 33 
1 . 34  

0 . 63 
2 . 82 
0 . 18 

P ackage 

2 1 5  
0 . 984 
0 . 798 

4 . 7 1  
0 . 088 

C 

0 . 7 1 6  

2 2 
TABLE  A . 3 .  Man ufactured Hous i ng Spec i f i c  Leakage Area  ( i n  / 100 ft ) 

Tu l a l i p  Project E EMHD 

S amp l e  S i ze 2 1  5 
Mean 4 . 19 2 . 0 1  
Med i an 4 . 26 1 . 94  
Standard Dev i at i on 0 . 43 0 . 55  
Max i mum 4 . 95 2 . 83 
M i n i mum 3 . 41 1 . 20 
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TABL E  A . 4 .  New Man ufact ured Hous i n g A i r Leakage Su rvey Data 

Samp l e  S i ze 
Mean 
Med i an 
Standard Dev i at i on 
Max i mum 
M i n i mum 

2 2 
Leakage Rat i os ( i n  / 100 ft ) 

93 
2 . 18 
2 . 1 2 

4 . 57 
1 . 1 6 

0 . 6 1  

- 1  
TAB L E  A . 5  RSDP  A i r Ch an ges at 50 Pasca l s  ( hour  ) 

Curren t P ract i ce Package A Package C 

Samp l e  S i ze 338 42 248 
Mean 8 . 33 5 . 87 3 . 3 6 
Med i an 8 . 02 5 . 1 2 2 . 86 
Standard Dev i at i on 3 . 3 7  3 . 7 5  2 . 29 
Max i mum 22 . 7  2 1 . 1  1 2 . 1  
M i n i mum 1 . 07 1 . 84 1 . 05  

- 1  
TAB L E  A . 6 .  Man ufactured Hous i n g A i r Ch anges at 50 Pasca l s  ( hour  ) 

New MH AL  S urvey Tu l a l ip  E EMHD 

Samp l e S i z e  122 2 1  5 
Mean 2 . 28 5 . 3 6  2 . 94  
Med i an 2 . 09 5 . 48 2 . 8 1  
S tandard Dev i at i on 1 .  9 1  0 . 46 0 . 29 
Max i mum 32 . 5  5 . 95 3 . 25 
M i n i mum 0 . 33 4 . 5 1  2 . 48 

As can be  seen from Tab l es 1 and 3 ,  t he  Curren t P ract i ce data  sets  for bot h 
s i te b u i l t  and manufactured hous i ng exh i b i t  fa i rl y  l arge stan dard dev i at i on s .  
The s hape  of t he  d i str i but i on s  a l so tend  to be  somewhat l og-norma l  i n  form .  
G i ven these  ch aracteri st i cs , t h e  med i an v a l ue was chosen  to app l y  t o  t h e  
p rototypes i n  t he  a na lys i s .  The data  for t h e  Pac kage A and Package C homes are 
more l og norma l t h an t he  current p ract i ce data  so  med i an v a l ues for both  of  
these  data sets  was used as we l l .  

A . 3  VENT I LAT I O N  RATE MODE L  

As descr i bed i n  Sect i on 1 . 0 ,  t he  met hodo l ogy used to compute t h e  t o ta l  
vent i l at i on rates was des i gned to  i n c l ude two separate mode l s ,  a n  eng i neer i n g  
and a s tat i st i c a l  model . T h e  outputs o f  t h e  two mode l s  wou l d  be  a s s i gned to 
e i t her  t h e  upper  or l ower bound  est imates depend i ng on t h e  outputs  from the  
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mode l . 
mode l s .  

Th i s  s ect i on descri bes t he  deve l opment and s tructure of each of the  
A br i ef d i scus s i on of t he  n ecessary i n puts  i s  a l so  i nc l uded . 

Engi neeri ng Mode l . The eng i neer i ng mode l  was con structed around  t he  
i n f i l t rat i on mode l  deve l oped at  LBL . The LBL mode l  was chosen pr i mari l y  
because o f  i t s wi despread acceptance and i ts comprehen s i ve v a l i dat i on .  Becau se  
i t  has  been s hown t o  be b i ased somewhat h i g h i n  pred i ct i ng average i n f i l t rat i on 
rates ( S herman and  Modera 1986) , t he  LBL  mode l  wou l d  p robab l y  p rov i de t he  upper 
bound est i mate most of the t i me . 

A l t h ough  a more thorough t reatment of the  LBL mode l  i s  g i v en i n  reference 2 ,  
a br i ef d i scus s i on of t he  mode l  wi l l  be  g i ven here . The LBL mode l  uses  t he  ELA 
from a fan p res sur i z at i on test to  mode l  the bu i l d i ng as  an or i f i ce t h at i s  
subj ected t o  p ressure d i fferent i a l s  from wi nd  and s t ac k  effect s .  The general  
form of the equat i on i s  s i m i l ar to  that  for f l ow t h rough an or i f i ce as a 
funct i on of p ressure drop an d i s  g i ven i n  equat i on 2 be l ow .  

0 . 5  
Q = A * (2*dP/p )  Eq . 2 

where : Q 
A 
d P  
P 

i s  t h e  a i r f l ow 
i s  t h e  equ i v a l en t  or i f i ce area 
i s  the p ressure d i fferent i a l across the or i f i ce 
i s  t h e  d en s i ty of t he  a i r 

G i ven t h at t he  b u i l d i ng i s  subj ected to  p ress u re d i fferent i a l s  due  to  wi n d  and  
s t ac k ,  the  tota l  f l ow t h rough a b u i l d i ng i s  actua l l y  due  to  t he  comb i n at i on of  
t he  two forces . T he  LBL mode l  dea l s with  t he  comb i ned f l ows by c a l cu l at i n g the  
f l ows due  to  w i n d  and stack  separate l y  an d t hen comb i n es t hem i n  quadrature as 
s hown be l ow i n  equat i on 3 .  

2 
Q = ( Q  + Q 

2 0 . 5  
) Eq . 3 

stack  wi nd  
The LBL mode l  i nc l udes s i mp l i f i ed 
stack  so  t h at t hey can be  app l i ed 
p arameters for t he  type of  h ouse , 
geography s urround i ng t he  house . 

c a l c u l at i on s  for t he  f l ows due  to  wi n d  and 
to  standard weather d at a  and  some norma l i zed 
the terra i n  and s h i e l d i ng c l ass  of  t he  
The s i mp l i f i ed equat i on i s  of t h e  form g i ven 

i n  equat i on 4 be l ow .  
2 2 0 . 5  

Q = L * ( f  *dT + f *V ) 

where : Q 
L 
dT 
f 

V 
f 

s 

w 

s w 
Eq . 4 

i s  t h e  tota l  f l ow due  to  wi nd  and  s tac k forces 
i s  the ELA from the fan p res s ur i z at i on test  
i s  t he  d i fference between i ndoor and outdoor  temperatures 
i s  the s i mp l i f i ed stack parameter i ncorporat i n g bu i l d i ng he i ght  
and  p hys i ca l  d i str i but i on of l eakage  area  between f l oors , wa l l s  
a nd  ce i l i ngs  
i s  t he  wi nd  s peed at t he  house  
i s  t he  s i mp l i f i ed w i n d  p arameter i ncorporat i n g s h i e l d i n g and  
terra i n  coeff i c i ents  to  correct wi nd  s peed meas ured at a remote  
l ocat i on to  t he  actua l  s i te wi n d  s peed . 
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The b as i c  LB L mode l  i ncorporates on l y  f l ows due  to wi n d  and stack  forces and 
does not i nc l ude  any vent i l at i on from occupant  operat i on of pass i ve ( e . g .  
wi n dows ) o r  mech an i c a l  ( e . g .  bath  fan s )  ven t i l at i on dev i ces . U nfortunate ly  
t here are no  s i mp l i f i ed mode l s  t h at can  dea l  adequat e l y  wi t h  occ upant  operation 
of pass i ve v ent i l at i on dev i ces . However ,  there are severa l  mode l s  descr i bed 
i n  the l i terature dea l i n g wi th  t h e  comb i n at i on of  mechan i c a l  an d n at ura l  a i r 
f l ows i n  b u i l d i n gs . G i v en t h e  l ac k  of adequate mode l s  for occ upant  
i n teract i on ,  the  eng i neer i ng  mode l  d i d  not i nc l ude  an exp l i c i t  t reatment  of  
vent i l at i on due  to occupan t  operat i on .  Howeve r ,  s i nce  t h e  FE I S  req u i red t hat  
var i ous  forms of  mechan i ca l  vent i l at i on systems be mode l ed ,  i t  was necess ary 
to  i ncorporate t h e  vent i l at i on due to  who l e  house  mec h an i ca l  vent i l at i on 
sys tems . 

After rev i ewi n g  t he  l i terature , i t  was obv i ous t h at t here was a l ac k  of  
consen sus  about t he  p roper way to comb i ne a i r  f l ows from t he  mec h an i c a l  
vent i l at i on system wi t h  those  from natura l  i n f i l t rat i on .  A l though  there was 
genera l  a greement  t h at b a l anced mec han i ca l  f l ows cou l d  be  s i mp l y  added to the  
natura l  f l ows , t here was  w i de  d i s ag reement about t he  p roper p rocedure for 
add i ng u n ba l anced mechan i c a l  vent i l at i on .  

G i v en t h i s  d i s ag reement ,  two separate mode l s were used to ca l c u l ate t h e  
mechan i ca l  vent i l at i on component . I n  both mode l s ,  any b a l anced mec han i c a l  
v ent i l at i on was a s s umed to  s i mp l y  add t o  t h e  natura l l y  occurr i ng vent i l at i on .  
However ,  t h e  two mode l s t reat unba l anced mechan i ca l  vent i l at i on such  as exh aust 
fan s d i fferen t l y .  

The f i rst mode l  was deve l oped by LBL for i nc l us i on wi t h  t h e i r i n f i l t rat i on 
mode l  ( Modra and Peterson 1 985 ) . Th i s  mode l  hypothes i zes t h at a i rf l ows behave  
as i f  t hey are mov i n g t h rough  an i dea l  or i f i ce . F l ows resu l t i n g from the  
comb i n at i on of  p ress ure d i fferences from mec han i ca l  and natura l  forces t h rough  
an i de a l  or i f i ce s h ou l d  be  added in  quadrature i n  t he  s ame way t h at f l ows due  
to  wi nd and  stack  a re added . The LBL mode l  i s  g i ven i n  equat i on 5 be l ow .  

2 2 0 . 5  
Q 

tot a l  
= ( Q  

natura l  
+ Q ) 

u nba l anced 
+ Q 

b a l anced 
( Eq .  5 )  

H owever , t here were a number of c r i t i c i sms to  t h i s  mode l  i n  t h e  l i teratu re 
a l ong wi t h  severa l a l ternate  mode l s  ( S h aw 1987 , W i l son and  K i e l  1 987 )  

t h at 
ranged from s imp l e  l i near add i t i on of  t he  f l ows to t he  use  of  exponents der i ved 
from exper imenta l  d ata . G i v en t h e  l ac k  of consensus  s urround i ng t h e  t rue  
form of  t h e  equat i on , t he  second  mode l  i nc l uded a s i mp l e  re l at i onsh i p  from 
t he  Ameri can Soc i ety of Heat i ng Refri gerat i on an d A i r Cond i t i on i n g En g i n eers 
(ASHRAE )  1 98 1  H andbook of  Fundament a l s (ASHRAE  198 1 ) . Th i s  mode l  i s  g i ven i n  
Equat i on 6 and  s i mp l y  adds h a l f o f  t h e  unba l anced f l ow t o  t he  n atura l  f l ow .  

Q 
tota l 

= Q + 0 . 5*Q + Q 
natura l  u nba l anced ba l anced 

( Eq .  6 )  

The  tot a l  a i r  f l ow computed from bot h  mode l s was then d i v i ded by  t h e  v o l ume of 
t he  b u i l d i n g to  compute a i r c hange  rates . When averaged over a number of t i me 
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peri ods , the  mode l s  produce an est i mate of the  average act ua l  vent i l at i on rate 
as s h own i n  equat i on 7 be l ow .  

W h i l e  t he  average act ua l  a i r change rate i s  i mportant  i n  the  F E I S  for 
ca l c u l at i on of energy used to heat the vent i l at i on a i r ,  t h e  necess ary parameter 
to  ca l cu l ate hea l t h  effects i s  the average effect i ve a i r ch ange rate . As shown 
i n  Sec t i on 1 . 0 ,  the  concentrat i on of a po l l utant w i t h  a constant source 
s t rength  i s  i n vers e l y  p roport i on a l  to the a i r ch ange rate of the b u i l d i ng .  
Us i ng t h i s  re l a t i o ns h i p  t he  mode l  cou l d  be used to c a l c u l ate a 
pseudo -concentrat i on for an i mag i n ary po l l utant wi t h  a source rate to vo l ume 
rat i o  of one by s i mp l y  ca l c u l at i ng t he  i n verse  of t h e  tota l  vent i l at i on rate . 
I f  t he  t i me s tep of t he  weather data  used for t h e  ca l c u l at i on s  was sma l l 
enough , t hen s i mp l y  averag i ng t h e  p seudo concentrat i on s  and t hen t ak i n g t h e  
i n v erse of t h i s  average wou l d  p roduce a reasonab l e  est i mate of  t h e  average 
effect i v e vent i l at i on rate for the g i ven per i od . A s i m i l ar approach was 
v a l i d ated exper i ment a l l y  i n  the l i terature ( S herman and W i l son 1 986 ) . The 
average effect i ve vent i l at i on rate was computed us i ng equat i on 8 be l ow .  

ACH s um ( ACH ) / N 
act u a l  

ACH 1 / ( s um ( l /ACH ) / N )  
effec t i ve  i 

where : ACH i s  the average act ua l  a i r  c h ange rate 
actua l  

Eq . 7 

Eq . 8 

ACH i s  t h e  a i r change rate computed by the mode l  for a g i ven 
t i me i ncrement 

N i s  t h e  n umber of  t i me i ncrements  i n  t he  averag i ng  per i  od 
ACH i s  the average effect i ve ven t i l at i on rate 

effect i ve 

For p urposes of t h e  F E I S ,  t h e  two d i fferen t mode l s  comb i n i ng mec h an i ca l  
vent i l at i on were used to  ca l c u l ate t h e  a i r  c h ange  rates o n  a n  h our ly  b as i s  for 
a per i od  of severa l mon t h s  s pan n i ng a typ i ca l  h eat i ng s eason . The a i r c h ange  
rates from both  mode l s  were averaged i ndependen t l y  over  t h i s  peri od an d t h e  
res u l ts  were then  averaged together  to produce a s i ng l e e s t i mate of t he  average 
act ua l  and effect i ve a i r ch ange rates dur i n g  the h eat i n g season . 

Stat i s t i ca l  Mode l . One  of t he  more seri ous  cr i t i c i sms of  t he  en g i neer i n g  
approach to  e st i mat i ng v ent i l at i on rates i s  t h at i t  does not ref l ec t  t h e  i mp act 
of occ upant  operat i on on both pass i ve an d mech an i ca l  v ent i l at i on systems wi th i n  
t he  b u i l d i ng .  There are a l so n umerous  f l aws i n  t he  ser i es of a s s umpt i on s  
req u i red to  take  t h e  very comp l ex i nteract i on o f  phys i ca l  forces at  work o n  a 
house  and s i mp l i fy i t  i nto  a s i mp l i f i ed mode l  of a s i ng l e  or i f i ce . I t  wou l d  
obv i ou s l y  be  des i rab l e to  t ake rea l  vent i l at i on rate measurement s  and use  t hem 
to p red i ct t he  effects of v ari ous  c han ges i n  weather ,  p hys i ca l  c h aracter i s t i c s  
and occupant  i nteract i on .  A rev i ew of t he  l i terat ure fa i l ed to  p roduce an 
acceptab l e  mode l  t h at cou l d  accommodate a l l of those  des i res . 

After  exam i n i ng severa l opt i on s , i t  was noted that  t he  RSDP  data  set i n c l udes 
a l arge n umber of  PFT measurement s  t h at are p urported to be measurement s  of the 
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average effect i v e vent i l at i on rate i n  those homes dur i n g  the  meas urement 
per i od . Because the  P FT measures t he  rea l  effect i ve vent i l at i on rate i t  
i n c l udes t he  occ u pan t  effects an d n atura l  i n teract i on s  descri bed p rev i ous l y .  
The RSDP  d ata  set a l so cont a i n s  a g reat dea l  o f  i n format i on about t he  p hys i ca l  
c haracter i s t i c s of t he  bu i l d i ngs , t he weat her dur i n g  t he  peri od , and t h e  
occupan t s . G i ven t he  P FT  measurements  o f  effect i ve vent i l at i on rate a n d  t h e  
ri ch  d at a  s e t  accompany i n g  t h e se  houses i t  was determ i ned t h at a s tat i st i ca l  
mode l  s h ou l d  be  attempted . The mode l  wou l d  h ave  to re l ate  t h e  p hys i ca l  
c haracter i st i cs of  t he  b u i l d i ng a n d  t h e  occupants to t he  PFT vent i l at i on rates 
i n  order  to a l l ow t h e  mode l  to be used for p red i ct i on of  vent i l at i on rates for 
a s i m i l ar b u i l d i ng w i t h  d i fferent p hys i c a l  features . 

One other  advan t age to t he  FE I S  t h at t he  s tat i s t i ca l  mode l  wou l d  p rov i de i s  
de l i v ered by mean s of  t he  b i ases i n  t he  PFT measurement s  t hemse l ves . The 
l i terature has  documented t h at errors in  t he  P FT measurement system wi l l  tend 
to  b i as the measurement l ow ( S herman 1987 , D i etz  1 986 ) . Prev i ou s  compar i sons  
( Parker 1987 ) of  t he  PFT and  fan  p res sur i z at i on res u l t s  from t he  RSDP  revea l ed 
a wi de d i sc repancy between t he two measurement s ;  the PFT a l most  a l ways 
p red i ct i ng a l ower a i r  c h ange rate t h an t h at p red i cted by t he  LBL mode l  u s i ng 
fan p res s ur i z at i on d at a  for the  s ame houses . The d i screpancy was l arger t h an 
wou l d  be p red i cted by the fact t h at the LBL mode l  p red i ct s  act ua l  a i r  c hange 
rates versus  the effect i ve a i r  ch ange rate measured by t he P FT . These 
con s i derat i ons  made t he  s tat i st i ca l  mode l  of  t he  effect i ve v ent i l at i on rates 
a l og i c a l  cand i date  for the l ower bound est imates . 

There were a number  of factors to be cons i dered i n  deve l op i n g t he  s tat i st i ca l  
mode l . F i rs t , t h e  uncert a i nty regard i ng t h e  quan t i ty of mechan i c a l  vent i l at i on 
i n  the  RSDP  MCS houses  ( d i scussed i n  sect i on A . 2 ) requ i red t h at t h e  stat i st i ca l  
a na lys i s  wou l d  have  to be focused on the  contro l  homes . Second , t h e  ana lys i s  
wou l d  have  to i nc l ude some phys i ca l  ch aracter i s t i c  descr i b i ng t he  a i r l eakage 
of the house s i nce t h at wou l d  be  the pr i mary p red i ct i ve var i ab l e  av a i l ab l e  from 
t he  other  d at a  set s . Th i rd ,  t he  mode l  wou l d  somehow have  to be  adj usted for 
mechan i c a l  vent i l at i on i n  an ad hoc fas h i on to  i ncorporate t h e  effects of t he  
p roposed vent i l at i on st rateg i es i n  t h e  FE I S .  F i n a l l y ,  t he  mode l  s h ou l d  be  
s i m i l ar in  form to p hys i ca l l y  known re l at i onsh i ps between a i r  f l ow and t he  
var i ous  p hys i ca l  forces represented by  the  ana lys i s  var i ab l es .  

The f i rst s tep i n  t he  mode l i ng p rocess was to deve l op a con s i stent data  base 
i ncorporat i ng a l l of t he  pert i nent data ava i l ab l e .  Tab l e  A . 7  i s  a l i st  of the  
var i ab l es i nc l uded in  t h e  d ata  base used for the  an a l ys i s . One  of the  p r i mary 
tasks  at t h i s  s tage was to  rect i fy d i fferences i n  v o l umes and f l oor a reas 
between the fan p res sur i z at i on test reports and those  reported in  the P FT 
report s . I n  o rder to  s i mp l i fy th i s  p rocess , t he  ana lys i s  focused on f l ows and 
u sed t h e  P FT v o l umes ( s um of the zone vo l umes )  where necess ary . After  sort i ng 
t h rough  t he  ava i l ab l e data  a f i l e  was comp i l ed t h at i n i t i a l l y  i nc l uded 167  
ob servat i ons . However , after  some test i ng i t  was determ i ned t h at there were 
severa l  d at a  po i nt s  t h at s h ou l d  be exc l uded from the  an a l ys i s . 

F i rst , t h ere was one P FT read i ng t h at was over 3 a i r  c hanges per  hou r .  After 
rev i ewi ng the test  report i t  appeared t h at th i s  part i cu l ar  test was abnorma l 
due to  t he  fa i l ure of  t h e  mu l t i zone mode l  used to p roduce the  tes t . Th i s  po i nt 
was d ropped from further ana lys i s .  Second , after some i n ves t i g at i on i t  was 
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determ i ned  t h at there was a s i gn i f i c ant  number of houses  t h at reported 
construct i on d ates  before 1 9 7 7 . G i ven t h at t he  o l der houses  were not i n  fact 
represen t at i ve of the hous i n g stock  be i ng mode l ed i n  the F E I S ,  t h ese  p o i nts  
were a l so  exc l uded from t he  an a l ys i s .  After exc l u d i n g  t h ese  data  po i nts  t he  
rema i n i n g data  set  i nc l uded 1 5 1  ob servat i on s . 

The  an a l ys i s  con s i sted of mu l t i p l e  var i ab l e  l i near regres s i on of d i fferent 
exp l an atory var i ab l es ag a i nst  the f l ow rates measured by t h e  PFT . The an a l ys i s  
was begun by f i rst exam i n i n g several  d i fferent re l at i ons h i ps between t h e  PFT 
f l ow rates and d i fferent a i r l ea kage ch aracter i st i cs . The an a l y s i s  l ooked at 
both norma l i z ed ( by vo l ume ) and actua l  f l ows regres sed aga i nst  ELA , a i r c h anges 
at 50 pasca l s and f l ow at 50 pasca l s .  After test i ng each of t h ese  regres s i on s  
a n d  exam i n i n g t h e  p l ot of PFT f l ows v ersus t h e  var i ous  a i r l eakage i n d i cators 
i t  was determ i ned t h at the best rel at i onsh i p  was between the l og of 

TABLE  A . 7 .  RSDP  CONTROL HOMES  DATA : VAR I ABLE  D ESCR I PT IONS  

Var i ab l e  
i dnum 
f l area 
v o l  
occheat 
noocc 
age 
cp 
np 
e l ap 
achp  
cd 
nd  
e l ad  
ach d  
r 
x 
terr 
s h i e l d  
e l ev  
s tate 
cz 

·s l a  
stdate 
endate 
p ftach 
pftvo l e 
p f l ow50 
df l ow50 

Descr ipt i on 
B PA S i te I D  
F l oor area ft2 
Vol ume from BD  f i l e  i n  ft3 
Pr i mary Heat from 1 s t  Occ . Surv 
Number of Occupants from 2nd Occ S urv 
Year b u i l t  
Pressur i z ed con stant  from BD 
Pressur i z ed exponent from BD  
Pres sur i z ed ELA at 4 Pa  
Pressur i z ed ACH 
Depres sur i z ed constant  from BD 
Depres sur i zed exponent form BD 
Depress  ELA at 4 Pa  
Depressur i z ed ACH 
LBL Mode l  R parameter 
LBL Mode l  X p arameter 
LBL Mode l  Terra i n  c l ass  
LBL Mode l  S h i e l d i ng C l ass  
s i te e l evat i on i n  ft 
I D= l , MT=2 , O R=3 , WA=4 
CL imate Zone ( 1 , 2 ,  or 3 ) 
ELA/ F l oor Area  i n  cm2/ft2 
PFT measurement st art date 
PFT measurement end d ate 
PFT who l e house a i r ch ange rate 
PFT Total  house  vo l ume i n  ft3 
F l ow at 50pa press from BD 
F l ow at 50pa depress from BD 
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avf l ow50 
p kf l ow 
l n f l ow50 
p ftf l ow 
l np ft f l w  
ach50 
forced 
start 
l n p ftach  
l n ach50 
p kach 
de l t at 
1 nde l tat  
l n s l a 
b smt 
bsmt i n s 
b smtheat 
cs tat 
room 
wood 
wooduse  
wi ndow 
wi ndows 
cstat2  
roomc l os 

Average f l ow at 50pa from BD  
Ca l c  f l ow from Pers i l y/Kronva l  
Natura l  l og of avg f l ow @50pa  
Who l e house  f l ow from PFT  
Natura l l og of P FT  f l ow rate 
ACH @50pa from avf l ow50/pftvo l e  
l = forced a i r  heat , O=not  FA hea  
l = PFT meas  start Oct-Dec , O=no 
Nat . l og of  PFT ACH 
Nat . l og of ACH50 from BD 
ACH from Pers i l y/Kronva l  mode l 
Ave . Temp D i ff dur i n g  PFT 
Nat . l og of avg  temp d i ff PFT 
Nat . l og of  Spec . Leakage Area 
Basement  quest . from I I  Occ S urv 
Dummy var . for presence of  b smnt 
Bsmnt Heat from I I  Occ Survey 
Cent ra l  thermostat from I I  0 . 5 .  
Room c l osure from I I  0 . 5 .  
Wood app l i ance type from I I  0 . 5 
Wood app use  from I I  OS  
Open  w i n dows at n i ght  
Dummy Var . for Open  W i ndows 
Dummy v a r .  for centra l tstat  ( I I  0 . 5 . ) 
Dummy var . for room c l o sures 

the PFT f l ow rates and  the l og of t he  f l ow rates meas ured by the b l ower door 
at 50 pasca l s .  

After estab l i s h i n g  t he  fundamenta l  re l at i on s h i p  t h at appeared to p rov i de the 
most  s at i s factory f i t  between the  a i r l eakage character i s t i cs of  the  b u i l d i n g 
and the  a i r f l ows , the  next step was to  exam i n e  t he  i mpact of  ot her  var i ab l es 
known to  h ave an i n f l uence on the  vent i l at i on rate . Some of these v ar i ab l es 
were house  ch aracter i st i c s ( e . g .  heat i n g system type , house  type )  and others 
were occupant  c h aracteri st i cs ( e . g .  hours of exhaust  fan operat i on ,  wi ndow 
open i ng s ) . One ot her  c l ass  of v ar i ab l es was tested as we l l .  These v ar i ab l es 
were des i gned to  exam i ne  the  i mp act of weat her  on t he  mode l  ( e . g .  average 
temperatu re d i fference ,  s tart date of  the test ) . 

After test i ng t he  var i ab l es for s i gn i f i cance and  corre l at i on w i t h  other 
v ar i ab l es ,  the  fo l l ow i n g  mode l  was  determi ned to p rov i de the  best  exp l an atory 
power w i th  t he  most  l og i c a l  set of  var i ab l es t h at p rovided adj ustments  to  the  
mode l i n  a p hysic a l l y  con s i stent man n e r .  

In ( PFT  F LOW) = C * I n ( FLOW50 ) + C * FORCED? + C * START 
1 2 3 

+ C * W I NDOWS ? + C Eq . 9 
4 0 

where : I n ( PFT FLOW) is the natura l  l og of the  who l e  h ouse f l ow rate 
meas u red by the PFT 
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I n ( F LOW50 ) 

FORCED? 

START 

W I NDOWS? 

i s  the n atura l l og of the f l ow measured by the b l ower 
door at 50 pasca l s p ressure d i fference 

i s  a dummy var i ab l e for the  presence of a forced a i r  
heat i n g system a s  determ i ned from the  f i rst occupant 
s urvey . l=forced a i r ,  O=not forced a i r 

i s  a d ummy var i ab l e for the  st art d ate of the  test . I f  
t h e  test was begun i n  the  fa l l ( and  therefore ran 
t h rough  the pr i mary part of t he  heat i n g  season ) the  
v a l ue of start was  1 .  Otherwi se start=O . 

i s  a dummy var i ab l e for the  occupant response  to the 
quest i on as ked on the  second occupant  s urvey about 
whether they kept a wi ndow open i n  t he  bedroom at n i ght  
wh i l e s l eep i n g .  l=yes , O=no . 

C - C regres s i on coeffi c i ents . 
o 4 

Output from the  regress i on ana lys i s  i s  pro v i ded i n  Tab l e  A . 8  and the  
corre l at i on matr i x of the var i ab l es i s  i nc l uded in  Tab l e  A . 9 .  A p l ot of the 
pred i cted P FT f l ow rates versus  the  actual  measured f l ow rates from the mode l  
i s  p resented i n  F i gure A . l .  As  i nd i cated i n  Tab l e  A . 8  the  regress i on mode l  was 
capab l e  of exp l a i n i n g a l most 50% of the  var i ance i n  the l og of the  P FT f l ow 
rates . A l l of the  var i ab l es are s i gn i f i cant  at the  90% l eve l  or better and  

F I GURE  A . l .  MEASURED V ERSUS PRE D I CTED P FT F LOW RATES 
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the mode l  i n c l udes features that s at i s fy most of  the  c r i ter i a descri bed 
p rev i ous l y .  I t  i n c l udes p red i ctor var i ab l es that a re rep resentat i ve o f  the 
p hys i ca l  a i r l eakage c haracter i st i cs of the b u i l d i n gs ,  occupant i nteract i on 
wi th the b u i l d i n g  and weather dependency . W h i l e  the amount of  scatter i n  
f i g ure one i nd i c ates that the mode l  l acks a g reat dea l  of exp l anatory powe r ,  
i t  a l s o  i n d i cates that t h e  mode l  i s  p red i ct i n g t h e  r i ght  trends i n  the  d ata  
and does  a fa i r l y  decent j ob of p red i ct i n g a fa i r  n umber of d ata  po i nts . 
Based on the form of  the mode l  and  the encourag i n g  res u l ts form the regres s i on 
an a l ys i s ,  i t  was fe l t  that the  var i ab l es i nc l uded and the i r  s i gn i f i cance 
prov i ded s u ff i c i en t  reason to p roceed with the mode l . 

TABL E  A . 8 .  PFT MULT I VAR I AT E  REGRESS ION  

Source  SS  df  MS  Number of  obs 
-------------- ------------------------ - - F (  4 ,  1 46 )  

Mode l  27 . 0 736897 4 6 . 76842242 Prob > F 
Res i du a l  3 1 . 0240086 1 46 . 2 1 2493209 R-square 

--------- --- - - ----------------- - - ------- Adj R - square 
Tot a l  58 . 0976982 1 50 . 3873 1 7988 Root MS E 

Vari ab l e  Coeff i c i ent  Std . Error t Prob > t 

= 1 5 1  
= 3 1 . 85 
= 0 . 0000 
= 0 . 4660 
= 0 . 45 14 
= . 46097 

Mean 
--------- ---------- ----- - ------------- -------- - ----------- -------- - -----

l np ft f l w  8 . 034428 
------------ - --- - - - - ----------- ----- ------- --- - ------- - - ------- - - -------

l n f l ow50 
forced 

start 
wi ndows 

cons 

l np ft f l w  
l n f l ow50 

forced 
start 

w i ndows 

. 67 7 5 7 73  . 0848703 7 . 984 0 . 000 7 . 23 502 1  

. 29 1 2 1 9 6  . 0938358 3 . 104  0 . 002 . 2649007 

. 2 102294 . 0822259 2 . 557  0 . 0 1 2  . 2980 132  

. 1 6894 1 9  . 1047 9 1 1 1 . 6 1 2  0 . 109  . 1 523 1 7 9  
2 . 9666 1 4  . 6059343 4 . 896  0 . 000 1 

TABLE  A . 9 .  PFT REGRESS ION  VAR I AB LES CORRELAT ION  MATR I X  

l np ft f l w  l n f l ow50 forced 

1 . 0000 
0 . 6249 
0 . 4460 
0 . 1 7 48 
0 . 1 492 

1 . 0000 
0 . 4 1 5 1  
0 . 0095  
0 . 0638 

1 . 0000 
0 . 0682 
0 . 0797  

start wi ndows 

1 . 0000 
0 . 0059  1 . 0000 

I n  o rder  to app l y  the  stat i st i ca l  mode l  d eve l oped from the  regres s i on an a l ys i s ,  
severa l further step s were requ i red . F i rst  assumpt i ons  about the response  to 
the FORCED? , START , and W I NDOWS? v ar i ab l es wou l d  have to be  estab l i s hed for the 
genera l case  b e i ng  exam i ned  i n  the E I S .  Second , the ad hoc adj ustments  to 
accommodate for mech an i ca l  vent i l at i on wou l d  have  to be mad e .  Th i rd ,  g i ven 
that the regress i on was b ased on d ata t hat rep resented average effect i ve 
vent i l at i on rate the  mode l  wou l d  have  to i nc l ude  a funct i on that  cou l d  be  used 
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to deri v e  the  average actua l  v ent i l at i on rate from the  effect i ve v ent i l at i on 
rate . 

The f i rst p rob l em was dea l t wi th d i fferent l y  for each of  the  v ari ab l es . The 
START v ari ab l e was true  i f  the  th ree month  measurement peri od began somet i me 
i n  October through  December . After exami n i ng the  weather data for the  P FT 
measurement  per i ods i t  was determ i ned that those  measurements for wh i ch the  
START var i ab l e was  true was  c l oser to the typ i ca l  heat i ng season  weather than  
those  for wh i ch the  var i ab l e was  fa l s e .  Th erefore t h e  START coeff i c i ent  wou l d  
be  l umped i nto the  con stant for p urposes of the  F E I S  an a lys i s  to assume a more 
typ i c a l  heat i n g s eason . 

The  percentage of  the  popu l at i on respond i ng  to the W I N DOWS? ques t i on was taken 
from the RSDP occupant  s urvey res pon se  and used for a l l hous i ng types . 
A l though  there i s  some quest i on about the rep resentat i veness of  the  RSDP 
contro l s amp l e ,  i t  appears t hat the i r res pon ses to the  occupant s urvey 
i nd i cated that they are not s i gn i f i can t l y  d i fferent from other popu l at i on s  i n  
the i r i nteract i on wi th t he  bu i l d i ngs ( Keat i n g  and Bav ary 1 986 ) . For the  F E I S  
an a l y s i s ,  v ent i l at i on rates wou l d  be  ca l c u l ated separate l y  for peop l e  
respond i ng pos i t i ve l y  to the  W I NDOWS? ques t i on and for those  respond i n g 
negat i ve l y . The res u l ts  wou l d  be we i ghted accord i n g  to the  percentages i n  
the  occupant  s u rvey .  

F i n a l l y ,  the  FORCED? var i ab l e  was used i n  a s i m i l ar fash i on as the  WINDOWS? 
var i ab l e  but  wi th  d i fferent we i ght i ngs  based on the hous i n g  type  be i ng  
eva l u ated . We i gh t i ngs  for the  FORCED? and  W I NDOWS? v ar i ab l es are  g i v en i n  
Tab l e A . I0 be l ow .  For s i ng l e  and mu l t i fam i l y  s i te b u i l t  t h e  we i gh t i ngs  were 
based  on t he  RSDP  occupant s urvey res u l ts .  For s i n g l e fam i l y  manufactured 
hous i n g the we i ght i ngs were b ased on d i scus s i on s  wi th  the f i fteen Northwest  
manufacturers . 

I n  order to adj ust  the resu l ts for mechan i c a l  v ent i l at i on ,  the  we i ghted 
vent i l at i on rate computed from the  regres s i on model was adj usted by add i ng an 
amount  of mechan i ca l  v ent i l at i on computed from the eng i neeri ng mode l  res u l ts .  
For each b u i l d i n g type and pac kage of a i r l ea kage contro l /vent i l at i on system , 
the  d i fference i n  average effect i ve v ent i l at i on rates between the  b u i l d i n g  wi th 
and wi thout  the mechan i ca l  v ent i l at i on system was computed . Th i s  d i fference 
was ass umed to be  the amount of average effect i ve v ent i l at i on contri buted by 
the  mechan i ca l  vent i l at i on system . Th i s  vent i l at i on was then added to the  
res u l ts from t he  regres s i on mode l . 

F i n a l l y ,  the  output of the  regres s i on mode l  w i th  mechan i ca l  v ent i l at i on had  to 
be  trans formed to p roduce an est imate of the average actual  vent i l at i on rate . 
The approach that seemed most  stra i ght forward was to use  the  res u l ts  from the 
en g i neer i ng  mode l  to compute a rat i o  of  average actua l  vent i l at i on rate to 
average effect i ve v ent i l at i on rate for each a i r l ea kage contro l /vent i l at i on 
systems p ac kage . Th i s  rat i o  wou l d  then be used to mu l t i p l y  the output of  the 
regres s i on mode l  with  mechan i ca l  vent i l at i on to compute the average actua l  
v ent i l at i on rate for a spec i f i c  set of assumpt i ons . 

AJ7 



One other deta i l that  was n ecessary was to account for a spec i f i c  feature of 
some of the  a i r l ea kage contro l / vent i l at i on system pac kages was a means to 
i ncorporate the effects of  fres h a i r  i n take vents  ( d i scussed more thorough l y  
i n  sect i on A . 4 ) . I n  order to accou nt  for th i s  d i fference , the stat i st i ca l  
mode l  was adj us ted i n  a fas h i on s im i l ar t o  that for t h e  actua l / effect i ve 
vent i l at i on rate adj ustment . A rat i o  of the  effect i ve vent i l at i on rate w i th 
and wi thout fresh  a i r  i n takes was used to mU l t i p l y  the effect i ve vent i l at i on 
rate from the stat i st i ca l  mode l  before add i ng mechan i ca l  vent i l at i on .  

The f i n a l  equat i on to ca l c u l ate the average effect i ve vent i l at i on rate for the 
stat i s t i c a l  mode l  i s  of  the form shown i n  equat i on 10  be l ow .  

Qtota l  effect i ve = ( ( F 1 *Qfanw+F2*Qfaw+F3*Qznnw+F4*Qznw) *Rs l ots ) +MV Eq . 10 

where : Qtota l  effect i ve  

F 1 - F4 

Qfanw 

Qfaw 

Qz nnw 

Qznw 

Rs l ots 

MV 

i s  the average effect i ve vent i l at i on rate 

are we i gh t i ng factors for the approp r i ate 
percentages of the hous i ng stock w i t h  the  
assoc i ated ch aracter i st i cs ( Tab l e  A . 1 0 be l ow) 

i s  the  effect i ve vent i l at i on rate from the 
regres s i on mode l  assum i ng a forced a i r  heat i ng 
system and occupants that don ' t  l eave wi ndows open 
at n i ght  

i s  the s ame as Qfanw but wi th no wi ndow open i ngs  
at n i ght  

is  the  same as Qfanw but with  zona l  heat 

i s  the s ame as Qznnw but with no  wi ndow open i ngs  

Rat i o  mu l t i p l i er for  natura l l y  i nduced vent i l at i on 
to accommodate for the  i n sta l l at i on of  fresh  a i r  
i ntakes 
effect i ve  vent i l at i on rate due  to mechan i ca l  
vent i l at i on systems 

The equat i on for average actua l  ven t i l at i on i s  g i ven i n  equat i on 1 1  be l ow .  

Qtota l  actua l  = Qtota l  effect i ve * Ravg/eff Eq . 1 1  

where : Ravg/eff i s  the  rat i o  of a verage to effect i ve vent i l at i on computed by 
the  eng i neeri n g  mode l . 

TABLE  A . 1 0 .  We i gh t i ng Factors for FORCED? and W I NDOWS? Var i ab l es 

FORCED? = l , 
W I NDOWS?= l  W I NDOWS? =O 
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FORCED?=O 
W I NDOWS? = l  W I NDOWS?=O 



S i te Bu i  I t  
S i n  g 1 e F am i l  y 0 . 0798 0 . 490 0 . 0602 0 . 3 70 

Man ufactured 
S i n  g 1 e F am i l  y 1 . 0 1 . 0 0 . 0 0 . 0  

S i te B u i  I t  
Mu I t  i fami l y 0 . 0798 0 . 490 0 . 602 0 . 3 70 

A . 4  MODELS  I N PUTS AND ASSUMPT IONS  

I n  o rder  for the  mode l s to p rov i de output  usefu l  for mak i n g po l i cy dec i s i on s , 
certa i n  assumpt i ons  about the  i n puts h ave  to made . For the F E I S  an a l ys i s ,  i t  
was neces s ary to make as sumpt i on s about the  phys i ca l  makeup of the  var i ous  
i nputs  to the  mode l s .  Th i s  sect i on descri bes the  assumpt i on s  th at were used 
to generate the res u l ts  deta i l ed i n  the  fo l l owi ng  sect i on .  

P rototypes . The  mode l s  were run us i ng th ree p rototypes , one for s i ng l e -fami l y  
s i te - bu i l t ,  one for s i ng l e -fami l y  manufactured , and one for mu l t i fam i l y .  The 
s i te - bu i l t  prototype was a we i ghted compos i te of the  s ame p rototypes used i n  
Bonn ev i l l e ' s  Cost - Effect i veness  Eva l uat i on ( B PA 1 986 )  and  i n  t he  Counc i l ' s MCS 
An a l ys i s  ( NWPPC 1 985 ) . Th e manufactured h ome was a s sumed to be a doub l e  wi de 
un i t .  Both the  s i te-bu i l t  an d the  manufactured home were as sumed to be  three 
bedroom w i th a comb i n ed l i v i n g a rea  of k i tchen , d i n i n g ,  and l i v i n g .  The  
mu l t i fami l y  p rototype was  the  four-p l ex town house  used in  the  MCS 
Cost- Effec t i veness  Ana l ys i s .  G i ven th at n e i ther  mode l  was capab l e of mode l l i n g  
mu l t i zone  a i r  f l ows , a l l p rototypes i nc l ud i n g  t h e  four-p l ex were mode l ed as 
s i ng l e zone  bu i l d i ngs . The  app ropri ate ch aracteri s t i cs  of the  p rototype 
b u i l d i ng s  are p resented i n  Tab l e A . 1 1  be l ow .  

TABLE  A . 1 1 . P rototype Bu i l d i n g  Ch aracteri s t i c s  

S i ng 1 e F ami l y S i n  g 1 e F am i l  y Mu l t i fami l y  
S i te B u i  I t  Man ufactured S i te B u i  I t  

Cond i t  i oned 1 
F l oor Area  1 6 5 1  1 500 3456 

Con d i t i oned 2 
Vo l ume ft 1 3208 12000 293 7 6  

Bu i l d i ng h e i ght  18  10 18  

Bu i l d i n g Typ e  Two Story S p l  i t  Doub l e  W i de Two Story 4-p l ex 

Foun dat i on 
Type Crawl s pace Crawl s pace Crawl s p ace 

2 
1 .  Mu l t i fami l y  f l oor a rea  i s  1008 ft per un i t  t i mes four  un i ts 
2 .  Mu l t i fami l y  vo l ume i s  6 9 1 2  ft2 per  un i t  p l us 1 , 728 ft3 between f l oors 

A .1 9  



Leak age Ch aracter i st i c s . G i v en that the F E I S  was des i gned to a na l yze var i ous  
l eve l s of  a i r  t i ghtness  i n  new homes it  was therefore dec i ded t hat the  
v ent i l at i on rate mode l s s h ou l d  be exerc i sed us i ng one  of  three d i fferent l eve l s 
of a i r  l ea kage contro l . These l eve l s wou l d  be app l i ed to the  prototype 
b u i l d i ngs  for use i n  the mode l s and were der i ved from the d ata  sources 
descr i bed i n  sect i on 2 . 0 .  The sources of the  d ata  are s ummari zed i n  Tab l e  A . 1 2 
be l ow .  Average S LAs , LRs , and ACHSOs from these sources were taken from the  
med i an v a l ues of  the  d ata sets  and used to generate an appropr i ate equ i v a l ent 
l eakage  area for each p rototype . The ELAs and  ACHSOs used are presented i n  
Tab l e  A . 13 be l ow for the  appropr i ate a i r  l eakage contro l pac kage  and  hous i ng 
type . A n om i n a l  v a l ue of  2 . 0  ACHSO was used for a l l advanced p ac kage houses  
for i nput  to the  stat i st i ca l  mode l  assum i ng  that t h i s  wou l d  p roduce the  l ower 
bound  es t i mate . 

TABLE  A . 1 2 . A i r Leakage Control Packages 

A i r Leakage Contro l S i te B u i  l t  Manufactured 
Pac kage Data Source Data Source 

Base l i ne RSDP  Contro l Reg i on a l  Test 
Standard RSDP Pac kage A Tu l a l i p  Proj ect 
Advanced RSDP Package C E EMHD  

TABLE  A . 13 .  Prototype Leakage Ch aracter i s t i cs  
Equ i v a l ent Leakage  Area ( i nches 2 ) and  A i r Changes per  Hour at SO Pasca l s 

ALC Package 
Base l i n e 
Standard 
Advanced 

S i ng l e Fam i l y  
S i te Bu i l t  

ELA 
87 . 8  
62 . 9  
3 2 . 6  

ACHSO 
8 . 02 
S . 1 2 
2 . 00 

S i n  g 1 e F am i l  y 
Manufactured 

ELA 
89 . 6  
63 . 6  
29 . 1  

ACHSO 
8.T7 
S . 48 
2 . 00 

Mu l t i fam i l y  
S i te Bu i l t  

ELA 
1 3 1 .  7 
84 . 6  
SO . 4  

ACHSO 
S":14 

3 . 3 1  
2 . 00 

Mechan i ca l  Vent i l at i on Systems . The F E I S  was a l so  i ntended to exam i n e  the  
effects o f  var i ous  types of  mechan i ca l  v ent i l at i on systems on the  tota l  
v en t i l at i on rate . F i ve types of  vent i l at i on systems were exam i n ed i n  
comb i n at i on w i t h  d i f ferent a i r  l eakage contro l packages as descr i bed be l ow .  

1 .  A i r-to-A i r Heat Exch anger for Standard A i r Leakage Contro l . I n  order to 
represent the  effects of a ba l anced v ent i l at i on system , a sma l l a i r  to a i r  
heat exchanger was ass umed t o  be i n sta l l ed i n  houses w i t h  standard a i r 
l ea k age  contro l . These systems were assumed to be  s i z ed accord i ng to 
Bon n ev i l l e ' s  v en t i l at i on req u i rements  of  10  c fm per bedroom p l us 10 c fm for 
comb i n ed l i v i ng a reas . Therefore the s i ng l e fam i l y  un i ts were ass umed to 
have  a 40 c fm un i t  and the mu l t i fam i l y  un i ts were ass umed to h ave  30  c fm .  

2 .  Exhaust Vent i l at i on w i t h  Makeup A i r I n t akes for Standard A i r Leakage 
Contro l . These systems con s i sted of  the s i mp l e  cent ra l  exhaust fan ( a l so  
serv i ng as  t he  s pot vent i l at i on system i n  the b ath  room) s i zed to meet the  
10 c fm per  bed room p l us 10  c fm req u i rement and  i nc l uded makeup a i r i ntakes 
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i n  each of the  rooms . Due to m i n i mum equ i pment s i z i ng ,  the actua l  fan 
capac i ty was a s s umed to be  50 cfm .  An add i t i ona l  effect i ve l eakage area  to 
account for the extra area of the i ntakes was added to the total  l eakage 
area of  the  b u i l d i ng for p urposes of  ca l cu l at i ng the natura l  v ent i l at i on 
rate . The  i ntake  mode l l ed was the  F resh  80 wh i ch h as an adj ustab l e open i ng 
t h at contri butes from 1 . 2 to 1 . 8 i nches2 of ELA ( D EC 1 987 ) . For s i ng l e  
fami l y  s i te b u i l t  and manufactured four  i ntakes were assumed t o  be 
i n sta l l ed and operat i n g h a l f open in the  h ouses  w i t h  standard a i r  l eakage 
contro l . Mu l t i fami l y  un i ts were assumed to h ave  th ree i ntakes in each 
un i t  i n sta l l ed and operat i n g fu l l y  open in h ouses  wi th  standard a i r l eakage 
contro l  packages . 

3 .  Ex h aust  Ven t i l at i on wi thout Makeup A i r  I ntakes for Standard A i r  Leak age 
Cont ro l . These systems are i dent i ca l  to the  system descri bed above w i th 
t h e  exc l us i on of the  makeup a i r  i ntakes . 

4 .  A i r-to-A i r  Heat Exch angers for Adv anced A i r  Leakage Contro l . These systems 
were assumed to be  central mechan i ca l  v ent i l at i on systems s i z ed to p rov i de 
a tota l  of 0 . 25 ACH of b a l anced mech an i ca l  v ent i l at i on .  

5 .  Exhaust  Vent i l at i on w i t h  Makeup A i r I n takes for Advanced A i r Leakage 
Contro l . These systems were as s umed to be s i zed to meet the  10  cfm per  
bedroom p l us 10  cfm req u i rement .  Due to mi n i mum equ i pment s i z i ng ,  t he  
act ua l  i n sta l l ed f l ow rate of  the  exhaust fan  was assumed to be 50 c fm .  
The  makeup a i r i ntakes were assumed t o  be fu l l y  open i n  a l l t h ree p rotoypes . 

Vary i ng contro l  strateg i es for the  mech an i ca l  v ent i l at i on systems were exami ned 
i n  the eng i n eer i ng mode l . The poss i b l e  opt i ons  for s i mu l ated contro l  systems 
are l i sted i n  Tab l e A . 1 4 be l ow .  

Cont ro l  Opt i on 
1 
2 
3 

4 
5 

TABLE A . 1 4 .  MECHAN I CAL VENT I LAT I O N  SYSTEMS 

Descr ipt i on 
24 Hours/day cont i n uous Operat i on 
8 Hours cont i n uous from 10  p . m .  to 6 a . m .  
8 Hours I n term i ttent from 6 a . m .  t o  8 a . m .  and 4 p . m .  to 
10  p . m .  
1 2  Hours cont i n uous from 8 a . m .  t o  8 p . m .  
I ntermi ttent i f  natural  ACH i s  l es s  t h an mi n imum rate . 

Engi neeri ng I n f i l t rat i on Mode l  I nputs . S i nce the  eng i neeri ng mode l  i s  b ased 
on the LBL i n f i l t rat i on a l gori thms , i t  was necessary to make a s sumpt i ons  
regard i ng the  i nputs  to the  LBL mode l  t hat descr i b e  the  l ocat i ona l  aspects of 
the  l eaks  i n  t he  b u i l d i ng and the  s h i e l d i n g and terra i n  factors of  the  
b u i l d i ng .  For th i s  a n a l ys i s ,  the  average v a l ues used for the  RSD P  were used . 
Tab l e A . 1 5  descri bes the  v ar i ous inputs and the  v a l ues used for th i s  an a l ys i s .  
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TABLE  A . 1 5 .  ENGINEERING INFILTRATION MODEL IN PUTS 

Input Va l ue  

Inter i or  Temperature 
Sh i e l d i ng C l ass  
Terra i n  C l ass  
Weather  Stat i on Terra i n  C l ass  
H e i g h t  o f  the  Weather Stat i on 

W i nd Sensor 
Rat i o  o f  Leakage in  F l oors and 

Ce i l i ng to Tota l Leakage 
Rat i o  of  the d i fference between 

F l oor and Ce i l i ng Leakage to 
Tota l Leakage 

65  OF 
3 
3 
2 

30 ft 

0 . 5  

0 . 0  

Weather  Data . The eng i neeri ng  mode l was fed hour l y temperature and wi nds peed 
data from typ i c a l  meteoro l og i ca l  year ( TMY) tapes for Port l and Oregon , Seatt l e  
Wash i ngton , Spokane Was h i n gton , Bo i se Idaho and M i s sou l a Montan a .  The mode l  
performed c a l c u l at i on s  to determ i ne the  average actua l  and effect i ve 
v ent i l at i on rates for the  h eat i ng season defi ned as a peri od of  7 months  from 
October t hrough  Apri l for each  l oc at i on . The res u l ts  from each l ocat i on were 
then we i ghted together accord i ng to the  we i ghts  g i ven i n  Tab l e  A . 1 6 to produce 
a s i ng l e  reg i on a l  est i mate of  the v ent i l at i on rate for a g i v en comb i nat i on of 
i nputs . 

TABLE  A . 1 6 .  

Locat i on 
Seatt l e  
Port l and 
S pokane 
Bo i se 
M i s sou l a 

WEATHER FILE  W EIGHTINGS 

We i ght  
52% 
28% 
1 2% 
4% 
4% 

The  stat i st i ca l  mode l  d i d  not requ i re weather data and  consequen t l y  d i d  not 
requ i re we i gh t i ngs . However , the mode l  coeffi c i ents were chosen to represent 
a typ i c a l  heat i ng season ( see sect i on A . 3 ) . 

A . 5  RESULTS 

The eng i neeri n g  mode l  was p rogrammed i nto a m i c rocomputer and exerc i sed us i ng 
var i ous  comb i nat i on s  of  the  a i r  l eakage contro l packages and vent i l at i on 
systems descr i bed i n  sect i on A . 4 .  A copy o f  the  program code for the  
eng i neer i n g  mode l  i s  ava i l ab l e  i n  a report by  Harr i s and Thor ( 1 988) . Because 
of  i ts s i mp l i c i ty the stat i st i ca l  mode l was i mp l emented on an e l ectron i c  
s preadsheet . 
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I n  a l l ,  e l even d i fferent comb i n at i ons  or  " p athway s "  were ana l yzed a l ong  wi th 
a base l i ne run to estab l i s h the  " current p ract i ce "  ven t i l ati on rate for each 
hous i ng type . A descri pt i on of the  features i nc l uded i n  each p athway i s  
p rov i ded i n  Tab l e  A . 1 7 .  Each model  u l t i mate l y  p roduced an average actua l  an d 
effect i v e tota l  vent i l at i on rate for each of the  pathways mode l ed .  The report 
by Harri s and Thor  ( 1 988 ) conta i n s h ardcopy output from the  eng i n eer i n g  model 
and the stat i st i ca l  mode l  s pread s heet . 

The  set of p red i cted vent i l at i on rates from e i ther  mode l  that was the  l argest 
was def i ned as  the upper  bound est i mate and s i m i l arl y for the l ower bound 
est i mate . The  res u l ts for each p athway are s hown i n  Tab l e  A . 18 .  A l l un i t s are 
i n  a i r c h anges per  hou r .  

Probab l y  t he  most obv i ous  conc l us i on one can d raw from Tab l e A . 18 i s  t h at there 
are a few p athways t h at h ave  very l ow v ent i l at i on rates and are p robab l y  not 
des i rab l e  from an en v i ronmenta l  standpo i nt .  Pathways 7 and 1 1  i n  a l l cases are 
con s i d erab l y  l ower t h an the  rest of the  p athways . On  t h e  other h and , p athway 
2 genera l l y  res u l t s  i n  wh at m i ght  appear as over vent i l at i on rel at i ve to 
current p ract i ce thus  accru i ng an energy pen a l ty that wou l d  offset any 
poten t i a l  en v i ronmenta l  benef i ts . Out s i de of these obv i ou s  conc l us i on s , t here 
i s  l i tt l e  d i st i nct i on between the other pathways except t h at they can be 
c l ass i f i ed i nto two groups : those marg i na l l y  better t h an current p ract i ce and 
those marg i n a l l y  worse th an current p ract i ce .  Pathways 3 , 4  and 8 tend to 
fa l l i nto the  former wh i l e  p athways 1 , 5 , 6 , 9 ,  and  10  tend to fa l l i n to the 
l atter . 

I t  i s  i mportant h oweve r ,  to recogn i ze that these  v a l ues a re est i mates on l y  and 
a re usefu l  p r i mar i l y  for compari son wi th  s i m i l ar v a l ues i n  the b roader context 
of  an en v i ronmenta l  po l i cy p l an n i ng and devel opment s i tuat i on . G i ven the l arge 
standard dev i at i on s  i n  t he  hous i ng ch aracteri st i cs d ata  an d the  l i m i t at i on s  of 
the  exp l anatory power of the  stat i st i ca l  mode l , d i fferences between p athways 
of l es s  t h an 0 . 1  ACH s hou l d  be v i ewed as wi th i n  the  error of the  model s and  not 
neces s ar i l y  a real  d i fference . Th i s  i n format i on s h ou l d be used to s upp l ement 
app l i cab l e phys i ca l  pr i nc i p l es i n  the  deci s i on mak i ng p rocess and not re l i ed 
upon as a s o l e i nd i cator of the  true benef i t  or  pen a l ty assoc i ated wi th 
p u rs u i ng a g i ven p athway . 
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TABLE  A . 1 7 .  PATHWAY DESCR I PT I ONS 
1 2 

Pathway Air Leakage Vent i l at ion System Contro l s3 
1 Standard None4 6 N/A5 
2 Standard 1 .  ( Sma l l AAHX)  1 .  Cont inuous 
3 Standard 1 .  ( Sma l l AAHX)  3 .  I nterm i  ttent 
4 Standard 2 .  ( Exhaust  Ven t .  w/ l n takes ) 1 .  Cont i n uous  
5 Standard 2 .  ( Exhaust Vent . w/ l ntakes )  3 .  I nterm i  ttent 
6 Standard 3 .  ( Exhaust  Vent . w/o I n takes ) 3 .  I nterm ittent 
7 Advanced None 
8 Advanced 4 .  ( Large  AAHX)  
9 Advanced 4 .  ( Large AAHX) 

10 Ad vanced 5 .  ( Exhaust  Vent . w/ l ntakes )  
1 1  Adv anced 5 .  ( Exh  aust Vent . w/ l n take s )  
CP  Current P rac . None 

1 .  A i r Leakage Contro l Pac kage as defined in Tab l e  A . 1 2 
2 .  Ven t i l at ion System as descr i bed in sect ion A . 4  

N /A 
1 .  Cont inuous  
3 .  I n term i  ttent 
1 .  Cont i nuous  
3 .  I n term ittent 
N/A 

7 

3 .  Contro l opt ion for mechan ica l  ven t i l at ion system as descr i bed in Tab l e A . 1 4  
4 .  None inc l udes s pot ven t i l at ion (exhaust  in fans in b aths  and k itchen s )  but 

no who l e  house vent i l at ion system 
5 .  N/A means not app l icab l e  
6 .  H RV means Heat Recovery Vent i l ator wh ich was mode l ed assum i n g  a b a l anced 

a ir to a ir heat exch anger 
7 .  Operated approx i mate l y  8 hours per  day 
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Pathway 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
1 1  
C P  

Pathway 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
1 1  
C P  

Pathway 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
1 1  
C P  

TABLE  A . 18 .  PATHWAY VENT I LAT I ON  RATES 

S i te Bu i l t  S i n g l e  Fam i l y  

Upper Bound 
Actua l  Effect i ve 
0 . 3 5  0 . 32 
0 . 53 0 . 52 
0 . 4 1  0 . 3 7 
0 . 48 0 . 45  
0 . 42 0 . 38 
0 . 38 0 . 3 5 
0 . 18 0 . 1 7 
0 . 43 0 . 43 
0 . 27 0 . 2 1  
0 . 34 0 . 34 
0 . 26 0 . 24 
0 . 49 0 . 45  

Lower Bound  
Actua l  Effect i ve 
0 . 28 0 . 26 
0 . 47 0 . 45  
0 . 3 5  0 . 3 1  
0 . 40 0 . 38 
0 . 3 4  0 . 3 1  
0 . 3 1  0 . 29 
0 . 1 5 0 . 1 4 
0 . 40 0 . 40 
0 . 23 0 . 18 
0 . 3 1  0 . 30 
0 . 22 0 . 20 
0 . 38 0 . 3 5 

S i te Bu i l t  Mu l t i fam i l y  

Upper Bound 
Actua l  Effect i ve 
0 . 2 1  0 . 19 
0 . 46 0 . 45 
0 . 29 0 . 24 
0 . 48 0 . 47 
0 . 34 0 . 29 
0 . 29 0 . 24 
0 . 13 0 . 1 2 
0 . 38 0 . 3 7  
0 . 2 1  0 . 1 5 
0 . 42 0 . 4 1  
0 . 26  0 . 2 1  
0 . 33 0 . 30 

Lower Bound 
Actua l  Effect i ve 
0 . 1 6 0 . 1 5 
0 . 4 1  0 . 40 
0 . 24 0 . 20 
0 . 42 0 . 42 
0 . 27 0 . 24 
0 . 23 0 . 1 9 
0 . 12 0 . 1 1 
0 . 3 7  0 . 36  
0 . 20 0 . 1 4 
0 . 40 0 . 40 
0 . 24 0 . 1 9 
0 . 22 0 . 20 

Man ufactured S i ng l e Fami l y  

Upper Bound 
Actua l  Effect i ve 
0 . 3 5 0 . 3 1  
0 . 55 0 . 53 
0 . 43 0 . 36 
0 . 49 0 . 46 
0 . 42 0 . 38 
0 . 3 9  0 . 3 5  
0 . 18 0 . 1 6 
0 . 42 0 . 42 
0 . 27 0 . 20 
0 . 3 5  0 . 34  
0 . 26 0 . 23 
0 . 46 0 . 4 1  
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Lower Bound 
Actua l  Effect i ve 
0 . 32 0 . 29 
0 . 52 0 . 50 
0 . 39 0 . 3 4  
0 . 46 0 . 43 
0 . 39  0 . 3 5 
0 . 3 6  0 . 32 
0 . 1 5 0 . 13 
0 . 40 0 . 39 
0 . 23 0 . 1 7 
0 . 3 1  0 . 30 
0 . 23 0 . 1 9 
0 . 45  0 . 4 1  



REF ERENCES 

ASHRAE . 1 98 1 . ASHRA E  H andbook of Fundamenta l s 1 98 1 . Ameri can  Soci ety of Heat i ng 
Refr i gerat i ng and  A i r  Con d i t i on i n g En g i n eers , At l anta , Georg i a .  

BPA . 1 986 . Mode l  Con servat i on Standards Cos t - Effect i veness A n a lys i s  Techn i ca l  
Append i ces . Bon n ev i l l e Power Admi n i st rat i on ,  Port l and , Oregon . 

BPA . 1 98 7 . Draft En v i ronmenta l  Im  act Statement on New Ener - Eff i c i en t  New 
Homes Programs . DOE E I S -0 1 27 , Bon n ev i l l e Power Adm i n i strat i on , Port l an d , Oregon . 

D i etz , R .  N .  1 986 . Letter to Marg i e  Gardner ,  Northwest  Power P l an n i n g Cou n c i l ,  
October 30 , 1 986 . 

D EC . 1 987 . Fres h -80 , Fresh A i r Vent i l ator . D EC Thermastor Products  Group , 
Mad i s on , W i scons i n .  

E k , C .  1 986 a .  A i r  I n f i l trat i on Study of Manufactured Hous i ng on the  T u l a l i p  
I nd i an Reservat i on . Lab Report No . ERGH - 86 - 18 ,  Bon nev i l l e Power 
Adm i n i strat i on ,  Port l an d , Oregon . 

E k ,  C .  1 986b . A i r  I n f i l trat i on Study of Energy- Eff i c i en t  Man ufactured Homes . 
Laboratory Report Number ERGH - 86-42 , Bonnev i l l e Power Adm i n i strat i on , 
Port l and , Oregon . 

E k ,  C .  1 987 . A i r  Leakage Tests of New Man u factu red Hou s i ng i n  the  Bonnev i l l e  
Power Adm i n i strat i on Serv i ce Area . Lab Report No . ERGH 8 7 - 1 5 , Bon n ev i l l e Power 
Adm i n i strat i on ,  Port l an d , Oregon . 

Harr i s ,  J .  P .  1 986 . " Compar i son of Measured A i r  Leakage Rates wi th  I n door A i r 
Po l l utant  Concentrat i on s  wi th  des i gn Standards for Energy Eff i c i ent Res i dent i a l  
B u i l d i ngs " . Proceed i ngs of the Bu i l d i ng Therma l En ve l ope Coord i n at i ng Counc i l  
Sympos i um on A i r  I n f i l trat i on ,  Vent i l at i on , and  Mo i sture Tran s fe r .  Fort Worth , 
Texas December 2 - 4 , 1 986 . 

Harr i s ,  J . P .  a nd  P . W .  Tho r .  1 988 . Est imat i on of Tota l  Vent i l at i on Rates for 
Proposed Vent i l at i on Strategi es i n  New Res i dent i a l Structures . Bon n ev i l l e Power 
Admi n i s trat i on ,  Port l and , Oregon . 

Keat i ng ,  K . M .  and Bavry ,  J . D .  1 986 . The Occupants of  Res i dent i a l Standards  
Demon strat i on Homes : Are  they Un ique? DOE/B P -63 3 , Bonnev i l l e Power 
Adm i n i strat i on , Port l and , Oregon . 

Modera , M .  an d Peterson , F .  1 985 . S i mpl i f i ed Methods for Comb i n i ng Mechan i ca l  
Vent i l at i on a n d  N at i on a l  I n f i l trat i on . LBL- 18955 , Lawrence Berke l ey Laboratori es , 
Berke l ey ,  Ca l i forn i a .  

NWPPC . 1 985 . Tech n i ca l  Ana l ys i s  for the  Northwest Con servat i on and  E l ectr i c Power 
P l an .  Northwest Power P l an n i ng Counc i l , Port l and , Oregon . 

A 26 



Parker , G . B .  1 987 . " Mu l t i fami l y  A i r Exchange  Rates . "  I n tern a l  Pac i f i c  Northwest 
Laboratory Memorandum d ated J u l y  3 1 ,  1987 . 

Parker , D . S .  1 987 . " Performance Resu l t s from t he  Re s i den t i a l  Standards  
Demon strat i on Program " . Submi tted to t he  Pass i ve So l ar Journ a l  for  p ub l i c at i on . 

S haw ,  C .  Y .  1 987 . " Met hods for Est i mat i n g A i r Ch ange  Rates and S i z i n g Mech an i c a l  
Vent i l at i on Systems for Houses " .  ASHRAE Tran s act i on s  1 987 Vo l ume 93 , P art 2 . .  
Ameri can Soc i ety of  Heat i n g Refri gerat i ng and A i r Con d i t i on i n g Eng i neers , At l a nta  
Georg i a .  

Sherman , M .  H . , and Gr i msrud , D .  T .  1 98 1 . " Meas u rement of I n f i l t rat i on Us i n g 
Fan Pres s ur i z at i on and Weat her Data . "  Proceed i ngs of t h e  F i rst  A i r I n f i l t rat i on 
Center Conference on A i r I n f i l trat i on ,  I n s trumentat i on ,  and Mea s ur i ng Tech n i ques . 
W i ndsor , U . K . , 6 -8 October 1 980 . 

S herman , M . H . , Gr i msrud , D . T . , Condon , P . E . , and Smi th , B . V .  1 98 1 . " A i r 
I n f i l t rat i on Measu rement Tech n i ques . "  Proceede i ngs of t h e  f i rst A i r I n f i l trat i on 
Cen t re Con ference  on A i r I n f i l trat i on ,  I n s trumen tat i on ,  and Meas ur i ng Tech n i ques . 
W i n dso r ,  U K ,  6-8 October 1 980 . 

Sherman , M . H . , and Modera , M . P .  1 986 , " Compari son of Measu red and Pred i cted 
I n f i l t rat i on u s i n g the LBL I n f i l trat i on Mode l . "  i n  Measu red A i r  Leakage of 
Bu i l d i ngs . ASTM STP-904 , H . R .  Tresche l  and P . L .  Lagus , ed s . , Ameri can Soci ety of 
Test i ng and Mater i a l s ,  P h i l ade l p h i a ,  pp . 325-347 . 

S h erman , M . H .  and W i l son , D . J . 1 986 . Re l at i ng Actua l  and Effect i ve Vent i l at i on 
i n  Determ i n i ng I ndoor A i r  Qua l i ty .  LBL-20424 , Lawrence Bere k l ey Laboratori es , 
Berke l ey ,  Ca l i forn i a .  

S h erman , M . H .  1 987 . " An a l ys i s  of Errors Assoc i ated wi t h  Pass i ve Vent i l at i on 
Meas u rement Techn i q ues " . S ubmi tted to Energy an d B u i l d i ngs for p u b l i cat i on . 

W i l son , D .  J .  an d K i e l , D .  E .  1987 . " I n f l uence of Natura l  I n f i l t rat i on on Tot a l  
B u i l d i ng  Vent i l at i on Dom i n ated by a Strong Fan Exh aust " .  ASH RAE Tran s act i on s  
1 987 Vo l ume 93 , Part 2 .  Ameri can Soc i ety of H eat i ng Refr i gerat i n g an d A i r 
Cond i t i on i ng Eng i n eers , At l an ta , Georg i a .  

A 27 





B . 1  I NTRODUCT ION  

APPEND I X  B 

MODE L I NG I NDOOR POL LUTANT CONCENTRAT I ONS 
Pac i f i c  Northwest  Labo ratory 

The poten t i a l  effect t h at reduced ven t i l at i on l ev e l s i n  en ergy-eff i c i en t  homes 
may h ave  on i n door a i r  p o l l utant  l ev e l s i s  t he  key en v i ronment a l  i mpact 
i den t i f i ed i n  t h i s  En v i ronmenta l  Imp act Statement . To assess  t h i s  effect , we 
emp l oy a steady state mass  b a l ance model to est i mate ch anges i n  i n door 
po l l utant  l ev e l s res u l t i ng from the a l ternat i v e pathways se l ected for 
assessment . Th i s  Appen d i x  exp l a i n s  h ow th i s  mode l  works and i s  app l i ed ,  
d i scusses  ava i l ab l e  a l ternat i ve mode l s and out l i nes t h e  rat i on a l e  for choos i ng 
t he  steady state mass  b a l ance approach to mode l i n g .  

The pr i mary factors wh i ch i n f l uence the  i ndoor concentrat i on (mas s /vo l ume) of 
po l l utants  i n  res i dences are : 

o Source s trength  or  source rate of the  po l l utant  (mass/ t i me )  

o Fresh  a i r exchange rate ( t i me- 1 )  

o Home v o l ume and  m i x i ng rate of t he  p o l l utant  ( v o l ume ) 

o Po l l utant  react i v i ty/depos i t i on / decay/ remova l  ( t i me - 1 )  

o Outdoor concentrat i on of  t h e  po l l utant (mas s /vo l ume ) . 

I n  genera l , an a l ys i s  of emp i r i ca l  f i e l d meas urement data of these  bas i c  
factors suggests  t h at t he  source em i ss i on rate , house  v o l ume an d a i r exch ange 
rate are the p r i mary factors affect i n g l ong -term average po l l utant  
concentrat i on s  i n  any  g i ven res i dence (Wa l s h  et a l . 1 984) . The effect of t he  
remov a l /depos i t i on / react i v i ty of t he  po l l utant  i s  genera l l y  sma l l and  h i gh l y  
dependent upon con tr i but i ng factors such as t he  presence of other  po l l utan t s , 
i n door h um i d i ty ,  temperature or  t he  s tructure i t se l f .  For these  reason s ,  
t here i s  a w i de  range of remov a l /depos i t i o n /react i v i ty rates for i ndoor 
po l l utants  an d these are general l y  a s i gn i f i cant  factor on l y  at a i r exch ange 
rates l es s  t h an 0 . 1  ACH or  when other  po l l utants  are p resent i n  h i gh 
concent rat i on s  ( Wa l s h  et a l . 1 984 ; B i rensv i ge 1 986 ; U . S .  DOE 1 987 ; Meyer 
1 983 ) . 

B . 2  STEADY-STATE MODE L I NG 

The i n terre l at i on s h i p  of these  b as i c  factors i s  common l y  exp l a i n ed t h rough  
t he  use  of mathemat i ca l  mode l s  t h at are used to  est i mate i n door po l l utant  
concentrat i on s . The  b as i c  start i n g po i nt for most  mode l i ng i s  the  pr i nc i p l e  
of con serv at i on o f  mas s , wh i ch t heoret i ca l l y  b a l ances t he  generat i on and l oss  
of a p o l l utant  wi th i n  t h e  h ome . The mode l s t h at a re t h e  s i mp l est  an d eas i es t  
to  use  t reat t h e  h ome as a s i n g l e  l arge compartment and  ass ume t h at t h e  
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var i ab l es rema i n  constant  over a l on g  t i me per i od .  The " steady s tate " 
equat i on represent i n g t h i s  re l at i on s h i p  i s  wri tten as : 

QCi  + RCi  = QCo +S/V  ( 1 )  

Where : Q = a i r  exchange rate 
C i  = i n door concent rat i on of the  po l l utant  
R = 

adsorpt i on )  
po l l utant remova l  rate ( depos i t i on / react i on / decay/  

Co = outdoor concentrat i on of the  po l l utant  
S emi s s i on or source rate of the po l l utant  
V = vo l ume of the  home 

To so l v e  for t he  i ndoor po l l utant concentrat i on ,  th i s  equat i on can be 
rewr i t ten as : 

C i  = QCo + S/V  
Q + R ( 2 )  

Two other b as i c  assumpt i on s  ( i n  add i t i on t o  t i me i n dependence)  are used t o  
deve l op th i s  mode l . One assumpt i on i s  comp l ete mi x i ng o f  t h e  po l l utan t , that  
i s ,  the  po l l utant  concentrat i on does not vary spat i a l l y  wi th i n  the  home . 
Th i s  a ssumpt i on i s  v a l i d  over l ong  t i me per i ods dur i ng  wh i ch t he  source rate 
of the po l l utant  does not vary .  The other assump t i on i s  t h at the remova l  of 
the  po l l utant ( R) i s  represented as a s i n g l e parameter rep resent i n g a l l 
remova l  mechan i sms . 

I f  one  ass umes t h at the  remova l  term ( R) i s  sma l l an d t he  outdoor 
concentrat i on (Co)  i s  a l s o sma l l and i n s i gn i f i cant , the  equat i on can be 
reduced to  the fol l owi ng : 

C i  = S/VQ ( 3 )  

Th i s  equat i on i s  i dent i ca l  to  equat i on 2 . 1  i n  t he  E I S . 

Th i s  mode l  ( i n  var i ous forms ) has  been used for severa l years by researchers 
to  desc r i b e  t he  rel at i on s h i p  between a i r  exchange  rate and  i n door and outdoor 
a i r  po l l utant  concentrat i on s  and to  reason ab l y  ca l cu l ate  the average 
concent rat i on of po l l utants  expected to  be found i ndoors g i ven the mode l  
parameters ( Wa l s h 1 984 ; Wadden and Scheff 1983 ; U . S .  DOE 1 985 ; Sexton et a l . 
1 983 ; F l em i ng and Assoc i ates 1 985 ; Woods et a l . 1 98 1 ; B PA 1 984) . For examp l e ,  
t h i s  steady state  equat i on has  been u sed t o  determ i n e  the  i n door concent rat i on 
of n i t rogen d i ox i de ,  a combust i on po l l utant , to eva l uate the  poten t i a l  hea l t h 
effect of h uman expos ure to th i s  po l l utant  ( U . S .  DOE 1 985 ) . Equat i on 1 was 
a l so the b as i s  for the deve l opment of the AS HRAE  62-81  ven t i l at i on s tandards 
for acceptab l e  i n door a i r  qua l i ty (ASHRAE 1 98 1 ) . 

B . 3  DYNAM I C  MODEL I NG 

Th i s  mas s b a l ance equat i on can a l so be wri tten as a dyn ami c  t i me-dependent 
mode l  to  s how the effect of vary i n g the parameters over t i me ( s uch as the  a i r  
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exchange rate or  po l l utant  source em i s s i on rate ) . Th i s  mode l  i s  u s efu l for 
determ i n i n g  peak concentrat i on s  and the t i me these peak concent rat i on s  occu r .  

Equat i on 1 can b e  wr i tten i n  d i fferen t i a l  form as fol l ows : 

dC i  = QC + S - (Q+R) C i  
crt Ii 

( 4 )  

Equat i on 4 ca n  be so l ved for  the  i n door po l l utant  concen t rat i on as a funct i on 
of t i me .  The res u l t i n g equat i on conta i n s both a steady-st ate port i on and a 
t ran s i en t  port i on and l ooks  l i ke the  fo l l ow i n g : 

C i ( t )  = QC + Siv  - ( Q+R ) t 
- - - - - - - - [ 1 -e + C i  (0 )  e 
Q + R 

- (Q+R ) t 
] ( 5 )  

Both t h e  steady state  and dyn am i c  mode l s  serve t h e  p urpose o f  qua l i tat i ve l y  
determ i n i ng i n door l eve l s o f  po l l utants  i n  any g i v en home . These mode l s h ave  
b road app l i cab i l i ty ,  rel at i ve s i mp l i c i ty an d genera l  accu racy in  p red i ct i n g 
average l on g -term po l l utant  concentrat i on s  g i ven any of t he  i nput  parameters . 
These  mode l s avo i d  i n troduc i n g more comp l ex factors such  as non u n i form m i x i n g ,  
mu l t i p l e  compartments , and s pat i a l d i s tr i but i on t h at , i f  i n corporated i n to 
the mode l , wou l d  not qua l i t at i ve l y  i mprove the res u l t s  ( po l l utant  
concent rat i on determ i n at i on )  over  a l ong  t i me per i od . More comp l ex mode l i n g 
wou l d  a l so requ i re t h e  u se and expen se of l arge capac i ty computer systems to 
run t he  model  as we l l  as a t h oroug h  understan d i n g of the correct i n put 
p arameters and i nterpretat i on of t he  output v a l ues wh i ch sc i en t i s t s  h ave  not 
yet deve l oped . 

B . 4 S ENS I T I V I TY ANALYS I S  

Us i n g t h e  mass  ba l ance model , a n  an a l ys i s  was performed t o  determ i n e  t h e  
sen s i t i v i ty of t h e  i n door po l l u tant  concentrat i on to t h e  var i ous factors t h at 
affect i t  ( i  . e .  house vo l ume , a i r  exch ange rate , react i v i ty ,  out door 
concentrat i on ,  source em i s s i on rate )  (Wadden and Scheff 1983 ; U . S .  DOE 1 985 ) . 
The an a l ys i s  i n d i cated t h at t h e  rel at i ve i mportance of t he  parameters are : 

1 .  Source em i s s i on rate 
2 .  House v o l ume 
3 .  Out door concentrat i on 
4 .  A i r exch ange rate 
5 .  React i v i ty or remova l  rate . 

For any g i ven po l l utant  i n  any g i ven house or structure , i f  one a s s umes a 
con stant  source em i s s i on rate ( S ) , constant  house  vo l ume (V ) , constant  outdoor 
po l l utant concentrat i on (Co) and comp l ete m i x i n g , the i n door p o l l utant  
concen t rat i on ( C i ) i s  i n verse ly  proport i on a l  on l y  to t he  a i r exc h ange  rate 
and t h e  react i v i ty or remova l  rate . (The  remova l  rate refers to p l ateout or 
f i l t rat i on or to a remova l  tec h n i que other t h an vent i l at i on ) . 

For most po l l utants  i n  the  i n door en v i ronment , t he  s i g n i f i cance of t he  remova l  
term on  t h e  i n door concentrat i on i s  sma l l compared to  t h e  effect of t he  a i r  
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exch ange rate , except at very l ow a i r exch ange rates ( l es s  t h an 0 . 1  ACH ) ( U . S .  
DOE 1 985 ) . And , as sh own i n  t he  sen s i t i v i ty an a l ys i s ,  t h e  remova l  term i s  
dom i n ated by t h e  source term for most  po l l utants . 

For examp l e ,  t h e  i n door radon concen trat i on i n  homes h as been mode l ed u s i n g 
t he  above mass  ba l ance equat i on (Wa l s h et a l . 1 984 ; Abu-Jarad and Frem l i n  
1 982 ; F i g l ey 1 986 ) . The remova l  term ( decay con stant  and  progeny p l ateout on 
surfaces ) for the i n door radon ran ges from 0 . 00 7 5  to 0 . 0 1 1  h - 1 , or 
approx i mate l y  10% of t h e  tota l  vent i l at i on rate i n  a h ome wi th  an a i r  exc h ange 
rate of 0 . 1  ACH . Th erefore , i gnor i ng t h i s  term , and assum i n g  a constant  source 
em i s s i on rate and constant  outdoor concentrat i on ,  wou l d  resu l t  i n  an equat i on 
t h at s hows the  po l l utant  concentrat i on i n vers e l y  proport i on a l  to t he  a i r  
exch ange rate on l y .  

B . 5  COMPAR I SONS W I TH EMP I R I CAL OBS ERVAT I ONS 

It i s  i mportant  to  recogn i ze i n  t h i s  d i scu s s i on t h at no f i e l d st udy reported 
to date has s h own t h at i n door po l l utant  concentrat i on s  behave exact l y  as 
Equat i on 1 wou l d pred i ct . Th i s  i s  p r imari l y  due to t he  unsteady s tate nature 
and unpred i ctab i l i ty of the  source term ( S ) and t he  remova l  term ( R ) . 
However , i n  most f i e l d  stud i es ,  for most po l l utants  of concern i n doors , the  
observed i ncrease i n  po l l utant  concent rat i on s  i s  genera l l y  con s i stent  wi th  a 
decrease i n  a i r exc h ange rate . 

For examp l e ,  i n  a recent st udy cond ucted for the  E l ec t r i c  Power Research 
I n st i tute , a home was retrof i tted w i t h  measures to reduce the a i r  exc h ange  
rate . Po l l utants  were mon i tored before and after ret rof i tt i n g and  w i t h  and 
wi thout  the use  of an a i r-to - a i r heat exch anger (AAHX ) ( E PR I  1 985 ) . The  
ob served c h anges ( i n creases and decreases ) i n  t he  gaseous po l l utant  
concen trat i on s  ( radon , forma l dehyde , CO , N02 ) were genera l l y  con s i stent w i t h  
t h e  ch anges i n  a i r  exchange rate pred i cted b y  Equat i on 1 a l t h ough n o t  exact l y  
proport i on a l . For forma l dehyde and N02 , t i ghten i n g t h e  house  to  red uce the  
a i r  exc h ange rate d i d  not s i gn i f i can t l y  i ncrease the  po l l utant  l eve l s ;  
however , operat i on o f  t he  AAHX ( to i ncrease the  a i r  exchange rate ) d i d  
s i gn i f i cant l y  decrease the  concentrat i on s  o f  these  po l l ut ants . For CO and 
radon , t he  reduc t i on of t he  a i r exchange rate due to t i gh ten i ng i ncreased 
these  po l l utant concentrat i on s  by an amount  con s i stent w i t h  the decrease i n  
t h e  a i r  exc hange rate , a l though  not p roport i on a l  to amounts  pred i cted by 
Equat i on 1 .  

A ser i es of mass b a l ance mode l s s i m i l ar to equat i on 1 h ave  recen t l y been used 
to exam i ne  radon contro l  measure effect i veness  (Green et a l . 1 986 ) . I n  t h i s  
s tudy each of t h e  t h ree common radon progeny spec i es found  i ndoors were 
mode l ed u s i ng t h ree equat i on s . After the  f i rst equat i on for each spec i es ,  
t he supp l y  rate ( source ) of radon i n  each s ub sequent equat i on i s  s i mp l y  t he 
decay rate of t he  parent of t he  part i cu l ar spec i es .  The mode l i n g res u l t s  i n  
a ser i es of coup l ed ,  l i n ear d i fferent i a l equat i on s  wh i ch are so l vab l e  by 
separat i on of var i ab l es tec h n i ques . Th i s  approach accounts for the  " ag i n g "  
o f  t h e  radon gas  i n doors t o  form t h e  radon daugh ters , t h e  radon spec i es t h at 
attach to  part i c l es i n h a l ed by the  occupant s . Th i s  i s  t he  form of radon that  
contr i butes  most  of t he  rad i at i on dose  to l ung  t i ssue and  l eads to  l un g  
cance r .  
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I n  these  a na l yses , a constant  source emi s s i on rate ( S )  of radon gas  i nto  t he  
home i s  assumed and  the effect of a i r exchange rate ( Q )  on i ndoor radon 
concen t rat i on i s  determi ned . The res u l ts  i nd i cate a h i g h sen s i t i v i ty of 
i n door radon concentrat i on to  the a i r exchange  rates , even g reater than the  
expected i n verse re l at i on s h i p .  Th i s  was attri b utab l e to  t he  dua l  benefi c i a l 
effects of  a i r exchange wi t h  rel at i ve l y  pure (outdoor) a i r .  The res u l ts  a l so  
i nd i c ated t h at i nc reas i n g the  a i r  exchange rate not on l y  d i l utes t he  radon 
spec i es concen t rat i on p roport i on a l l y ,  but a l so  reduces the " age "  of the a i r 
i n doors wh i ch i n  t u rn reduces t he  res i dence t i me of t he  radon ( p arent )  gas . 
Th i s  mean s t h at t h e  radon gas  en teri ng t he  home i s  l ess  l i ke l y  to  decay to 
the  radon progeny ( d aughters)  before be i ng  re l eased i n to the  i n door 
en v i ronment .  

These res u l t s  i n d i cate  t h at , wi t h  a constant  source  em i s s i on rate , an i n crease 
i n  a i r  exch ange rate w i l l  more t h an p roport i on a l l y  decrease radon l eve l s 
i n doors . Therefore , on e can pred i ct radon l eve l s i ndoors under vary i ng  a i r 
exchange rates wi t h  conf i dence us i ng equat i on 1 even i f  t h e  remova l  term i s  
i gnored . 

I n  i ts Tec hn i c a l  G u i d ance Handbook for Radon Reduct i on Techn i ques for Detached 
Houses , t he  U . S .  EPA a l so  i n d i cates t h at the  p roport i on a l  i n vers e  re l a t i on s h i p  
between a i r exchange  rate and  radon concentrat i on i s  v a l i d  i n  homes w i t h  a 
l ow i n i t i a l a i r exchange rate ( 0 . 1 -0 . 6  ACH )  ( EPA 1 986 ) . Howeve r ,  t h i s  
re l at i on s h i p  may not  h o l d for homes w i th  a i r  exchange  rates g reater t h an 1 ACH . 

I f  t h i s  i n v erse re l at i on s h i p  i s  therefore a v a l i d  rel a t i on s h i p  for pred i ct i n g 
po l l utant  l eve l s ,  a nd  for eva l uat i n g t he  effect of a i r exchange  rate on i ndoor 
a i r  po l l utant  l eve l s ,  then why do  f i e l d exper iments  i n  l arge s amp l es of h omes 
suggest  t h at t h e  re l at i on s h i p  does not ho l d  t rue?  The an swer i s  rel at i ve l y  
s tra i g h tforward a n d  refers to  t h e  devel opment a n d  assumpt i ons  o f  t h e  mass 
ba l ance mode l i n g app roach i n  Eq uat i on 1 .  

As s tated , i ndoor po l l utants  exh i b i t  wi de l y  var i ab l e  source emi s s i on rates 
an d can eman ate from a n umber of l ocat i on s  i n  a h ome . Th i s  i s  not  on l y  t rue  
of po l l utants  that  are p r imari l y  occupan t -generated ( s uch  as carbon monox i de 
an d n i t rogen ox i des ) , b u t  i s  a l so  t rue for po l l utants  such  as radon an d 
forma l dehyde t h at a re not  pr imar i l y  occupant -generated . For examp l e ,  t he  
pr i mary source for  radon i s  from t he  so i l a nd  t h e  source s tren gth  ( em i s s i on 
rate i n doors ) i s  dependent  upon g round mo i st ure , i ndoor-outdoor p ressure 
d i fferences and  t he  pathways  i n  t he  foundat i on and f l oor t h rough wh i ch t he  
radon enters the  home ( EPA 1 986 ) . 

I t  i s  t rue t h at i n  any g i ven home , for any measurement peri od , one may f i n d  
t h a t  t h e  i ndoor concen t rat i on o f  po l l utants  o f  i n terest  are not s i gn i f i can t l y  
affected by t h e  a i r exchange rate . Stud i es by Lawrence Berke l ey Laboratory 
h ave  s hown t h at i n door radon concentrat i on s  i n  a h ome do not change  
s i gn i f i c an t l y  after  weatheri z at i on an d t i ghten i n g to  reduce the  a i r exchange 
rate or  when t here i s  an observed var i at i on i n  t he a i r exchange rate over 
severa l measurement peri ods ( Nazaroff et a l . 1 985 ; Turk et a l . 1 986 ) . 
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The l arge var i at i on s  seen i n  the  measurements  of radon vs . a i r  exch ange rate 
a l so s u ggest t here may be s i gn i f i cant uncerta i nt i es i n  measu r i ng the radon 
concentrat i on s  and correspon d i ng a i r  exch ange rates ( P i erso l  1 986 ) . 

The h i gh l y  var i ab l e  po l l utant  sources and source em i s s i on rates are the 
p r i mary reasons  t he  i n verse rel at i on s h i p  between i ndoor po l l utant  
concent rat i on and a i r  exch ange rate  does  not appear  to be  proport i on a l  across  
a l arge s amp l e  of homes ( H arri s 1 987 ) . I n  part i cu l a r ,  s i gn i f i cant  var i at i on s  
i n  radon source s trengt h s  d ue  to atmospher i c  cond i t i on s  (wh i ch i n f l uence t he  
s o i l eman at i on rate a n d  p ressure-dr i ven f l ow i n doors ) cannot be eas i l y  
i ncorporated i n to a mode l  and can con fuse any resu l t s from radon contro l 
measure stud i es (Green et a l . 1 986 ; Turk et a l . 1 986 ) . Forma l dehyde source 
rates are i n f l uenced by temperature and humi d i ty l eve l s and  these factors are 
i ncorporated i n to  mode l s  to determ i ne  the  source em i s s i on rate (Wadden and 
Scheff 1 983 ; Green et a l . 1 986 ) . 

Emp i r i c a l  observat i on s  ( f i e l d  measurement s )  do  not negate the  phys i cs of 
Equat i on 1 wh i ch state  that  the  i n door concentrat i on i s  affected 
p roport i on a l l y  an d i n vers e l y  by the a i r exchange  rate . The  equat i on must 
s t i l l  b a l ance and  the i n door concentrat i on of a po l l utant  wi l l  st i l l  be 
affected by the vent i l at i on rate i n  any g i v en t i me per i od . Rather , t he  
observat i on s  i n d i cate that  one  of the  other terms i n  t he  equat i on ( source  
em i s s i on rate , outdoor concent rat i on or  po l l utant  remova l  rate )  h as l i kewi se  
( a l on g  w ith  t he  vent i l at i on rate )  chan ged . I n  the  stud i es i den t i f i ed abov e ,  
t h e  researchers specu l ate  that  t h e  source term i s  c h an g i n g due  to  a c hange i n  
i ndoor-outdoor pres sure d i fferences ( i n f l uenced by t h e  t i ghten i n g  i n  on e st udy 
and  f i rep l ace operat i on i n  the  other) and/or from c han g i ng s o i l or  weather 
cond i t i on s . 

B . 6  RAT I ONALE  FOR T H E  STEADY STATE MASS BALANCE  A PPROACH 

Our i n tent i on i n  th i s  E I S  i s  to make compar i sons between a l tern at i ves and 
p athways rather  t h an p red i ct i n g t he  abso l ute po l l utant concen trat i on s . The  
use  of  a dynam i c  mode l  to pred i ct concentrat i on l eve l s  may or may not c hange 
the ab so l ute  po l l utant  concentrat i on s  pred i cted for each of  the  pathways 
compared to  t he  s teady-s tate mode l , but  wi l l  not  change  t he  re l at i ve 
rel at i onsh i p  of  po l l utant  concentrat i on s  assoc i ated w i t h  each pathway . 

Ana l ys i s  h a s  been b ased on actua l  data  col l ected from homes t hroughout t he  
Pac i f i c  Northwest . Radon measurement s  were ta ken us i ng t he  Trac k - Etch method 
and forma l dehyde was measured us i n g pass i ve s amp l ers . Both of these  
tech n i ques  prov i de a t i me i n tegrated average concentrat i on .  To use  these  
data  wi th  anyth i n g but  a steady-state  mode l  wou l d  requ i re man i p u l at i n g the  
data  an d i ncreas i n g  t he  uncert a i n ty of our  asses sment . A l tern at i ve sources 
of po l l utant  data i n  Northwest homes that cou l d  be  more app l i cab l e  to a 
dynam i c  mode l  are from a much sma l l er samp l e  of  homes an d are not  as  
represen t at i ve of n ew homes . 

As i n d i cated , s c i en t i st s  do not understand t he  factors that  cause  changes  i n  
source terms and th erefore e i ther  use  a mode l  t hat  re l ates concentrat i on s  and  
a i r  exch ange rates b ased on s i te-spec i f i c  data  or genera l i ze by  us i ng the  
steady state  mode l . I n  our  app l i cat i on , deve l op i ng a more comp l ex mode l  wou l d  
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req u i re add i t i on a l  expense  t h at wou l d  not resu l t  i n  i ncreased accuracy or  
p rof i c i ency . 

Based on t h e  ava i l ab l e  emp i r i c a l  dat a  for homes i n  t h i s  reg i on ,  an i ncomp l ete 
understan d i ng  of po l l utant  source terms and the factors i n f l uenc i ng t h ese  
source t erms , t h e  i ncreased cost  of devel o p i n g  a dyn am i c  mode l , and t h e  
comparat i ve ( rat her  t h an pred i ct i ve)  nature of  o ur  an a l ys i s ,  we  be l i eve  t h at 
t h e  steady st ate mode l  i s  best  s u i ted for t h i s  an a l ys i s .  
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AP PEND I X  C 

I N DOOR A I R  POLLUTANT LEVELS AND 
E ST IMATED REG I ONAL HEALTH EFFECTS 

Pac i f i c  Northwest  Laboratory 

To determ i ne  t h e  i ndoor a i r po l l utan t  l eve l s i n  n ew h omes and to est i mate t h e  
reg i on a l  h ea l t h  effects of t h ese  po l l utant l eve l s i n  h omes b u i l t  to  curren t 
con struct i on met hods  an d to  Mode l  Con servat i on Standards  (MCS) , a computer 
mode l  was  deve l oped . The  computer p rogram was wri tten to  est i mate t h e  i mpact 
of  var i ous  house  t i g hten i n g an d i ndoor a i r q ua l i ty ( I AQ )  m i t i g at i on measures 
on occupants  of n ew h omes . The i mpacts were g i v en i n  terms of the n umber of 
occupants  who ,  dur i ng  t h e i r l i fet i me ,  deve l op cancer from exposure to  radon 
and forma l dehyde i n  t h e  h omes . Th i s  appen d i x  documen t s  t h e  i n put  data used 
i n  t h ese  ca l cu l at i on s  an d descri bes t h e  ca l cu l at i on s  u s ed i n  t h e  computer  
mode l  a nd  t h e  cases  t h at were mode l ed . 

C . 1  DATA 

Pol l utant  concentrat i on s  for forma l dehyde , radon , a nd  n i t rogen ox i des and a i r 
exc h ange  rates a re p resented i n  Sect i on C . 1 .  Concent rat i on data  ava i l ab l e  
both i n  1 985 and  1 986 are p resented t o  s how h ow the  n umber of data  po i nts  i n  
t h e  data  sets  i nc reased from 1 985  t o  1 986 . The concentrat i on an d a i r  exch ange  
data  spec i f i ca l l y  u s ed for t h e  computer  mode l  a re presented in  Sect i on C . 1 . 5 .  
I n  Sect i on s  C . 1 . 6  t h rough  C . 1 . 9 data for po l l u t an t  ri s k  factors , h ous i ng 
spec i f i c at i on s , occupancy forecasts , and hous i ng forecas t s  a re p resented . 

C . 1 . 1  Forma l dehyde Data 

Severa l s ources of forma l dehyde d ata  were an a l yzed pr i or to choos i ng t h e  d at a  
to  be  used  a s  i np ut  to c a l cu l ate t h e  est i mated reg i on a l  hea l t h  effect s .  The  
stud i es from wh i ch t he data  were se l ected were those  by  Re i l an d , McKi n s try ,  
and Thor  ( 1 985 ) ; Lawrence Berkel ey Laboratory ( 1985) ; Parker ( 1 986 ) ; C l ark  
( 1 983 ) ; and BPA ( 1 987 ) . 

The s t ud i es measured concent rat i on s  i n  both h omes constructed to  t h e  
p reva i l i n g  construct i on p ract i ces a n d  homes con structed to  meet t h e  MCS . T h e  
h omes were l oc ated i n  t h ree c l i mate z ones : C l i mate Zone 1 - � 6000 h eat i ng 
degree d ay s ;  C l i mate Zone 2 - 6000 to  8000 h eat i ng degree d ays ; an d ,  C l i mate 
Zone 3 - > 8000 h eat i ng degree d ays . I n  t h e  Res i dent i a l Standards  
Demon s t rat i on Proj ect ( RSDP )  some con t ro l  and MCS h omes were des i gn ated to  be 
matched p a i rs . Matched p a i r h omes are s i m i l ar in  des i g n  deta i l s  except t h at 
one h ome meets p reva i l i ng bu i l d i ng code and t h e  other  meet s MCS . I f  t h e  data 
set of  matched p a i rs were l arge enoug h , t h i s  wou l d  h ave  been an i dea l  data  
set t o  use  to  compare the  effects of current code  to  t h ose  of MCS  con s t ruct i on 
p rac t i ces i n  regard to  i n door I AQ .  
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C . 1 . 1 . 1  Forma l dehyde Data for S i te-Bu i l t  Homes 

The forma l dehyde concentrat i on d ata  co l l ected i n  1 985  by t h e  Bon n ev i l l e Power 
Admi n i strat i on ( BPA ) i n  t h e  RSDP  s i n g l e-fam i l y  res i dences are l i sted i n  Tab l e  
C . 1  ( Re i l and  et . a l  1 985 ) . The data  are g rouped by c l i mate zone  and  h ome 
con struc t i on method . 

Data  co l l ected by the  BPA i n  t he  RSDP  i n  1 986 are l i s ted i n  Tab l e  C . 2 .  Th i s  
data  set augments  t h e  1 985  d ata  s h own i n  Tab l e  C . 1 .  Data  are ava i l ab l e  for 
both s i ng l e-fam i l y  and mu l t i fami l y  h omes by c l imate zone an d con struct i on 
method . 

TABLE  C . l .  S ummary of  1 985  RSDP  Forma l dehyde Concentrat i on Measurements  

Case Number of Forma l deh�de Concentrat i on !  QQm 
Observat i ons  Med i an Mean + Std  Dev 

Zone 1 Mcs ( a ) 90 0 . 1 00 0 . 1 1 4 + 0 . 058 
Zone 1 Condb ) 235 0 . 086 0 . 09 1  + 0 . 043 
Zone 2 MCS 40 0 . 099 0 . 1 00 + 0 . 05 1  
Zone 2 Cont 43 0 . 080 0 . 086 + 0 . 033  
Zone 3 MCS 52 0 . 1 1 7 0 . 120  + 0 . 047  
Zone  3 Cont 70 0 . 1 1 3 0 . 1 03 + 0 . 045 

(a) 
( b ) 

MCS - Con structed to  Mode l  Con servat i on S tandards . 

Cont - Con structed to  1 983 pract i ce .  

Max 

0 . 3 76  
0 . 245  
0 . 282 
0 . 204  
0 . 252 
0 . 199  

TABLE  C . 2 .  1 986 RSDP  Forma l dehyde Concentrat i on Data 

1 983 Pract i ce MCS 

Mi n 

0 . 033  
0 . 02 1  
0 . 028 
0 . 030 
0 . 04 1  
0 . 027 

C l i mate Samp l e  HCHO Cone . !  QQm 
Zone S i ze Mean M i n  Max 

Samp l e  HCHO Cone . !  QQm 
S i ze Mean M i n  Max 

S i n  9 1 e - f am i l  � 

1 
2 
3 

Tota l  

1 60 
3 1  
38 

229 

Mu I t  i fam i l � 

1 
2 
3 

Tot a l  

1 2  
3 
o 

1 5  

0 . 09 
0 . 09  
0 . 08 
0 . 09  

0 . 12 
0 . 07 

0 . 1 1 

0 . 02 
0 . 03 
0 . 03 
0 . 02 

0 . 05 
0 . 06  

0 . 0 5  

0 . 2 1  
0 . 1 7 
0 . 1 5 
0 . 2 1  

0 . 18 
0 . 09  

0 . 18 

C . 2  

1 68 
54 
60 

282 

90 
1 5  

o 
1 0 5  

0 . 09 
0 . 08 
0 . 09 
0 . 09 

0 . 0 7  
0 . 05 

0 . 0 7  

0 . 02 
0 . 02 
0 . 03 
0 . 02 

0 . 02 
0 . 02 

0 . 02 

0 . 27 
0 . 1 9 
0 . 1 9 
0 . 2 7  

0 . 2 1  
0 . 09 

0 . 2 1  



Forma l dehyde concentrat i on data from t he  New Home I n door A i r Qua l i ty St udy , a 
s tudy conducted by Lawrence  Berkel ey Laboratory ( LB L ) , are l i s ted i n  Tab l es 
C . 3  and C . 4 .  I n  t he  study , concentrat i on s  were meas ured i n  homes con structed 
to t h e  p reva i l i ng  con struct i on p ract i ces and homes con structed to meet t he  
MCS . T he  homes stud i ed were l ocated i n  on l y  two c l i mate zones : C l i mate Zone 
1 (� 6000 heat i n g degree d ays )  an d C l i mate Zone 2 ( 6000 to 8000 h eat i ng degree 
d ays ) . No h omes i n  C l i mate Zone 3 (> 8000 h eat i n g degree d ays )  were i n c l uded 
i n  the study . Th i s  study d i d  not  attempt to match h omes of s i mi l ar des i gn i n  
t h e  cont ro l  and MCS groups . To determi ne  t he  effects  of h i gher  forma l dehyde 
concentrat i on s , two forma l dehyde concen trat i on ranges were spec i f i ed :  
concen t rat i on s  � 0 . 1  p pm and  concen trat i on s ? 0 . 1  ppm . The Ameri can  Soc i ety 
of Heat i n g ,  Refri gerat i on ,  an d A i r Con d i t i on i n g E ng i neers ( ASHRAE)  recommend 
a 0 . 1  ppm ce i l i ng  for con t i nuous  exposure to  forma l dehyde (Weh ner  et a l . 
1 986)  . 

I n  c l i mate zone 2 ,  on l y  one  d ata  po i n t  fel l i nto  t h e  h i gh concentrat i on l eve l . 
S i nce  so  few data  po i nts  were ava i l ab l e ,  a l l t h e  data  were grouped together 
by concentrat i on l eve l s .  No a i r exchange  rates were measured when LBL  
co l l ected t he  forma l dehyde d ata . 

C l  i mate  
Zone 

1 
1 

2 
2 

TABL E  C . 3 .  S ummary of Forma l dehyde Concentrat i on Data 
from t he  L B L  New Home I ndoor A i r Qua l i ty Study 

Forma l dehyde Concent rat i on ,  ppm 
S amp l e  MCS Home Contro l  Home 

Descr ipt i on S i ze Mean S td . Dev . S i z e Mean Std . Dev . 

� 0 . 1  p pm 8 0 . 0 7 1  0 . 020 10 0 . 059  0 . 023 
? 0 . 1  ppm 8 0 . 1 72 0 . 078 8 0 . 1 47 0 . 036 

� 0 . 1  ppm 1 2  0 . 064 0 . 020 1 3  0 . 059  0 . 0 1 9  
? 0 . 1  ppm No Data Po i n t s  1 0 . 1 58 

TABL E  C . 4 .  An a l yzed Formal dehyde Concentrat i on Data From t he  
L B L  Study 

Forma l dehyde Concen trat i on ,  p pm 
Samp l e  MCS Home Contro l  Home 

Descr ipt i on S i z e Mean Std . Dev . S i z e Mean Std . Dev . 

� 0 . 1  p pm 20 0 . 067  0 . 029 23 0 . 059  0 . 020 
? 0 . 1  ppm 8 0 . 1 72 0 . 0 78 9 0 . 1 49 0 . 034  
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The data  i n  Tab l e C . 3  were eva l uated to determi ne t he  percentage of  h omes i n  
each c l i mate z one  t h at have  e i ther  l ow o r  h i gh forma l dehyde concentrat i on 
l eve l s .  The data  were ass umed to  p rov i de a s tat i s t i ca l l y  v a l i d  s amp l e  from 
t he  popu l at i on of homes . Th i s  s ummary i s  p resented i n  Tab l e C . 5 .  

TABLE C . 5 .  D i str i but i on of Homes W i th H i g h and Low Forma l dehyde Leve l s 

Percentage of  Homes 
C l i mate Zone �0 . 1  ppm > 0 . 1  ppm 

1 53  47  
2 54  46 

Tota l  72  28 

C . 1 . 1 . 2 Forma l dehyde Data for Manufactured Homes 

Parker ( 1 986 ) measured t he  forma l dehyde concent rat i on s  and a i r exch ange rates 
i n  f i ve n ew MCS manufactured homes constructed wi t h  l ow forma l dehyde-em i tt i ng 
p roduct s . The measurements  a re s ummar i zed i n  Tab l e C . 6 .  Data from 
Weyerhaeuser l i s ted on l y  a i r  exchange  rates for manufactured homes (C l ark  
1 983 ) . The measurements  were acq u i red in  1 982 and a re l i s ted in  Tab l e C . 7 .  

TABLE C . 6 .  New Manufactured Home Data 

A i r Exchange Rate , ACH 
Number  Mean Std Dev 

Formal dehyde Concent rat i on ,  ppm 
Number Mean Std Dev 

1 6  0 . 13 1  + 0 . 073  16  0 . 1 1 1  

TABLE  C . 7 .  Weyerhaeuser Mob i l e  Home A i r -Exchange Data  

+ 0 . 0 5 1  

Category and Number of Homes Measured I n f i l t rat i on Rates , ACH 

Overa l l average 22 homes , 23 measurement s  

Average of  measurements  at �8  km/ h r  wi nd ; 
1 5  homes 

Average of measurements  at > 8 km/ h r  w i n d ; 
7 homes , 8 measurements  

Average of  t ran s ported mob i l e  home s ;  1 1  homes 

Average of mob i l e  homes measured at manufac­
ur i n g  s i te ;  1 1  homes 

C . 4  

0 . 28 

0 . 24 

0 . 3 5  

0 . 26 

0 . 26 



C . 1 . 2 Radon Data 

Three stud i es to measure the radon concentrat i on i n  homes were conducted : 
Prel i m i n ar  Radon Test i n  Resu l ts for the Res i dent i a l Standards Demon strat i on 
P ro ram Rei l and , McKi n i s try an d Thor 1985 ; New Homes I n door A i r Qu a l i ty 
Study Lawrence Berkel ey Laboratory 1985 ) ; and 1 986 RSDP Data Base comp i l ed 
by New Res i d ent i a l Con struct i on Branch , D i v i s i on of  Res i dent i a l Programs ( B PA 
1987 ) . A l l t h ree  stud i es measured concentrat i on s  i n  homes b u i l t  to both 1 983 
p ract i ce and  to the MCS i n  a l l t hree c l i mate z ones . These homes formed the 
g roup  from wh i ch the  forma l dehyde d ata  were obta i n ed .  

C . 1 . 2 . 1  1 985 RSDP  Radon Data 

The radon concentrat i on d ata co l l ected by BPA i n  1 985 i n  the RSD P  are l i sted 
i n  Tab l e C . 8 .  Two radon concentrat i on l eve l s were spec i f i ed , a l though  most 
homes were found to have  radon concentrat i on s  �5 pC i / l , a sma l l fract i on of 
the homes had  radon concentrat i on s > 5 pC i / l . 

TABLE  C . 8 .  Summary of S i n g l e -Fami l y  Hou s i n g Radon Test i n g Resu l t s 
for the  RSD P  i n  1985 

MCS Home 
C l i mate S amp l e  

Zone Descr ipt i on 
Samp l e  Radon Conc . (pC i ! l ) 

S i ze Mean Std . Dev . 

1 
1 

1 

2 
2 

2 

Matched 3 
Mat + Unmat 5 1  
.:;;: 5 p C i / l  
Unmatched 5 
> 5 p C i / l  

Matched  2 
Mat + Unmat 28 
.:;;: 5 pC i / l  
Unmatch ed 7 
> 5 pC i / l  

Match ed 2 
.:;;: 5 pC i / l  
Matched 2 
> 5 pC i / l  
Mat + Unmat 38 
.:;;: 5 pC i / l  
Mat + Unmat 1 2  
> 5 p C i / l  

C . 1 . 2 . 2  1 986 RSD P  Radon Data 

1 . 43 
0 . 7 5 1  

8 . 34  

2 . 60 
2 . 03 

1 1 . 9  

2 . 05 

8 . 45 

2 . 43 

10 . 1  

1 . 1 5 
0 . 842 

3 . 24 

2 . 00 
1 . 42 

3 . 89 

0 . 1 50 

1 . 1 5 

1 . 24 

6 . 3 1  

Contro l  Home 
Samp l e  Radon Conc . (p C i ! l ) 

S i ze Mean Std . Dev . 

1 
72  

2 

2 
1 4  

3 

3 

2 

38 

1 6  

1 
0 . 818  0 . 7 73 

1 7 . 2  1 1 . 1  

0 . 7 50 0 . 050 
1 . 85  1 .  4 1  

9 . 63 5 . 36  

3 . 33 1 . 02 

9 . 1 5 3 . 25  

2 . 64 1 . 1 9 

1 1 . 3 5 . 06 

The radon concent rat i on d ata  co l l ected by BPA i n  1 986 i n  the RSD P  are l i sted 
i n  Tab l e C . 9 .  S i nce the  1 986 s amp l e  s i ze for the s i n g l e -fami l y  h omes i s  much 
l arger t han t hat ava i l ab l e i n  1985 , med i an v a l ues a re p resented i n stead of 
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mean v a l ues for s i ng l e - fami l y  homes . Med i an v a l ues a re used because  an 
extreme l y  h i gh concentrat i on does not affect the  med i an v a l ue  as much as i t  
affect s the  mean v a l ue . S i nce  much smal l er data sets  were ava i l ab l e for 
mu l t i fami l y  homes , mean i n stead of med i an v a l ues a re u sed . Data a re g rouped 
by c l i mate z one , con struct i on met hod , radon concent rat i on l eve l , an d hous i n g 
type . Data a re ava i l ab l e for both s i ng l e -fami l y  and mu l t i fami l y  homes . Two 
radon concentrat i on l eve l s were spec i f i ed ;  a l though  most homes were found  to 
have  radon concentrat i on s  � 5 pC i / l , a sma l l fract i on of  the s i ng l e - fam i l y  
h omes h ad radon concent rat i on s > 5 pC i / l . No mu l t i fami l y  homes were found 
wi th  radon concentrat i on s  above 5 pC i / l . 

TABLE  C . 9 .  1 986 RSDP  Radon Leve l s  by C l i mate Zone 

S i ngl e- Fam i l y  Homes 
Samp l e  1 983 P ract i ce MCS 

Cl i mate Descri pt i on S amp l e  S amp l e  
Zone (pC i / 1) S i ze Med i an (pC i / l )  S i ze Med i an (pC i / 1) 

1 � 5 268 0 . 40 189 0 . 39 
1 > 5 5 9 . 88 5 7 . 22 

2 � 5 3 7  1 . 5 1  48 1 . 42 
2 > 5 10 9 . 65 1 3  8 . 0 7  

3 � 5 53  2 . 09 48 2 . 34 
3 > 5 18 9 . 65 2 1  7 . 6 7  

Mu I t  i fami l y Homes 
S amp l e  1 983 P ract i ce MCS 

Cl i mate Descri pt i on S amp l e  S amp l e  
Zone (pC i / L) S i ze Mean (pC i / l )  S i ze Mean (pC i / l )  

1 � 5 10  1 . 49 6 1  0 . 50 
1 > 5 0 0 

2 � 5 4 1 . 3 5  1 3  0 . 9 1 
2 > 5 0 0 

3 � 5 0 ( a )  0 ( a )  
3 > 5 0 0 

(a) Data from C l i mate Zone 2 used for C l i mate Zone 3 

C . 1 . 2 . 3  LBL Radon Data 

The  radon concentrat i on data  co l l ected by LB L in  the  New Homes I n door A i r 
Qua l i ty Study are l i sted i n  Tab l e  C . 10 .  Th i s  st udy d i d  not attempt to match 
homes of s i m i l ar des i gn .  The percentage of homes i n  each c l i mate zone  th at 
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have e i ther  l ow or  h i gh radon concent rat i on l ev e l s was determi ned from the  
data i n  Tab l e  C . 9  and  i s  p resented i n  Tab l e  C . 1 1 .  The  data were a ssumed to  
be  a stat i st i c a l l y  v a l i d  s amp l e  from the popu l at i on of homes . From the  data 
set of  89 mu l t i fami l y  h omes , none h ad h i gh radon concentrat i on s . 

TABLE  C . 10 .  Summary of Radon Concentrat i on D ata i n  S i ng l e - Fam i l y  Homes 
from the New Home I n door A i r Qua l i ty St udy ( LBL  1 985 )  

C l i mate 
Zone 

1 
1 

2 
2 

MCS Home Contro l Home 
Samp l e  Samp l e  Radon Conc . (pCi !L) Samp l e  Radon Conc . (pC i!L) 

Descr ipt i on S i ze Mean Std .;Dev . S i ze Mean Std . Dev . 

� 5 
> 5 

� 5 
> 5 

1 6  1 . 39  1 . 0 7  18 
1 7 . 60 No 

9 1 . 3 7  0 . 9 52 1 1  
3 1 2 . 3  5 . 40 3 

TABLE  C . 1 1 .  D i str i but i on of Homes Between 
H i gh and Low Radon Leve l s  

Percentage of 
S i ngl e-Fam i l y  H omes 

C l i mate Zone �5 pC i ! l  >5 
1 98 
2 79  
3 72  

pC i /l 
2 

2 1  
28 

Percentage of 
Mu l t i fam i l y  Homes 

�Cl�i�m7at�e�Zo�n�e �5 pC i ! l  >5 pCi ! l  
1 100 a 
2 100 a 
3 100 a 

1 . 24 0 . 820 
Data Po i nts  

2 . 7 5 1 . 1 9 
1 2 . 0  2 . 39  

C . 1 . 3 N i t rogen D i ox i de Data 

A sma l l amount of data was ava i l ab l e  wh i ch documented the amount of n i trogen 
d i ox i de i n  homes b u i l t  to the current construct i on codes an d to the MCS . The 
source of  the data was the New Homes I ndoor A i r  Qua l i ty Study ( LBL  1 985 ) . 

The  LBL n i trogen d i ox i de concentrat i on data are presented i n  Tab l e  C . 1 2 .  The 
d ata  are g rouped by c l i mate z one  and type of  construct i on . No data 
measurements were made i n  c l i mate zone  3 .  The d ata  were d i v i ded i n to two 
n i trogen d i ox i de l eve l s � 4 . 0 ppm and > 4 . 0  ppm based on our  eva l u at i on of  
the  d ata  set  s pread and  a compari son wi th data  for  the  effects of short -term 
expos ures to n i t rogen d i ox i de (Wehner et a l . 1 986 ) . E i ghty -one (8 1 )  percent 
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of the  measurements  were � 4 . 0  ppm . No a i r  exchange  rates were measured when 
LBL c o l l ected the n i trogen d i ox i de d ata . 

C l  i mate 

TABLE  C . 1 2 .  Summary of NOx Concentrat i on Data from t he  
LBL  New Home I ndoor A i r Qu a l i ty St udy 

MCS Home Contro l Home 
S amp l e  Samp l e  NOx Conc . (ppm) Samp l e  NOx Conc . (ppm) 

Zone Descr ipt i on S i ze Mean Std . Dev . S i ze Mean Std . Dev . 

1 � 4 . 0 ppm 13 2 . 02 0 . 9 5  1 6  2 . 02 0 . 82 
1 > 4 . 0  ppm 3 5 . 60 1 . 02 2 5 . 7 5 1 . 65  

2 � 4 . 0  ppm 9 2 . 1 2 0 . 82 10  2 . 1 1 0 . 73 
2 > 4 . 0  p pm 3 5 . 50 0 . 94 3 5 . 80 0 . 78 

C . 1 . 4 A i r  Exc h ange Data 

Two met hods  were used to est i mate the  a i r  exch ange  rates i n  homes : the  b l ower 
door techn i que and the  perf l u rocarbon tracer techn i q ue . 

C . 1 . 4 . 1  B l ower Door A i r Exch ange Rates 

The average a i r exch ange rates as soc i ated wi th  the 1 985 RSDP d ata s et ( Tab l e  
C . 1 for forma l dehyde d ata and  Tab l e  C . 10 for radon d ata )  are presented i n  
Tab l e  C . 13 .  Due to the sma l l s i ze of the d ata set , mean v a l ues are presented 
for the  1 985 data . 

S i nce the  s i ze of the  1 986 d ata set i s  much l arger than  the  1 985 d ata set , 
the  med i an a i r exch ange  rates assoc i ated wi th the  1 986 RSD P  d ata set ( Tab l e  
C . 2  for forma l dehyde data and Tab l e  C . 9  for radon data )  are presented i n  Tab l e  
C . 1 4 .  Med i an v a l ues are presented i n stead of mean v a l ues because an extreme l y  
h i gh  a i r exch ange rate does not affect the  med i an v a l ue a s  much a s  i t  affects 
the mean v a l ue . A l most no  data are ava i l ab l e for mu l t i fami l y  homes . 

TABLE  C . 1 3 .  Average A i r  Exchange Rate for 1 985 RSDP Data 
( B l ower Door Techn i que )  

A i r  Exch ange Rate , ACH 
C l i mate Zone 1 983 Pract i ce MCS Construct i on 

1 
2 
3 

0 . 56 
0 . 44 
0 . 43 

C . 8 

0 . 2 7 
0 . 23 
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TABLE  C . 1 4 .  Med i an Ai r Exchange Rate for 1 986 RSDP Data Set 
( B l ower Door Tech n i que )  

S i ngl e- Fami l� House  Ai r Exchange Rate ! ACH 
Radon Leve l  1 �5 QC i 71 Radon Lev e l  2 >5 QC i 7 1  

C l i mate Zone Contro l  MCS Contro l  MCS 
1 0 . 56 0 . 22 0 . 52 0 . 22 (a) 
2 0 . 36  0 . 20 0 . 53 0 . 24 
3 0 . 42 0 . 24 0 . 3 5 0 . 2 1  

Mu l t i fami l �  House  A i r Exchange Rate ! ACH 
Radon Leve l  1 �5 pC i 7 1  Radon Lev e l  2 >5 QC i 7 1 

C l i mate Zone Contro l  MCS Cont ro l  MCS 
1 0 . 33 
2 
3 

( a) No data  a v a i l ab l e ,  v a l ue from Radon Leve l  1 s ubst i tuted . 

C . 1 . 4 . 2  Perfl uorocarbon Tracer ( P FT) Gas A i r Exchange Rates 

The med i an a i r  exchange rates assoc i ated wi th  the 1 986 RSDP d ata  set (Tab l e  
C . 2 formal dehyde d ata  and Tab l e  C . 9  radon data )  are p resented i n  Tab l e  C . 1 5 .  
Med i an v a l ues a re p resented i nstead of mean v a l u es because  an extreme l y  h i g h  
a i r exch ange  rate does not affect the med i an v a l ue  a s  much a s  i t  affects the  
mean v a l u e .  A l most no  data  a re ava i l ab l e  for  mu l t i fami l y homes . 

C l i mate 
1 
2 
3 

C l  i mate 
1 
2 
3 

TABLE  C . 1 5 .  Med i an A i r Exc hange Rate for 1 986 RSDP  Data 
( Perf l uorocarbon Tracer Tech n i que )  

Zone 

Zone 

S i ngl e -Fami l y  House 

Mu l t i fami l �  House  

A i r Exchange Rate ! ACH 
Radon Lev e l  2 >5 pC i 7 1 
Contro l  MCS 

0 . 59 (a ) 0 . 26 ( b )  
0 . 18 0 . 43 ( a )  
0 . 1 9 0 . 25  

A i r Exchange Rate ! ACH 
Radon Lev e l  2 >5 pC i 7 1  
Con t ro l  MCS 

( a) Not l arge enough  s amp l e ,  v a l ue  from Radon Leve l  1 subst i t uted . 
( b )  No data  ava i l ab l e ,  v a l ue  from Radon Leve l  1 s ubst i tuted . 
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C . 1 . 4 . 3  A i r Exch ange Data Used For An a lys i s  

Upon rev i ew of res u l ts from both the b l ower door and  P FT tests and  rev i ew of 
the l i terature , B PA se l ected an upper and l ower boun d of  vent i l at i on to bound 
the  Base l i n e .  The rates are l i sted i n  Tab l e  C . 1 6 .  The rates g i ven i n  Tab l e  
C . 1 6 are effect i ve rates s o  as to i ncorporate the  d i urn a l  and season a l  
v ar i at i on i n  v ent i l at i on rates . For more i n format i on o n  how the rates were 
determ i ned , see Append i x  A .  

C . 1 . 5 Summary of  Concentrat i on and A i r Exch ange Data Used for Ana l ys i s  

C . 1 . 5 . 1  D ata Used for Forma l dehyde Ana l ys i s  

The RSD P  forma l dehyde concent rat i on s  i n  current p ract i ce houses , s hown i n  Tab l e 
C . 2 ,  are used as i nput to forma l dehyde hea l t h effect s ca l cu l at i on s . The 
forma l dehyde concent rat i on s  are taken from the  1 986 RSD P  d at a ,  the most 
comp l ete data set a va i l ab l e .  The concentrat i on v a l ues from these homes were 
used to character i z e  both types of homes . MCS concentrat i on s  were sca l ed by 
vo l ume and vent i l at i on rate/concent rat i on from the  data for each c l i mate zone 
and hous i ng type . S i nce n o  data were ava i l ab l e  for manufactured homes t hat 
was rep resentat i ve t hroughout the c l i mate z ones , s i ng l e - fam i l y  d ata  were 
sca l ed by v o l ume to represent a data set for current p ract i ce manufactured 
homes . (See Sect i on C . 2 . 1 . 1 . ) 

TABLE  C . 1 6 .  Expected Effect i ve A i r Exc h ange Rates for Northwest 
Homes Con structed to 1 983 Bu i l d i ng Pract i ce 

Hous i ng Type 

S i n g l e - fam i l y  
Mu l t i fami l y  
Man ufactured 

Upper Bound ACH 

C . 1 . 5 . 2  Data U sed for Radon An a l ys i s  

0 . 45 
0 . 30 
0 . 4 1 

Lower Bound ACH 

0 . 3 5 
0 . 20 
0 . 4 1  

After further rev i ew o f  radon data co l l ected under RSD P ,  i t  was dec i ded the 
hea l th effects an a l ys i s  p rocedure s hou l d  be  b ased on l y  on data co l l ected from 
homes b u i l t  to 1 983 p ract i ce - -ma i n l y  because RSDP  was con s i dered a 
demon strat i on p rogram . As such , d ata  col l ected from homes b u i l t  to MCS are 
not con s i dered rep resentat i ve of what m i ght be  found under norma l  cond i t i on s . 
The d ata used i n  the  an a l ys i s  are l i sted i n  Tab l e  C . 1 7 .  
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Tab l e  C . 1 7 .  

C l i mate 
Zone 

1 
2 
3 

Med i an Radon Concentrat i on Leve l s by C l i mate 
Zone for S i n g l e - Fami l y  Homes 

Conc . {�5 QC i / l }  Conc . {>5 QC i / l }  
Samp l e  Samp l e  

S i ze Val ue S i ze Va l ue 

263 0 . 4 1  4 10 . 52 
3 5  1 . 5 1  10  9 . 56 
52 2 . 23 1 7  9 . 76 

These va l ues are s l i gh t l y  d i fferent from those i n  Tab l e C . 9 .  Some of the  
data , upon  further  rev i ew ,  were con s i dered quest i onab l e  and were removed from 
the  s amp l e .  These concentrat i on s  were con s i dered represen tat i ve of cond i t i on s  
occur i n g  i n  s i n g l e -fam i l y  homes b u i l t  to 1 983 b u i l d i ng p ract i ce a n d  not 
dependent on vent i l at i on rate . Concentrat i on s  for other hous i ng types-were 
obta i ned by sca l i ng the  va l ues i n  Tab l e C . 9  by the appropri ate p rototyp i ca l  
vo l ume . 

The data were used  to c h aracteri ze the  radon concentrat i on s  i n  both 1 983 
con struct i on and energy-eff i c i ent  homes . S i nce  no  measured  d ata were ava i l ab l e 
for man ufactured homes t h at were represen tat i ve t hroughout the  c l i mate z ones , 
s i n g l e-fam i l y  data were sca l ed by v o l ume to represent a data set for current 
HUD  code manufactured homes . ( See Sect i on C . 2 . 1 . 1 . )  

C . 1 . 5 . 3 Data Used for A i r Exchange Rates 

Data used for the hea l th  effects ca l cu l at i on s  were those  l i sted i n  Appen d i x  
A .  Effect i ve rates  were used  t o  account for d i u rn a l  and  season a l  var i at i on 
of the  n atural  i n f i l trat i on rate . 

C . 1 . 6 R i s k  Factors 

A r i s k  coeff i c i ent  i s  used to mode l  the l i fet i me r i s k  of expos u re to a 
part i cu l ar sub stance to general  pop u l at i on s . For th i s  an a l ys i s ,  we determ i ned 
that t he  most  appropr i ate factor to est i mate the  l i fet i me radon r i s k  i s  2 . 1  x 
10 -3 per  pC i / l  (Wehner et a l . 1 986 ) . Th i s  ri s k  coeff i c i en t  accommodates the  
age  of the  occupants at  f i rst exposure to i nc reased l eve l s of  i n door radon 
and i n creased mob i l i ty of popu l at i on s . For examp l e ,  the  earl i er i n  a person ' s  
l i fe they are exposed to  i n creased l eve l s ,  the  h i gher  the probab i l i ty of 
deve l op i n g l un g  cance r .  Nat i on a l  age stat i s t i cs  were used to  deve l op a s i n g l e 
va l ue for the  reg i on .  The est i mated n umber of l i fet i me l un g  cancers i s  
con s i dered to be  conservat i ve .  

For th i s  an a l ys i s ,  we determ i ned that the  most  appropr i ate factor to  est i mate 
the formal dehyde l i fet i me r i s k  i s  1 . 09 x 10 -3 per ppm . For more i n format i on 
about these  r i s k  factors and other  hea l th effects , see Sect i on s  3 . 7  and 3 . 8  
i n  the  F E I S , and  Append i x  B ,  Poten t i a l  Hea l th Effects of  Certa i n I n door A i r 
Po l l utants , i n  Vo l ume I I  of the D E I S . 
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C . 1 . 7 Hous i ng Spec i f i cat i on s  

Th ree types of  houses  were i n c l uded i n  t h e  mode l : 

o 

o 

o 

S i ng l e-fam i l y  
Mu l t i fam i l y  
Man ufactured hous i ng .  

The prototyp i ca l  s i zes and v o l umes were obta i ned from the  Northwest Power 
P l an n i ng Coun c i l and  are p resented i n  Tab l e  C . 18 .  The houses  were assumed to 
have  8-ft ce i l i ngs . For more i n format i on about the  area of the  homes , see 
Append i x  A ,  The New Homes Conservat i on Resource , i n  Vo l ume I I  of the  D E I S . 

TABLE  C . 18 .  Prototyp i ca l  Areas and Vol umes 

T�pe Area !  ft2 Vo l ume ! ft3 

S i n g l e - Fam i l y  1 , 400 1 1 , 200 
Mu l t i fam i l y 840 6 , 720 
Manufactured Hous i ng 1 , 1 70 9 , 360 

C . 1 . 8 Occupant Data 

The number of occupants per  house was prov i ded by B PA .  The data for I n vester 
Owned Ut i l i t i es were used for the  ana l ys i s ,  as l i sted i n  Tab l e C . 1 9 .  

C . 1 . 9 Hous i ng Forecasts 

Two hous i ng forecasts were used to descri be  con struct i on a l ternat i ves : 

o Hous i ng Forecast Assumpt i on 1 :  Base l i ne 
o Hous i ng Forecast As sumpt i on 2 :  MCS w ith  I ncent i ves t hrough 1 988 . 

The data for new e l ect r i c  add i t i on s  are presented i n  Tab l es C . 20 t hrough C . 22 .  
The forecasts s pan the  per i od from 1 986 through 2006 , a per i od of 2 1  years . 
The i n format i on i n  Tab l e C . 22 i ncorporates the  assumpt i on that not a l l 
ut i l i t i es ,  or l oca l  j ur i s d i c t i on s , wi l l  adopt MCS and the  fact that some 
res i dences b u i l t  to MCS wi l l  not meet the des i red thermal  spec i f i cat i ons . 
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TABLE  C . 1 9 .  Number of  Occupants per Hous i ng Type  per  Year 

Year 

1 986 
1 987  
1988 
1 989 
1990  
1 9 9 1  
1992  
1993  
1 994  
1 9 95  
1996  
1997  
1 998 
1999  
2000 
200 1 
2002 
2003 
2004 
2005 
2006 

S i ng 1 e-fami l y 

3 . 1  
3 . 1  
3 . 1  
3 . 1  
3 . 1  
3 . 0 
3 . 0 
3 . 0 
3 . 0 
3 . 0 
3 . 0 
3 . 0 
2 . 9  
2 . 9  
2 . 9  
2 . 9  
2 . 9  
2 . 9  
2 . 9  
2 . 9  
2 . 9  

C . 2  COMPUTER CODE 

Number of OccuQants  
Mu l t i fam i l y  Manufactured Hous i ng 

1 . 7  2 . 4  
1 . 7 2 . 4  
1 . 7  2 . 4  
1 . 7  2 . 4  
1 . 6  2 . 4  
1 . 6  2 . 4  
1 . 6 2 . 4  
1 . 6  2 . 3  
1 . 6 2 . 3  
1 . 6 2 . 3  
1 . 6  2 . 3  
1 . 6 2 . 3  
1 . 6  2 . 3  
1 . 6  2 . 3  
1 . 6 2 . 3  
1 . 6  2 . 3  
1 . 6  2 . 3  
1 . 6 2 . 2  
1 . 6 2 . 2  
1 . 5  2 . 2  
1 . 5  2 . 2  

A computer code was wri tten to ca l c u l ate the  n umber of  l i fet i me cancers 
i nduced from forma l dehyde and from radon concentrat i on s  p resent i n  homes wi th 
e l ectri c s pace h eat to be  constructed i n  the Pac i f i c  Northwest from 1 986 to 
2006 . 

The code eva l u ates the n umber of  l i fet i me c ancers i nduced from po l l utant 
concentrat i on s  for var i ous  hous i ng types and construct i on methods from 1 986 
through  2006 . The methodo l ogy used to ca l cu l ate the n umber of l i fet i me cancers 
i nd uced i s  d i scussed i n  Sect i on C . 2 . 1 .  The cases mode l ed are descri bed i n  
Sect i on C . 2 . 2 .  

C . 2 . 1  Methodo l ogy for Ca l cu l at i ons  

The p o l l utant concentrat i on data were used as the  bas i s  for est i mat i ng the  
number of l i fet i me cancers i nduced for  the var i ous cases  to be eva l uated . 
Data for forma l dehyde and radon are grouped by c l i mate zone ( Cl ) and po l l utant 
concentrat i on l eve l  ( RL ) . 
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TABLE  C . 20 .  Hous i ng Forecast As s umpt i on 1 :  Base l i ne 

New E l ectr i c Add i t i on s  
C l i mate Zone 1 C l i mate Zone 2 C l i mate Zone 3 

Year S i ng l e Mu l t i Manuf  S i ng l e Mu l t i Manuf  S i ng l e Mu l t i  Man uf  

1 986 1 4506 10208 5663 7333 3 107  3084 1005 300 422 
1 987  1 75 1 0  12475  65 1 7  885 1  3 7 9 7  3 549 1 2 1 3  366 486 
1 988 16707  1 1867 6300 8446 36 12  343 1 1 1 58 349 470 
1 989 2065 1 1 5 13 1  7338 10439 4606 3996 1 43 1  444 547  
1 990 18449 1 2843 6846 9326 3909 3 728 1278  3 7 7  5 1 0  
1 9 9 1  1 9049 13261  7046 9630 403 7 383 7 1 320 390 525  
1992  1 7 4 1 4  1 1829 6722 8803 3601  3661  1207  347  50 1  
1993  1 7 604 1 1 927  6835 8899 3631  3 722 1 220 3 50 5 1 0  
1 994  185 1 5  1 2609 7 1 2 1  9360 3838 3878 1 283 3 70 53 1 
1 995  1 7 9 1 6  1 2 1 27 7052  9057  3692 3841 124 1  356  526  
1 996 18083 1 2360 7 1 49 9 1 4 1  3 762 3893 1253  363 533 
1 9 9 7  18074 1 2349 7205 9 1 3 7  3 7 59  3924 1252 363 53 7  
1 998 18429 1 2689 7349 93 1 6  3863 4002 1 2 7 7  3 73  5 48 
1999  180 1 1 1 237 7  7 3 18 9 105 3 768 3985  1 248 364  5 46 
2000 1820 1 1 26 1 1  7476  920 1 3839 407 1  1 26 1  3 70 5 5 7  
200 1 1853 1 1 2818  7 732  9368 3902  42 1 1  1 284 3 7 7  5 76  
2002 19643 1 3 7 5 5  8 106 9930 4 187  4414  1 36 1  404 604 
2003 18802 13 208 7 944 9 505  402 1  4326 1303 388 592  
2004 18749 1328 1  8040 9478 4043 4378 1 299 390 599 
2005 18903 1 3 540 8249 9556 4 1 22 4492 1 3 1 0  3 98 6 1 5  
2006 19370  1 4043 8572  9792  4275  4668 1342 4 1 2  639 

C . 2 . 1 . 1  Po l l utant Concentrat i ons  for Hou s i ng T�Qes 

For forma l dehyde , concent rat i on data are avai l ab l e  on l y  for s i ng l e - fami l y  
homes . For radon , concentrat i on data are ava i l ab l e for both s i ng l e - fami l y  
and mu l t i fami l y  h omes . The source of concentrat i on data used for each type i s  
s ummar i zed  i n  Tab l e  C . 23 . To determ i ne the po l l utant concentrat i on l eve l s i n  
types for wh i ch no meas ured data were ava i l ab l e ,  concent rat i on data were 
sca l ed by v o l ume . 

Concent rat i on i s  assumed to be  p roport i ona l  to the  po l l utant  source strength , 
d i v i ded by the  h ome vo l ume and the  n umber of  a i r  changes per  hour , or 

Ci = S/VQ 

where : C i  = l ong -term concentrat i on ;  un i t s  Mas s/Vo l ume 
V = vo l ume of home ; un i t s Mass3 
S = source strength ; un i t s Mass/T 
Q = a i r  changes  per hour;  un i t s l/T 
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TABLE  C . 2 1 . Hous i n g  Forecast Assumpt i on 2 :  Mode l  Con serv at i on 
Standards W i th I n cen t i ves  

New E l ectri c Add i t i on s  
C l i mate Zone 1 C l  i mate Zone 2 C l i mate Zon e 3 

Year S i ngl e Mu l t i Man uf  S i ngl e Mu l t i Man u f  S i ng l e Mu l t i Man uf  

1 986 1 5959  10256 5663 8068 3 1 22 3084 1 1 06 30 1  422 
1 987  1 9 166  12548 6 5 1 7  9689 3820 3 549 1328 369  486 
1988 1 7 138 1 1 9 1 5  6300 8663 3627 3 43 1  1 188 3 50 470 
1 989 1 629 1 1 5045 7338 8235 4580 3996 1 1 29 442 547 
1 9 90 13554  1 2 744 6846 6852 3879 3 728 939 3 74  5 10  
1 99 1 1 3634 13 1 5 1  7046 6892 4003 383 7 945 386 525 
1992  1 2 1 42 1 1 7 1 6  6722 6 138 3 566 3661  841  344 50 1 
1993  1 1 960 1 180 1 683 5 6046 3592 3 722 829 347  5 10  
1 994  1 22 13  1 2477  7 1 2 1  6 1 7 4  3 798 3878 846 366 531  
1995  1 1 448 1 1 984 7052  5 787 3648 3841 793  3 52 526 
1996  1 1 605 1 22 16  7 1 49 5867 3 7 1 9 3893 804 359  533  
1997  1 1 659  1 2207 7205 5894 3 7 1 6  3924 808 3 59 537  
1 998 1 1 9 1 3  1 2 5 5 1  7 349 6022 382 1 4002 825 369 548 
1999  1 1 674  1 2246 7 3 18 590 1 3 728 3985 809 360 546 
2000 1 1839 1 2480 7476  5985 3 799 407 1 820 367  5 5 7  
200 1 1 2 1 06 1 2684 7 732 6 1 20 386 1 42 1 1  839 373  5 76  
2002 1 29 10  1 36 1 1  8106  6526  4 1 43 4414  895  400 604 
2003 1 24 14  13070 7944 6275 3979  4326 860 384 592 
2004 1 2385 13 142 8040 6261  4000 4378 858 386 599 
2005 12472  13399  8249 6305 4079  4492 864 394  6 1 5  
2006 1 2 7 7 5  1 3896 8572  6458 4230 4668 885 408 639 

Assum i ng t hat the  source strengths  and a i r exch ange  rates are  constant  and  
the  s ame i n  each hous i ng type , the  rat i o  of  concentrat i on s  reduces to , for 
examp l e :  

Conc MFD = l !Vo l  MFD = Vo l  S FD 
Conc SFD  l!Vo l  S FD Vo l  MFD 

where SFD = s i ng l e - fam i l y  h ome and MFD = mu l t i fami l y  h ome ; the concentrat i on 
data are l i sted i n  Tab l es C . 2  for forma l dehyde and C . 9  for radon . Vol ume 
data are l i sted i n  Tab l e  C . 18 .  

Th i s  approach was used to ca l cu l ate the  radon and formal dehyde concentrat i ons  
for the  contro l  and  MCS  homes by c l i mate zone and to c a l c u l ate the  radon 
concentrat i on l ev e l  when measured concentrat i on data for a s pec i f i c  hous i ng 
type , c l i mate zone , or  radon l eve l  were not ava i l ab l e .  

The P roposed Act i on i nc l udes a radon pac kage , wh i c h  i s  app l i ed to a l l the  
p athways . B u i l ders have  two opt i on s : to contro l  the  source or  to mon i tor  
a n d  then a dd  m i t i gat i on meas ures i f  the  radon concentrat i on i s  above 5 pC i / l . 
These two opt i ons  form the  bas i s  of the  " Radon Package " .  The est i mated 
adopt i on rates for the radon package  opt i ons  over t i me are l i s ted i n  Tab l e  
C . 24 .  
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TABLE  C . 22 .  Hous i ng Forecast Assumpt i on 2 :  Mode l  Con servat i on 
Standards W i th I ncen t i ves W i th As s umed Adopt i on Schedu l e  

C l i mate Zone 1 C l i mate Zone 2 C l  i mate Zone 3 
Year S i ng l e  

1 986 2394 
1 987  6708 
1 988 7 7 1 2  
1 989 8 1 45 
1 990 8132  
1 9 9 1  8 180 
1992  7285 
1 993 7 1 76 
1994  7328 
1 9 95 8586 
1996  8704  
1997  8744 
1 998 8935 
1999  8756  
2000 8880 
200 1 90 7 9  
2002 9683 
2003 93 10  
2004 9289 
2005 9354 
2006 958 1  

Home Type 

Mu l t i Man uf  S i ng l e  Mu l t i Manuf  S i ng l e  

1 538 5 7  1 2 10  468 3 1  166  
4392 65 339 1  1 337  3 5  465 
5362 63 3899 1632 34  534 
7 522 73 4 1 18 2290 40 564 
7647 68 4 1 1 1  2328 3 7  564 
789 1 352  4 1 3 5  2402 192  567  
7029 538 3683 2 1 40 293 505 
7081 7 52  3627 2 1 5 5  409 497  
7 486 997  3 704 2279  5 43 508 
8988 1 1 99  4340 2736  653  595  
9 1 62 150 1 4400 2789 818 603 
9 1 55 180 1 4420 2787 981 606 
94 13  2 1 3 1 45 1 7  2865 1 1 6 1  6 1 9  
9 1 85 2488 4426 2796  1355  607  
9360 284 1  4489 2849 1 547  6 1 5  
9 5 1 3  3093 4590 2896 1 684 629 

10208 3405 4895 3 10 7  1854 67 1 
9803 3495 4707 2984 1 904 645 
9856 3698 4696 3000 20 1 4  644 

10049 3959  4729  3059 2 1 5 6  648 
10422 4286 4843 3 1 72  2334 664 

TABLE  C . 23 .  Source of  Concentrat i on Data 

Forma l dehyde Radon 

Measured Measured 
Sca l ed from S i n g l e - fami l y  Measured 

Mu l t i Manuf  

45  4 
129  5 
1 5 7  5 
22 1  5 
225 5 
232 26 
206 40 
208 56  
220 7 4  
264 89 
269 1 1 2 
269 1 34  
276  159  
270 186 
2 7 5  2 1 2  
2 7 9  23 1 
300 254  
288 26 1  
290 276  
295  295 
306 320 

S i n  g 1 e - f am i 1 Y 
Mu l t i fam i l y  
Manufactured Hou s i n g Sca l ed from S i n g l e -fami l y  Sca l ed from S i ng l e - fam i l y  

For those  h omes b u i l t  under the source cont ro l  opt i on , the  homeowner  i s  
offered mon i tor i n g . I f  the radon concentrat i on i s  g reater than  5pC i / l , the  
h omeowner has  the  opt i on to i mp l ement m i t i g at i on measures . ( * )  For those  homes 
bu i l t under the mon i tori ng  opt i on ,  the b u i l der  must i m p l ement  measures i f  the  
concentrat i on i s  above  5 pC i / l . The radon concentrat i on i n  a l l homes that  
mi t i g ate was  assumed to be  reduced by  70% . 

( * ) a .  I n format i on conta i ned i n  Vo l . I of  the F E I S , Sect i on 4 . 1 . 2 ( Es t imated 
P o l l utant Concentrat i on s )  p rov i des assumed percentages of  those  homeowners 
choos i ng mon i tor i ng  and of  those i mp l ement i ng m i t i gat i on measures . 
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C . 2 . 1 . 2 .  A i r Exchange Rates . I f  the  a i r exchange rates be i ng mode l ed d i ffer 
from those  p resented i n  Tab l e C . 1 3 ,  the po l l utant  concent rat i on s  are sca l ed 
accord i ng to v ent i l at i on rate . Th i s  i s  essent i a l l y  t he  meas u red , or  sca l ed , 
concent rat i on mu l t i p l i ed by t he  rat i o  of t he  a i r exch ange rate for t he  
a l ternat i ve or  p at hway to  t he  Base l i n e ' s  a i r exchange rat e .  

TABLE  C . 24 .  Radon Package Adopt i on Rates 

Percent of Bu i l ders 
T i me Per i od Mon i tor/M i t i gate Source Con tro l  

1 987 - 1992  
1993  - 2002 
2003 - 2006 

C . 2 . 1 . 3 .  Est i mated L i fet i me Cancers 

25 
40 
80 

7 5  
60 
20 

To es t i mate t he  n umber of l i fet i me cancers resu l t i ng from the  po l l utant 
concent rat i on i n  a home , the fo l l owi ng  set of formu l as was used : 

For formal dehyde 

CC 1 = RF* FORM (CZ , DT , FT , RL ) *F 1 (Y , CZ , DT , 1 ) *OC (Y , DT ) * FR (CZ , RL , DT ) 
CC2 = RF*FORM (CZ , DT , FT , RL ) * ( F2 (Y , CZ , DT , 1 ) ­

F2 (Y , CZ , DT , 2 ) ) *OC (Y , DT ) *FR (CZ , RL , DT ) 
MCS2 = RF*MFORM (CZ , DT , FT , RL ) * F2 ( Y , CZ , DT , 2 ) *OC (Y , DT ) *FR (CZ , RL , DT ) 

For radon 

CC1 = RF*RADON (CZ , DT , FT , RL ) * F 1 (Y , CZ , DT , 1 ) *OC (Y , DT ) *FR (CZ , RL , DT ) 
CC2 = RF*RADON (CZ , DT , FT , RL ) * ( F2 (Y , CZ , DT , 1 ) ­

F2 ( Y , CZ , DT , 2 ) ) *OC (Y , DT ) *FR (CZ , RL , DT ) 
MCS2 = RF*MRADON (CZ , DT , FT , RL ) * F2 ( Y , CZ , DT , 2 ) *OC (Y , DT ) *FR (CZ , RL , DT ) 

where CC1 and CC2 are t he  n umber of l i fet i me cancers i n  bas e l i n e  homes and 
MCS2 i s  the n umber of l i fet i me cancers i n  MCS homes as a fun ct i on of : 

- year (y ) 
- c l i mate zone  (cz ) 
- po l l utant  l eve l  ( FORM , MFORM , RADON , MRADON ) 
- hous i ng type ( DT ) 
- foundat i on type ( FT ) 
- adopt i on schedu l e  ( F 1 , F2 ) 
- occupancy (OC ) . 

CC1  i s  based upon Hous i ng Forecast 1 ,  Base l i ne (Tab l e C . 20 ) 
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CC2 i s  based upon Hous i n g  Forecast 2 ,  MCS wi t h  I ncen t i ves (Tab l e  C . 2 1 )  

MCS2 i s  based upon Hous i n g Forecast 2 ,  MCS wi th  I ncen t i ves ( Tab l e C . 22 )  

R F  i s  u sed to  denote r i s k  factor for formal dehyde and radon : 

For forma l dehyde 

RF  = 1 . 09 x 1 0 -3 cancers per ppm of forma l dehyde 

For radon 

RF  = 2 . 1  x 10 -3 cancers per pC i / l  of  radon 

The hous i ng forecast  for n ew e l ect ri c add i t i on s  i s  t he  tota l  n umber of  current 
p ract i ce and MCS homes to be  constructed an n u a l l y .  The n umber o f  MCS homes 
to be  con s t ructed annua l l y  i s  l i sted under the adopt i on schedu l e  g i ven i n  
Tab l e  C . 22 .  The n umber o f  homes not con s t ructed t o  MCS annua l l y  equa l s n umber 
of  New E l ectri c Add i t i on s  m i n us Adop t i on Schedu l e , or 

F2 ( Y , CZ , OT , 1 )  - F2 ( Y , CZ , OT , 2 ) for Forecast 2 .  

The array for n umber o f  occupants  per  home i s  

OC ( Y , OT) ( Tab l e C . 1 9 )  

When O T  = 1 ,  t he  new s i ng l e - fam i l y  data are used , 
OT = 3 ,  t he  mu l t i fami l y  data are used , 
OT = 4 ,  t he  manufactured hous i ng data are used . 

No data were p rov i ded for OT = 2 s i n g l e-fam i l y  attached . 

The array for t he  fract i on of  homes i n  each p o l l utant l eve l  i s  

FR ( CZ , RL , OT )  (Tab l e C . 10 for radon ) 

I n  t he  mode l  a l l of  t he  formal dehyde concent rat i on s  were i nc l uded i n  one  
range . 

C . 2 . 1 . 4 L i fet i me Cancer Rate 

To c a l c u l ate the rate of  l i fet i me cancers est i mated to  occur  per  a g roup of  
100 , 000 peop l e ,  t he  number of  occupants  assoc i ated wi t h  each p o l l utant 
ca l c u l at i on was req u i red . The fol l owi ng  equat i on s  are assoc i ated  wi t h  each 
of the equat i on s  l i s ted i n  sect i on C . 2 . 1 . 2 .  

OC1  = F1 ( Y , CZ , OT , 1 ) *OC ( Y , OT) *FR ( CZ , RL , OT )  
OC2  = ( F2 ( Y , CZ , OT , 1 ) - F2 ( Y , CZ , OT , 2 ) ) *OC ( Y , OT ) *FR (CZ , RL , OT )  

OM2 = F2 ( Y , CZ , OT , 2 ) *OC ( Y , OT ) * FR ( CZ , RL , OT )  
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where OC1  and OC2 are t h e  n umber of occupants  i n  current  pract i ce homes and 
OM2 i s  the n umber of occupants  i n  MCS h omes . These re l ate  d i rect l y  wi th  C C 1 , 
CC2 , and  MCS2 . 

To c a l c u l ate t h e  rate of l i fet i me cancers per 100 , 000 peop l e :  

L I F ET IME  CANCER RATE = NUMBER O F  CANCERS* 100 , 000 
NUMBER OF  OCCUPANTS 

Th i s  tech n i que  normal i z es t h e  res u l t s  so compar i sons  can be  made across 
a l tern at i ves and pathways . The  resu l ts are prov i ded i n  Chapter  4 of Vo l . I 
of t h e  FE I S .  

C . 2 . 1 . 5 S ummary Tab l es 

I n termed i ate  res u l t s  for each case  to  be  mode l ed are p resented i n  a seri es of  
t ab l es for each hous i ng type ( see Sect i on C . 3 . 1 ) . The  i n i t i a l con d i t i on s  for 
t h e  mode l ed cases are summari zed i n  Tab l e  C . 25 .  

C . 2 . 2  Computer Cases  Mode l ed 

In t h i s  sect i on the vari ous  vent i l at i on scenar i os mode l d  are descr i bed . T he  
Base l i ne i s  mode l ed us i ng both  an  upper  and  l ower bound  est i mate of 
vent i l at i on .  

0 Upper Bound  

S i ng l e - Fami l y  0 . 45 ACH 
Mu l t i fami l y  0 . 30 ACH 
Manufactured Homes 0 . 4 1  ACH 

0 Lower Bound  

S i n  g 1 e - F am i l  y 0 . 3 5  ACH 
Mu l t i fami l y  0 . 20 ACH 
Man ufactured Homes 0 . 4 1  ACH 

For t h e  No Add i t i ona l  Act i on A l tern at i ve t h e  vent i l at i on rates are assumed to  
be  t h e  s ame as t h e  Base l i ne .  The  e st i mated n umber of l i fet i me cancers d i ffers 
from t he  Base l i n e ,  h oweve r ,  as fewer e l ectri ca l l y  h eated h omes are est imated 
to  be  b u i l t .  For t h e  P roposed Act i on A l ternat i ve ,  1 1  d i s t i nct  pathways were 
con s i dered . They have t h e  fo l l owi n g  ch aracteri s t i cs : 
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TABLE  C . 25 . I n i t i a l Cond i t i on s  for I n termed i ate  Res u l t s  
of Each Mode l ed Case 

Tab l e C l i mate Zone POl l��;�� l������ Rda) Hous i ng Type 

1 1 <6000 hdd ( b )  1 S i n g l  e -fam i l y  Detached 
2 2 6000 -8000 1 " 

3 3 >8000 hdd  1 " 

1 1 <6000 hdd  1 Mu l  t i  fam i l y  
2 2 6000 -8000 1 " 

3 3 >8000 hdd  1 " 

1 1 <6000 hdd  1 Man ufactured Hous i ng 
2 2 6000 -8000 1 " 

3 3 >8000 hdd  1 " 

Radon 
Tab l e C l  i mate Zone Po 1 1  utant Conc . I Rda) Hous i ng T:ipe 

1 1 <6000 hdd ( b )  1 S i n g l  e - fami l y  Detached 
2 1 " 2 " 

3 2 6000 -8000 1 " 

4 2 " 2 " 

5 3 >8000 hdd  1 " 

6 3 " 2 " 

1 1 <6000 hdd  1 Mu l t i fami l y  
2 1 " 2 " 

3 2 6000 -8000 1 " 

4 2 " 2 " 

5 3 >8000 hdd  1 " 

6 3 " 2 " 

1 1 <6000 hdd  1 Man ufactured Hous i ng 
2 1 " 2 " 

3 2 6000 -8000 1 " 

4 2 " 2 " 

5 3 >8000 hdd  1 " 

6 3 " 2 " 

o Pathway 1 - M i n imum MCS construct i on for a i r  l ea kage contro l  w i t h  no 
mechan i c a l  vent i l at i on system . 

( a )  Po l l utant  concentrat i on ( RL )  for forma l dehyde : category 1 :  a l l 
concentrat i on s ; for radon : category 1 �5 pC i / L ,  category 2 >5 pC i / L .  

( b )  Hdd = Heat i n g  Degree Days 
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Pathway 2 - M i n i mum MCS con struct i on for a i r l eakage contro l  w i t h  
mechan i ca l  vent i l at i on wi th  heat recovery ( AAHX) , wh i ch operates 
cont i n uou s l y .  

Pathway 3 - M i n i mum MCS construct i on for a i r l eakage contro l wi t h  
mechan i ca l  vent i l at i on wi th  heat recovery ( AAHX) , wh i ch operates 
i n termi tten t l y .  

Pathway 4 - M i n i mum MCS cons truct i on for a i r l eakage contro l  wi th  exhaust 
system wi t h  port s , wh i ch operates cont i n uousoy . 

Pathway 5 - M i n i mum MCS con struct i on for a i r l eakage contro l  wi th  exhaust  
system w i t h  ports , wh i ch operates i n termi ttent l y .  

Pathway 6 - M i n i mum MCS con struct i on for a i r l eakage contro l wi t i  exhaust  
sys tem wi thout  port s , wh i ch operates i nterm i ttent l y .  

Pat hway 7 - Con t i n uous  a i r barri er  wi t h  n o  mechan i c a l  vent i l at i on system . 

Pathway 8 - Cont i n uous a i r b arri er  wi t h  mechan i ca l  ven t i l at i on wi t h  heat 
recovery ( AAHX) , wh i ch operates cont i n uous l y .  

Pat hway 9 - Cont i n uous  a i r barri er  wi t h  mechan i ca l  vent i l at i on w i t h  heat 
recovery ( AAHX) , wh i ch operates i ntermi ttent l y .  

Pathway 10 - Cont i n uous a i r barri er wi t h  exhaust  system w i t h  port s , wh i ch 
operates con t i nuous l y .  

Pat hway 1 1  - Cont i n uous a i r barri er  wi t h  ex haust  system wi t h  port s , wh i ch 
operates i n termi ttent l y .  

I n  Tab l es 2 . 1 ,  2 . 2 ,  and 2 . 3  o f  Vo l . I o f  t he  FE I S  t he  a i r exchange rates 
assoc i ated w i t h  each of t h e  1 1  p athways for s i ng l e -fami l y ,  mu l t i fami l y  and 
manufactured homes are l i sted . The rat i o  of the pathway ' s  a i r exchange rates 
( PW )  to  t h e  Base l i ne ' s  a i r  exchan ge rates ( B L )  can be  computed ( PW/BL  Rat i o ) . 
Th i s  rat i o  wi l l  permi t compari son of the changes  between the  upper  and l ower 
bound e s t i mates for each p at hway . For s i n g l e - fami l y  homes , t he  Base l i n e a i r 
exchange  rate ( upper  bound )  i s  0 . 45  ACH . The upper bound  a i r  exchange rate 
for p at hway 1 i s  7 1  % of t he  Basel i ne a i r exchange rate of 0 . 45 ACH 
(0 . 3 2/0 . 45 =0 . 7 1 ) ; and t he  l ower bound a i r exchange  rate for p at hway 1 i s  7 4% 
of t he  Base l i ne ' s  l ower bound a i r exchange rate of 0 . 3 5  ACH ( 0 . 26/0 . 3 5=0 . 74 ) ; 
t herefore , p at hway l ' s  l ower bound wi l l  p rov i de 3% more a i r  changes per  hour 
i n  compar i son w i t h  i ts Base l i n e than wi l l  the  upper v a l ue i n  compar i son w i th  
i ts Base l i ne .  

C . 2 . 3 The Preferred A l ternat i ve 

Th i s  a l ternat i ve con s i dered  aspects of heath effects , energy sav i ngs/energy 
con s umpt i on ,  and  f l ex i b i l i ty .  Based on these  cr i ter i a ,  B PA chose  var i ous  
pathways of  the Proposed Act i on A l ternat i ve to  form t he  Preferred A l ternat i ve .  
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The p athways of  the  P roposed Act i on A l tern at i ve i nc l uded i n  the  P re ferred 
A l ternat i ve  a re 3 ,  5 ,  6 ,  8 ,  and 10 . 

The  contri but i on o f  e ach pathway to the  Preferred  A l ternat i ve i s  p rov i ded i n  
Tab l e  C . 26 .  

TABLE  C . 26 .  Penetrat i on Percentages for Preferred  A l ternat i ve , %  

Pathway 

3 
5 
6 
8 

10  

C . 3  S UMMARY O F  R ES U LTS 

1 986 - 1 992 

30 
45 
5 

20 
o 

C . 3 . 1  Po l l utant Concent rat i on s  

1993-2002 

10 
50 
10  
25  

5 

2003-2006 

5 
20 

5 
40 
30 

Radon and forma l dehyde concentrat i on s  a re p resented by hous i ng type , c l i mate 
zone , base l i ne concentrat i on l ev e l , and p athway . As an examp l e ,  we p resent 
po l l utant concentrat i on s  for s i ng l e - fami l y  homes for p athway 1 of  the  Proposed 
Act i on A l tern at i ve ( s ee Tab l e C . 27 ) . Radon concentrat i on s  a re p resented for 
t he  fo l l ow i n g  cases : 

o BASE RADON : Radon concentrat i on i n  base l i ne homes 

o MCS MRADON : Radon concent rat i on for homes b u i l t  to MCS . 

TABLE  C . 27 . Radon and Forma l dehyde Concent rat i on s  for S i ng l e - fami l y  
Homes for Upper ( U B )  and  Lower ( LB )  Ven t i l at i on E st imates 

RADON CONC . (QC i / l }  FORMALDEHYDE CONC . (QQm} 
PRO POS ED CAS E  MCS 1 986 1993 2003 BASE MCS 
PATHWAY RL CZ RADON MRADON MRADON MRADON MRADON FORMALDEHYDE MFORMALDEHYDE 
UB  1 1 1  0 . 400 0 . 563  0 . 563  0 . 563  0 . 563 0 . 0 9 1  0 . 1 2 7  

1 2 1 9 . 880 13 .894  12 . 122  1 1 . 643 10 . 365  
1 1 2 1 . 5 1 0  2 . 123  2 . 123  2 . 123  2 . 1 23 0 . 090 0 . 1 27  
1 2 3 9 . 560 13  . 444 1 1 .  730 1 1 .  266 lO  . 029 
1 1 3 2 . 190 2 . 93 9  2 . 939  2 . 93 9  2 . 939  0 . 090 0 . 127  
1 2 3 9 . 6 50 1 3 . 5 70 1 1 . 840 1 1 . 372  10 . 1 23 

LB 1 1 1 0 . 400 0 . 500 0 . 500 0 . 500 0 . 500 0 . 090 0 . 1 13 
1 2 1 9 . 880 12 . 350 10 . 7 75  10 . 349 9 . 2 1 3  
1 1 2 1 .  5 1 0  1 . 887 1 . 887 1 . 887 1 . 887 0 . 090 0 . 1 1 3 
1 2 2 9 . 560 1 1 .  950 10 . 426 10 . 0 1 4  8 . 9 1 5  
1 1 3 2 . 090 2 . 6 1 3  2 . 6 1 3  2 . 6 13  2 . 6 1 3  0 . 090 0 . 1 13 
1 2 3 9 . 650 1 2 . 062 lO . 525  l O . lO8 8 . 999  
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C . 3 . 2  F i n a l  S ummary Tab l es 

F i n a l  s ummary tab l es were p repared for a l l 1 1  pathways of t h e  P roposed Act i on 
A l tern at i ve .  We reproduce  one  s ummary tab l e (Tab l e C . 28 )  for i l l u s trat i on .  

TABLE C . 28 .  E st i mated L i fet i me Cancers for Radon ( Pat hway 2 )  
f or  S i n g l e Fam i l y  Homes 

Upper  Bound Vent i l at i on Lower Bound Vent i l at i on 
Cancers / 100 , 00 Cancers / 100 , 000 

C l i mate Zone Base l i n e MCS Tot a l  Base l i n e MCS Total  

1 1 1 7 . 9  98 . 1  105 . 7  1 1 7 . 9  98 . 2  99 . 6  

2 692 . 4  545 . 5  60 1 . 9  692 . 4  490 . 3  567 . 8  

3 857 . 3  68 1 . 2  748 . 7  857 . 3  6 1 2 . 2  706 . 2  

Tota l 334 . 9  267 . 4  293 . 3  334 . 9  240 . 3  276 . 6  

C . 3 . 4  P referred A l tern at i ve 

Est i mated l i fet i me cancers for the Preferred A l ternat i ve for s i n g l e-fam i l y ,  
mu l t i fami l y ,  and  man ufactured homes are p resen ted i n  Tab l es C . 29 for radon . 
Th i s  summary p rov i des i n format i on on the  cancer rate per  100 , 000 peop l e .  

Tab l e C . 29 .  Est i mated L i fet i me Cancers by Res i dence Type  

UQQer Bound Ven t i l at i on Lower Bound Vent i l at i on 
Hou s i n g  Cancers/lOO , Ooo Cancers/ 100 , 000 

TYQe Base l i n e  MCS Tota l Base l i n e MCS Tot a l  

S i n g l e -Fam i l y  334 . 9  362 . 1  3 5 1 . 6  334 . 9  330 . 8  332 . 4  

Mu l t i fami l y  305 . 5  302 . 9  303 . 9  305 . 5  234 . 1  259 . 7  

Man u facturered 4 1 3  . 0  402 . 4  4 10 . 5  4 13  . 0  438 . 3  4 1 9 . 0  
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APPEND I X  0 

HUMAN R I S K ASS ESSMENT RECONS I DERED  
Pac i f i c  Northwest Laboratory 

Al l s oc i et i es and  i nd i v i du a l s recogn i ze exposure to persona l  ri s k  as a normal  
part of l i fe .  R i s k , wh i ch i s  u s ua l l y  descri bed i n  terms of death , i s  a part 
of v o l u n t ary act i on s  such  as rock c l i mb i ng ,  f l y i ng i n  a i rp l anes , and  smok i ng ,  
or  i n v o l untary s i t u at i on s  such  as be i ng  t rapped i n  a b urn i ng b u i l d i ng .  By 
compar i ng  r i s ks , a person s hou l d be ab l e  to make an i n formed dec i s i on 
regard i n g wh i ch act i v i t i es he  i s  wi l l i ng to  u ndertake  i n  compar i son w i t h  t he  
p robab i l i ty that  h e  wi l l  s uffer deat h . Th i s  compari son  can  be  made over  two 
t i me h o r i z on s : 1 )  over a l i fet ime or  2 )  over a s i n g l e year .  The p robab i l i ty 
of death from any act i on ,  e i ther  vo l untary or  i n vo l untary ,  over t he  course of 
a person ' s  l i fet ime i s  referred to as the  " l i fet i me ri s k . "  Most ri s k  
assessment s  con s i der  l i fet i me ri s k  for t h e  genera l  popu l at i on , rea l i z i n g t hat 
a s pec i f i c  factor cou l d be  u s ed for any one  i n d i v i du a l . Both t i me hori zons  
a re u s ed because  s ome of t he  poss i b l e  vo l untary act i on s , such  as rock  c l i mb i n g 
or  f l y i n g i n  a i rp l anes , a re not n orma l  events t h at occur  on a rout i ne bas i s  
each yea r .  A l s o ,  some hea l th  ri s k s  are ca l c u l ated for a l i fet i me of exposure 
rather than  for an annua l  exposure . 

The  act i v i ty as soc i ated w i t h  a n ew energy-eff i c i en t  home i s  exposure to 
certa i n  concent rat i on s  of po l l utants . Th i s  act i v i ty wi l l  be  compared to other 
act i v i t i es t h at i n  most cases  are con s i dered to  be vo l u n t ary i n  nature (Tab l e 
0 . 1 ) . The  ri s k  of  death for each act i v i ty i s  one person for every 100 , 000 
persons  part i c i p at i n g i n  t he  act i v i ty ,  or  0 . 0000 1 for any one person 
( 1 / 100 , 000 ) . Not i ce the d i men s i on s  of t i me are used in var i ous  fash i on s  for 
the  act i v i t i es . For examp l e ,  the  exposure of  po l l utant  concen t rat i on s  i s  for 
l i fe , whereas trave l i n g by a i r or  automob i l e  has  no un i ts of t i me assoc i ated 
wi th  t hem because  the ri s k  of death from these act i v i t i es i s  bas ed on 
" l i fet i me occu rrence " of  t he  act i v i ty .  That i s ,  for each 100 , 000 peop l e  
trave l i n g 600 m i l es by automob i l e  dur i ng the i r l i fet imes , on e person i s  
expected to d i e  from an acc i dent . On  an i n d i v i du a l  b a s i s ,  for every 600 m i l es 
a person trave l s by automob i l e  dur i ng h i s  l i fet i me , there i s  a 0 . 00 1% c hance  
that he  wi l l  d i e  from an acc i dent . 

The i n format i on i n  Tab l e 0 . 1  a l l ows readers to  compare l i fet i me act i v i ty 
l ev e l s that s h ou l d  res u l t  i n  death , an d dec i de wh i c h ones t hey wi l l  accept . 
Th i s  wi l l  be i l l u s trated by an examp l e .  

1 .  Because  each of  the  act i v i t i es l i sted i n  Tab l e 0 . 1  h a s  t he  s ame 
i n d i v i d u a l  r i s k  factor (0 . 0000 1 ) , any one may be compared wi th  any ot her . 
For examp l e ,  compare breath i n g 0 . 0048 pC i / l  of radon for l i fe to smok i ng 
10  to 30 c i garettes , or  breath i n g 0 . 0048 pC i / l  of radon = 10  to  30 
c i g arettes over a l i fet i me = 0 . 0000 1 c hance of death . 
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A l eve l  of  0 . 0048 pC i / l  i s  very d i l ute , wel l b e l ow t he  detectab l e  l ev e l  
of most measurement d ev i ces . Therefore , we m u s t  norma l i z e t h i s  l ev e l  t o  

TABLE  0 . 1 .  Vol untary Act i v i t i es t h at Carry a R i s k  of  One Death 
for Each 100 , 000 Peop l e  Part i c i p at i n g 

Act i v i ty 

Breat h i n g 0 . 0048 pC i / l  radon for l i fe 
Trave l i ng 7000 m i l es by a i r 
Cros s i n g t he  ocean 10 t i mes  by a i r 
Trave l i ng 600 m i l es by automob i l e  
L i v i n g for 2 years i n  Denver 
L i v i n g for 2 years i n  a stone  bu i l d i ng 
Work i n g for 1 5  weeks  i n  a typ i ca l  

factory 
Work i n g for 30 hours i n  a coa l m i ne 
Smo k i n g  from 1 0  to 30 c i garettes  
Roc k c l i mb i n g  for 1 5  m i nutes  
3 h r  b e i ng  a man  aged 60 

Sources : B PA 1 984 ; Upton 1 982 . 

Cau se  of  Death 

Lung c ancer 
Acc i dent  
Cancer from cosm i c rays 
Acc i den t 
Cancer from cosm i c rays  
Cancer from rad i oact i v i ty 
Acc i dent 

Acc i dent 
Cancer , heart - l ung  d i sease 
Acc i dent 
Morta l i ty from a l l causes  

one  t h at i s  more con s i stent  wi th  l eve l s u s u a l l y  found  i n  res i dences . 
Th i s  can be  accomp l i shed  by d i v i d i n g the  g i ven concentrat i on l eve l  by 
t he  i dent i ca l  va l ue so the  resu l t  wi l l  be u n i ty ,  or  a more appropr i ate 
concentrat i on l eve l . So : 

2 .  D i v i de by 0 . 0048 . 

0 . 0048/0 . 0048 pC i / l  of radon = 10/0 . 0048 to 30/0 . 0048 c i garettes 

3 .  Comp l ete  the operat i on .  

1 p C i / l  of  radon = 2 , 083 to 6 , 250 c i garettes 

4 .  The exposure to radon i s  con s i d ered to occur  cont i n uous l y  d ur i n g  a 
l i fet i me .  We c an then norma l i z e the  compar i son made to a d a i l y  b as i s .  

a )  50  yr  of  smo k i n g  = 18 , 250 days  i f  you assume 365  days per  year 

b )  7 0  y r  o f  smo k i n g  = 25 , 550 days i f  you assume 365  days  per  year 

5 .  Rev i s e  compar i son to year l y  b as i s .  

1 p C i  / l  of radon = 2 , 083 to 6 , 250 c i garettes / 18 , 250 d ays  ( 50  y r) 

1 p C i / l  of  radon = 2 , 083 to 6 , 250 c i garettes/25 , 550 days  ( 70 y r) 
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6 .  S ummari ze  t h e  res u l t s  of Step 5 :  

a )  for 50 yr of smok i n g 

Breath i n g 1 pC i / l  of radon 

b )  for 70 yr of  smok i n g 

smo k i ng about 1 /4  c i garette/day 

Breath i n g 1 pC i / l  of  radon = smok i ng about 1 / 6  c i garette/day . 

The  n at ure of  t h e  ca l c u l at i on i s  such  that  compari son of other concen trat i on 
l eve l s c an be  made . For examp l e ,  i f  a more ap prop ri ate va l ue  i s  b reath i n g 2 
pC i / l  for l i fe , t h e  compar i son  wi th  smok i n g becomes 1 /2  and 1 / 3  of  a 
c i g arette/day for 50 and 70 years of  smok i ng ,  respect i ve l y .  That i s ,  a factor 
of 2 h as been mu l t i p l i ed by both s i des  of the equat i on .  

Th i s  exerc i se h as a l l owed us  to compare the  l i fet i me ri s k  of an i n vo l u nt ary 
act i v i ty ( b reath i ng 1 pC i / l  of radon ) to a vo l untary act i on ( smok i n g 
c i garettes ) . That  i s ,  an i n d i v i dua l  b reath i ng 1 pC i / l  of radon for a l i fet i me 
h as t h e  s ame ri s k  of dy i ng from l ung  cancer as a person who smokes somewhere 
between 1 / 4  and 1 / 6  c i garette per day , depend i ng on whether  a 50- or  70 -yr 
l i fet i me i s  assumed . P ut  i n  d i fferent terms , i f  a person smokes , t here i s  no 
reason why he  s h ou l d  con s i der  t h e  ri s k  of dy i n g from t he  exposure to 1 pC i / l  
o f  radon t o  b e  g reater t h an t he  smok i n g i tse l f .  

A s i m i l ar exerc i s e can b e  repeated for other po l l utants  for wh i c h r i s k  factors 
are known , or  for other act i v i t i es .  The b as i c  concept i s  t hat i n d i v i dua l s 
t hemse l ves can c h oose , b ased on t h e i r l i festy l es ,  i f  t h ey can accept  t h e  r i s k  
o f  dy i n g from l ung  cancer a s  t h e  resu l t  o f  exposure t o  i ncreased radon l eve l s 
t hat may be  found i n  a new energy-eff i c i en t  home compared to normal  r i s k s  
t hey take . 

Anot her  method of  compari son re l ates act i v i t i es t h at occur  on an eq ua l  
t i me-of-expos ure bas i s  (Tab l e  0 . 2 ) . T h i s compar i son i s  not made  on t h e  
abso l ute  amount  of t he  act i v i ty ,  but  prov i des a compari son of  t h e  re l at i ve 
r i s k  factors on t h e  b as i s  of eq ua l  t i me . Th i s  a l l ows an i n d i v i d ua l  to 
determ i n e wh i c h act i v i t i es ,  e i t her  i n vo l untary or  vo l untary ,  are more r i s ky .  
For examp l e ,  t h e  ri s k  of fatal i ty from a motor veh i c l e acc i dent  i s  25 t i mes 
g reater t h an a fata l i ty from f i rearms . 

I t  s h ou l d  be  noted t hat several methods  ex i s t for est i mat i ng t h e  occu rrence 
of l ung  cancer as the resu l t  of exposure to radon . T he  ap proach taken i n  
t h i s  document i s  an abso l ute  ri s k  proj ect i on model , i n  wh i ch i t  i s  assumed 
t h e  observed annua l  n umeri ca l  excess cancer ri s k  per un i t  of exposure 
cont i n ues  t h roughout  l i fe . The other  app roach i s  a re l at i ve r i s k  p roj ect i on 
mode l  t h at ass umes t h e  observed percent age i ncrease of t h e  base l i n e cancer 
ri s k  per  un i t  of expos ure i s  constant wi th  t i me ( NAS 1 980) . The  rel at i ve 
ri s k  p roj ect i on mode l  and t h e  abso l ute  ri s k  p roj ect i on mode l  s h ou l d  not  be  
confused wi th  two approaches to def i n i n g a ri s k  coeff i c i en t  t h at i s  used for 
a ri s k  p roj ect i on mode l . The f i rst i s  a spec i f i c  ri s k  coeff i c i en t  t h at i s  
b as ed on one  set  of ep i demi o l og i ca l  s t ud i es on t he  i nc i dence of  l ung  cancer 
from exposure to  vari ous  l eve l s of radon i n  m i ne workers . Th i s  can be  
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compa red ag a i n s t  a re l at i ve r i s k  coeffi c i en t , devel oped by Thomas et . a l  
( 1 985 ) , t h at i s  based on a rean a l ys i s  of var i ous  ep i dem i o l og i c a l  s t ud i es of  
g roups  of m i n ers exposed to  var i ous  l eve l s of radon . 

A rel at i ve r i s k  mode l  l eads to  l arger est i mated r i s ks t han an abso l ute  r i s k  
mode l  because o f  t h e  general l y  i ncreas i ng i n c i dence o f  l ung  cancer wi th  
i n creas i n g age . ( See Har l ey and Harl ey ( 1 986)  for  a compari son of r i s k  
est i mates . )  Because  of  t h i s ,  reg u l atory agenc i es such  as t h e  En v i ronmenta l  
Protect i on Agency ( EPA) are more comfortab l e  u s i n g t h e  re l at i ve r i s k  mode l  
( EPA 1 9 7 9 ) , wh i c h l ead s to  a h i gher  est i mate t han BPA ' s est i mate , wh i ch i s  
based on NCRP ( 1 984) est i mates . E PA h as prepared a document  for t h e  general 
p u b l i c  to  exp l a i n  and compare r i s k s  of  exposure to  var i ous  radon l eve l s ( EPA 
1 986a) . Tab l e  0 . 3  i s  a t ab l e  from t hat document  compar i n g  t h e  es t i mated 
occu rrences of l ung  cancer from var i ous  l ong -term radon concen t rat i on l eve l s 
to  comparab l e  radon exposure l eve l s and r i s k .  

I t  i s  not mean i n gfu l t o  debate h ere whether an abso l ute  o r  re l at i ve r i s k  
proj ect i on mode l  i s  more appropr i ate . I n  fact , t h e  fol l ow i n g  st atement from 
an E PA document  ( EPA 1986b ) i s  appropri ate : " Readers s h ou l d  bear i n  m i nd  
t h at est i mat i ng rad i at i on r i s ks  i s  not a mat ure sc i ence  and  t hat t h e  
eva l uat i on of t h e  r i s k  due  to  radon -222 decay products ( p rogeny) wi l l  change  
as add i t i on a l i n format i on becomes avai l ab l e " . The p urpose of t h e  an a l yt i c  
effort for the  New Energy-Eff i c i en t  Homes Prog ram i s  t o  compare t h e  i mpacts , 
i n  terms of  est i mated l ung cancers , t hat occur i n  excess of those  est i mated 
for base l i ne cond i t i on s . 

TABLE  0 . 2 .  Average R i s k  o f  Fata l i ty by Vari ous  Causes  

Acc i dent Type 

Motor veh i c l e  
Fa l l s  
F i res and hot  substances 
Drown i n g  
F i rearms 
Breat h i n g 0 . 3  pC i / l  radon for l i fe 
A i r trave l  
Fa l l i ng  obj ects 
E l ect rocut i on 
L i gh tn i n g  
Tornadoes 
Hurr i canes  

Sources : B PA 1984 ;  N RC 1 9 7 5 . 

Deat h s /Year 
per U . S .  Popu l at i on 

0 . 4  

5 5 , 7 9 1  
1 7 , 827  
7 , 45 1  
6 , 181  
2 , 309 

1 , 7 78 
1 , 27 1  
1 , 1 48 

160  
9 1  
93 

Death s /Year 
per 100 , 000 Peopl e 

25  
8 
3 . 4  
2 . 8 
1 

<1 
0 . 8 
0 . 58 
0 . 52 
0 . 07 
0 . 04 
0 . 04 
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Tab l e  0 . 3 . Radon R i s k  Eva l uat i on Ch art ( E PA 1986a)  

Est i mated Number 
of  Lung Cancer Est imated Lung 
Deat h s  Due to Cancers Based Comparab l e  
Radon Expos ure on Abso l ute Expos ure Comparab l e  

WL (out  of 1000) Model ( a )  Leve l s  R i s k  

1000 t i mes More t han 
1 440 - 770 420 average 60 t i mes 

outdoor l eve l  nonsmoker 
ri s k  

4 pack-a-
day smoker 

0 . 5  270 -630 2 10  1 00  t i mes 
average i ndoor 
l eve l  20 , 000 

chest  
x -rays/yr 

0 . 2 1 20-380 84 
100 t i mes 2 p ac k - a  
average outdoor day smoker 

0 . 1  60-2 10  42 1 eve 1 
1 pack-a  
day smoker 

0 . 0 5  30- 120 2 1  1 0  t i mes 
average i ndoor 
l eve l  5 t i mes 

nonsmoker 
ri s k  

0 . 02 1 3 -50  8 . 4  
200 chest  

10 t i mes x - rays/yr 
average outdoor 

0 . 0 1  7 -30  4 . 2  l ev e l  
Non smoker 

0 . 00 5  3 - 1 3 2 . 1  Average i ndoor ri s k  of 
1 eve 1 dy i n g from 

l un g  cancer 

0 . 0001  1 -3 0 . 4  Average outdoor 20 chest 
l eve l  x - rays/yr 

Th i s  co l umn i s  from B PA ' s  ana l ys i s  and i s  based on NCRP ' s  approac h 
( re l at i ve ri s k ) ; abso l ute  v a l u e  i s  2 . 1  x 10 -3 for 1 pC i / l  of exposure . 
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E . l  I NTRODUCT I O N  

APPEN D I X  E 

PATHWAY EQU I PMENT EXP EN D I TURES  
Pac i f i c  Northwest  Laboratory 

Reg i on -wi de  equ i pment expend i t ures requ i red under  B PA ' s  New Energy-Eff i c i en t  
Homes P rogram depend o n  a var i ety o f  econom i c  and eng i neer i ng  factors . These 
i nc l ude t he  rate at wh i ch t he  p rogram penetrates the  reg i on ,  t he  g rowth of 
hous i ng ,  p u rch ase costs  of t he  v ari ous  equ i pment , and the  scope of  t he  actua l  
radon p rob l em i n  t he  nort hwest . Th i s  append i x  exami nes t he  eq u i pment 
expen d i t ures req u i red by each pat hway under a con s i stent  set of behav i ora l  
and  eng i neeri ng  factors . 

The foc us  of t he  append i x  i s  to deve l op a sense  of rel at i ve expen d i t ures 
req u i red for each of the p at hways as we l l as the p referred and no  add i t i ona l  
act i on a l ternat i ves . T he  res u l ts  of t h i s  append i x  do not i nc l ude a l l of t he  
e l ements  needed for  a cost-effect i veness  an a l ys i s .  

As t h e  p rogram i s  current l y  s tructured , p arti c i p at i ng b u i l ders h ave  a c ho i ce 
of whether  to  i n sta l l radon mi t i gat i on measures in  the houses  t hey b u i l d .  
F i g ure E . l  shows how new p rogram hous i ng wi l l  f i t i nto b u i l ders ' c ho i ces . 
These assumpt i on s  are documented i n  Love ( 1 987 ) . 

I n  t he  f i rst stage t he  n umber of bu i l ders choos i ng to b u i l d  i n  source con t ro l  
i s  expected to  decrease o ver  t i me .  From 1987 to 1992 , 75% of t h e  b u i l ders 
are expected to  b u i l d  i n  source contro l  measures . Th i s  d rops to 60% between 
1992  and 2002 , and to 20% after 2002 . Th i s  d ec rease i s  matched by a 
correspond i ng i nc rease i n  those  choos i ng t he  �mon i tor  and m i t i g at e "  opt i on .  
Th i s  change  i s  ass umed to occur i n  conj unct i on wi th  t he  deve l op i ng capab i l i ty 
to map areas w i t h  h i gh concentrat i on s  of  radon . I t  wi l l  t h u s  be  poss i b l e  to  
better  determi ne  wh at type of  con struct i on i s  appropri ate for a g i �en s i te .  

O f  those  who b u i l d  i n  source contro l  meas ures , 70% are assumed to a l so mon i tor 
the homes . O f  the 70% who mon i to r ,  8 . 97% are be l i eved to f i nd  t h at t hey h ave  
a radon prob l em ;  45 . 83% of t he se  are ass umed to  be  i n  homes wi t h  crawl s paces 
and 54 . 17%  i n  s l ab homes . Th i s  rat i o  was found  by the RSDP ' s  data base ( B PA 
1 986a)  . 

The n umber of peop l e  who act i v ate t he i r radon cont ro l  measures i s  expected to 
vary w i t h  the i ntens i ty of the radon prob l em .  Th i s  an a l y s i s  assumes t h at 50% 
of t he  p rob l em houses  wi l l  be  between 5 and 10  pC i / l ; 10% of these  homeowners 
are expected to  act i vate  t he i r measures . Forty percent of t he  houses  are 
ass umed to  be  between 10  and 20 pC i / l ; 30% of  these  homeowners are ass umed to 
take  act i on .  On l y  10% of the prob l em homes are ass umed to h ave  concentrat i on s  
above 20 pC i / l ; because t he  concentrat i on i s  so  h i g h , 7 5%  of t he se  homeowners 
are expected to  take act i on .  G i ven the l eve l  of uncert a i n ty about both t he  
actua l  sca l e  of  t he  reg i ona l  radon p rob l em and  about t he  behav i oral  respon se  
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of  homeown ers , these  f i gures  must  be con s i dered best  i n format i on assumpt i on s . 
They are meant  to  p rov i de a con s i sten t ,  and  to t he  extent pos s i b l e ,  reasonab l e ,  
beh a v i oral  bas i s  from wh i ch to measure the  expected equ i pment  expen d i tures on 
a pathway by p athway bas i s .  

A separate path  i s  poss i b l e  for b u i l ders who do  not  be l i eve  t hat  radon i s  a 
t h reat on t h e i r b u i l d i ng s i te .  Fo l l owi ng  t he  mon i tor  s i de of  t he  f i g ure shows 
that  t he  n umber of  b u i l ders choos i n g  to  mon i tor i s  expected to  g row over t i me .  
Aga i n ,  8 . 9 7% o f  t he  homes are expected to d i scover a radon prob l em .  They too 
wi l l  take act i on ,  depen d i n g on the l eve l  of  radon i n  the house . The rat i os 
are t he  s ame as t he  source contro l g roups l a i d  out  above . 

The act i on s  l a i d  out  above form the  b as i s  for t he  behav i ora l  port i on of t he  
reg i on a l  cost  e s t i mate . I t  i s  ass umed that a radon mapp i n g  capab i l i ty wi l l  
a l l ow b u i l ders to  better d i scern when b u i l d i n g m i t i gat i on measures i nto  a 
s tructure i s  appropr i ate . Homeowners shou l d be  respon s i ve to  t he  d egree of 
expos ure to  radon , and  the g reater the exposure , the  more l i ke l y  t hey are to  
t ake act i on .  However ,  the  exact percentages wh i ch wi l l  fo l l ow each  path  i s  
not yet we l l  u nderstood . As a res u l t ,  assump t i on s  wh i ch are b ased on t he  
best  i n format i on ava i l ab l e  ( even i t  i s  s l i m  i ndeed)  form t he  quant i tat i ve 
port i on of  t he  behav i oral  aspect  of reg i ona l  equ i pment  expend i tures . As a 
res u l t ,  t he  abso l ute  l eve l  of  the  e st i mated reg i ona l  expen d i t ures i s  s uspect . 
However , s i nce t he  assump t i on s  are con s i s tent across t he  d i fferent pathways , 
i t  seems l i ke l y  t h at re l at i ve orderi ng  of the  pathways wi l l  be  rob ust  to these 
assump t i on s . 

E . 2  BASE CASE EXPEN D I TURES 

Reg i ona l  equ i pment expend i t ures of each of the p roposed pathways are ana l yzed 
t h rough  a compar i son between the p athway and the current p ract i ce h ome . The 
expen d i t ure on each pathway i s  con s tructed by add i ng t he  costs  of the 
d i fferent  sets  of  m i t i gat i on and con struct i on s trateg i es to  t he  current 
p ract i ce home . One d i fference i s  s h ared by each of the d i fferent  p athways . 
Each has  a h i gher  l eve l  of i ns u l at i on t h an t he  current p ract i ce house . Th i s  
i n s u l at i on package separates t he  pathways from the  current p ract i ce .  Th i s  
ana l ys i s  wi l l  ass ume t h at t he  average reg i ona l  res i dent i a l un i t  i s  1400 sq  
ft . Tab l e  E . 1  s hows these  a l ternat i ves and  t he i r per  house  cost s .  Eac h i s  
ass umed t o  have  t he  s ame real  cost  t h roughout t he  20-year study hor i zon . 

S i nce t h i s  i s  an equ i pment expen d i t ure ana l ys i s  rather  than  a l i fe cyc l e  cost  
ana l ys i s , on l y  t he  p urchase  p r i ce wi l l  be  i nc l uded in  t he  expen d i t ure 
ana l ys i s . 

Mov i ng from un i t  to  reg i ona l  est i mates requ i res that  t he  hou s i ng forecast be  
i ntegrated wi th  p urchase  costs . G i ven the  hous i n g forecast and penetrat i on 
schedu l es for t he  p rogram , t he  tota l  u n i t s  ( reg i ona l  p u rc hases ) are found by 
mu l t i p l y i ng the  p urchase  cost  for each un i t  t i mes t he  forecasted houses . 
When t h i s  p rocess i s  comp l eted for each of the  20 years i n  the  forecas t ,  t he  
s tre am of  reg i ona l  p u rc hase  expend i tures i s  revea l ed .  Th i s  st ream i s  red uced 
to  a s i ng l e  f i g ure by t a k i ng  the p resent va l ue  of  the s tream . A rea l  d i scount 
rate of  3% i s  assumed i n  t h i s  an a l yses . Tab l e  E . 2  s hows the reg i ona l  p resent 
va l ues of  p urch ase for each o f  the measures . 
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TABL E  E . 1 .  P urchase  Cost of Potent i a l Pathway Measures 

Measure Cost .:::..::..;=-=----

Large AAHxa 
Sma l l AAHXb 
Exhaust  Fans wi th  Duct i ngC 
Exhaust  Fansc 
A i r  Barri ersd 
Sub - S l ab G rave l c 
Crawl sp ace Vent i l at i one 
Radon Mon i tor i nge 
B l ower Door Test 
Porta l s 
I n s u l at i on Pac kage 

S i ng l e - Fami l y  
Mu l t i fami l y  
Man ufactured Hous i ng 

Source of Costs 

a - B PA ( 1986 b )  
b - B PA ( 1986c )  
c - Harri s ( 1 987 )  
d - B PA ( 1 986d )  
e - Rowan ( 1 987 )  

$ 1 , 274 . 00 
8 1 4 . 00 
30 1 . 50 

6 5 . 00 
5 7 7 . 50 
100 . 00 
20 . 00 
20 . 00 

1 2 5 . 00 
1 18 . 50 

1 , 250 . 00 
493 . 00 

1 , 402 . 00 

TABL E  E . 2 .  Present Va l ue of P urchase  Expen d i t ures  

Present Va l ue  of 
Meas u re Regi ona l  Cost ($ mi l l i on s )  

Large  AAHX 
Smal l AAHX 
Exhaust  Fans 
Exhaust Fan s  with Duct i ng 
A i r  Barri ers 
S u b - S l ab G rave l  
Crawl s pace Vent i l at i on 
Radon Mon i tor i ng  
B l ower Door  Test i n g 
Porta l s  
I n s u l at i on Pac kage 

E . 3  REG I O NAL  EQU I PMENT EXPE ND I TURES 

268 
1 7 1  

1 4  
63 

122 
2 1  

4 
4 

26 
25  

200 

Each of the components of the pathways contr i b utes to the reg i ona l  equ i pment 
expend i t ures req u i red by the p rogram over the next 20 years . I n  th i s  an a l ys i s  
the  components were exam i ned i nd i v i dua l l y .  The p urchase  cost for both retrof i t  
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and or i g i n a l  construct i on cases were we i ghted by the  n umber of  houses  i n  each 
category over the 20 -year forecast per i od to f i nd  the reg i on a l  expend i tu re 
stream assoc i ated wi th each component .  The p resent va l ue of  th i s  reg i on a l  
cost stream was found  u s i ng a d i scount rate o f  3% . The except i on t o  th i s  
p roced u re was the  i n su l at i on pac kage . The i n s u l at i on pac kage i s  n eeded for 
each of the p athways s i n ce they are a l l based on a t i ghter  house  than curren t 
p ract i ce .  Tab l e  E . 3  shows the resu l t i n g  reg i ona l  expen d i tures by both 
component and pathway . 

Severa l p athways are " p a i red " i n  the sense  that the d i fference between the 
pathways i s  the  n umber of  hours the AAHX or  exhaust system operates i s  the  
on l y  d i fference between them .  S i nce th i s  an a l ys i s  does  not account for  e i ther 
energy sav i n gs or  energy costs of the equ i pment these p athways wi l l  have 
i dent i ca l  equ i pment expend i tu res . 

The most expen s i ve pat hways are n umbers 8 and 9 at $ 522 m i l l i on i n  equ i pment 
expend i t ures . Pathways 1 and 2 are s l i gh t l y  l es s  expen s i ve at $497  m i l l i on 
i n  equ i pment  expend i tures . Pathways 10  and 1 1  are about $ 100 m i l l i on l es s  
than the  f i rst g roup . T h e  rest of t he  pathways are , i n  descend i n g order  i n  
expend i t u re ,  1 0  and  1 1 ,  7 ,  4 ,  6 ,  and  5 ,  and  f i n a l l y ,  pathway 1 .  These run 
between $390 m i l l i on and $ 229 m i l l i on .  The P referred A l ternat i ve i s  expected 
to h ave  expend i t ures of  $379  mi l l i on .  The no  add i t i on a l  act i on a l ternat i ve 
i s  expected to have  expend i t u res of $233 m i l l i on .  
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TABLE E. 3 .  Reg i ona l Cost of the A l ternat i ves (1986 M i  I l i ons S )  

Proposed Act i on A l ternat i ve 

No Add i t i ona l Pathway Pathway Pathway Pathway Pathway Pathway Pathway Pathway Pathway Pathway Pathway Pref e r red 

Measure Act i on 1 2 3 4 5 6 7 8 9 1Il 1 1  A l te rnat i ve 

Large AAHX SIl S268 S268 SIl SIl SIl SIl SI'l SIl SIl SIl 

Sma l l  AAHX 8 h r  SI'l SIl SIl SIl SIl SIl SIl $ 1 7 1  $ 17 1  SIl SI'l 

Exhaust Fan w i th ports 24 h r  SIl SIl SIl $ 1 4  SIl SIl SIl SIl SIl $14 S" 

Exhaust Fan w i th ports 8 h r  S Il  SIl SIl SI'l $ 1 4  S Il  S Il  SI'l SIl SIl $14 

A i  r Ba r r i e r  SI'l SI'l SIl SIl SIl SIl $122 $122 $122 $ 122 $ 122 

Exhaust Fan W i th duct i ng SIl SIl SIl SIl SIl S63 SIl SIl SIl SIl SIl 

Vent i l ated Craw l space S4 S4 S4 S4 S4  S4  S4  S4  S 4  S4  S4  

rn Grave l S 2 1  S21  S21  S21  S 2 1  S21  S 2 1  S 2 1  S21  S21 S21  

Vl Mon i tor i ng S4 S4 S4  S4  S4  S4  S4  S4  S 4  S4  S4  

Insu l at i on Package S21lll S21lll S21lll S21lll S 21lll S21lll S21lll S21lll S21lll S21lll S21lll 

B l ower door test SIl SIl SIl SI'l SIl S26 SIl SIl SIl SIl SI'l 

Ports SIl SIl SIl S25 S25 S8 SI'l SI'l SI'l S25 S25 

Reg i ona l Expend i tu re S 233 S 229 S497 S497 S268 S 268 S326 S351 S 522 S522 S391l S391l S379 
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APPEN D I X  F 

EMPLOYMENT EFFECTS O F  MCS 
Pac i f i c  Northwest Laboratory 

Adop t i ng and i mp l emen t i n g  the  MCS wou l d  affect ex i st i ng emp l oyment l ev e l s i n  
the Northwest i f  e i ther  an energy s urp l us o r  an energy defi c i t  ex i sted . The 
re l at i ve effects wou l d  depend on wh i ch a l ternat i ve resource (coa l , hydro , 
etc . )  i s  compared w i th i mpacts created by MCS . For examp l e ,  some a l ternat i ve 
resources , such  as the  MCS , are more l abor- i nten s i ve ,  wh i l e others , such  as 
coal - f i red p l ants , requ i re more materi a l s and outs i de serv i ces . The i mpacts 
a l so  cou l d  be compared w i th the emp l oyment l eve l s that wou l d  occur  i f  no  
energy s u rp l u s or  def i c i t  ex i sted . 

To d ate , two re l evant stud i es h ave  been comp l eted wh i ch est i mate i mpacts on 
emp l oyment : one est i mates the  effects of i mp l ement i ng a reg i ona l  
weatheri z at i on p rogram (Char l es R i ver As soc i ates 1 984) , a n d  the  other of  
adop t i n g  MCS ( S i ms 1 984) . These stud i es were b ased on the  cond i t i on s  l a i d  
out i n  the f i rst reg i ona l  power p l an ( NWPPC 1 983 ) . The focus  of the Charl es 
R i ver  Assoc i ates ( CRA)  study was to determi ne  the emp l oyment effects of 
con serv i n g  energy compared w i th the effects of con struct i ng a coa l  p l ant . 
Both the  CRA and S i ms stud i es concl uded that conserv at i on wou l d  p rov i de 
greater emp l oyment benef i ts to the reg i on than wou l d  coal  p l ant  construct i on .  
However , both opt i on s  res u l ted i n  negat i ve net emp l oyment because both 
conserv at i on and con struct i on have rate effects  that cause j ob s  to be l ost . 
Con servat i on ,  however , s howed s ubstant i a l l y  fewer negat i ve effects  than coal  
p l ant  construct i on .  Both  stud i es noted that i f  the current s urp l us cont i n ued 
and n e i ther  MCS nor  a l ternat i ve resources were req u i red , reg i on a l  emp l oyment 
wou l d  be  even g reater . Under these cond i t i on s , i f  the p u b l i c  spent d i sposab l e  
i ncome o n  goods and serv i ces , a h i gher emp l oyment l ev e l  wou l d  b e  p roduced 
than i f  they h ad used those  funds to acqu i re energy from e i ther  MCS or  other 
resources ( see F i g ure F . 1 ) . 

Because  t he  S i ms report ( 1 984) p rov i ded the best av a i l ab l e  i n format i on on the 
effects of MCS at the  t i me th i s  E I S  was p repared , i t  was used as the  b as i s  
for con s i der i ng emp l oyment effects l i ke l y  to res u l t from BPA ' s New Homes 
Prog rams . The ass umpt i on s  u sed i n  the  S i ms report and the i r expected effects 
on emp l oyment are p resented be l ow .  

F . 1  T HE  S I MS REPO RT 

The S i ms  report ( 1984) d rew on the  methodo l ogy deve l oped by Char l es R i ver 
As soc i ates ( C RA 1 984) for a study conducted for BPA . The  S i ms report 
eva l uated i nv estment a l ternat i ves to the i ncreased costs that homeowners wou l d  
p ay for homes b u i l t  to the  MCS . The CRA report focused more on emp l oyment 
i mpacts  and cost dynam i cs i n  the construct i on i ndustry .  
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F I GURE  F . 1 .  I mpacts of  D i sposab l e  I ncome on Emp l oyment 

The overr i d i ng ass umpt i on of  the  S i ms report was that  an energy def i c i t  must  
be  met  e i t h er by i m p l emen t i ng conservat i on programs or  b u i l d i ng new generat i ng 
fac i l i t i es .  Other key a s s umpt i on s  used i n  t he  ana l ys i s  are descr i bed on t he  
fo l l owi ng  pages . 

o Emp l oyment f i g ures are g i ven at the  aggregate , reg i ona l  l eve l ; t hey are 
not d i s tr i b uted by s tate . Emp l oyment wou l d  be  d i s persed t h roughout  each 
state as determ i ned by the l ocat i on of new hous i ng start s . 

o A l l emp l oyees wou l d be  d rawn from wi th i n  t he  ex i st i ng l abor  poo l . 
Workers wou l d  not m i grate to t he  reg i on or  between s tates to  exp l o i t  
emp l oyment opportun i t i es .  

o The an a l ys i s  covers 1 986 to  2002 , a l though  the  fu l l  costs  and benefi ts 
o f  conservat i on measures and t he i r a l tern at i ves were con s i dered over  
t h e i r l i fet i mes , and d i scoun ted to  a p resent va l ue .  W i t h i n  the  1 986-
2002 t i me frame , s av i ngs  are ass umed to  accrue on l y  i f  MCS were needed 
to  red uce energy def i c i ts . 
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Add i ng i ncome to the reg i on from s a l es of exported power dur i ng  a per i od 
of s u rp l us  power and p urchas i n g needed power dur i ng  a power defi c i t  were 
not con s i dered . 

On l y  i n format i on on nom i n a l  emp l oyment was used because of the  
un certa i nty regard i ng the appropri ateness  of d i scount i ng future 
emp l oyment .  

Purch ase of i mported goods and serv i ces from the  econom i c  s av i ngs  g a i ned 
were not con s i dered to h ave  any va l ue  to the  n at i ona l  economy . 

The i n sta l l at i on of  a i r-to - a i r heat exchangers (AAHX) was not con s i dered 
i n  the  S i ms report . ( I f  they are used i n  the New Homes Programs , the  
l eve l i zed cost under MCS  wou l d  be  h i gher  and t he  net  i mpacts on 
emp l oyment l eve l s wou l d  be g reater . )  

The  S i ms study conc l uded that i f  an energy def i c i t  occurred , emp l oyment wou l d  
dec l i ne from l eve l s es t imated for base l i n e  cond i t i ons  s i nce more emp l oyment 
wou l d  be  g enerated i f  the p u b l i c  purchased goods and serv i ces t h an i f  they 
acqu i red add i t i ona l  energy from MCS or  ot her  resources . I f  coa l  p l ants were 
constructed to meet the  energy def i c i t  i nstead of adopt i ng MCS to meet that 
def i c i t , the emp l oyment l os s  wou l d  be even greater because coal  p l ants cost 
more and wi l l  t h u s  res u l t  in h i gher  b i l l s .  I f  no def i c i t  occu rred , both 
opt i on s  wou l d  red uce emp l oyment l eve l s .  The study p red i cts  that , at some 
po i nt , energy defi c i ts wi l l  occur  and the future cost of meet i ng those 
def i c i t s wi l l  be g reater than acq u i r i n g  MCS conservat i on resou rce now .  I t  
further  conc l udes that i mpacts on emp l oyment wou l d  b e  m i n i m i zed by acq u i r i ng 
the  ava i l ab l e  resource now ,  compared w ith  acqu i r i ng i t  d u r i n g  per i ods of 
energy defi c i t s . 

F . 2  APPL I CAT I O N  O F  S I MS REPORT TO THE  NEW HOMES PROGRAM 

The S ims s tudy can be used to determi ne  the  re l at i ve order of magn i tude of 
the i mpacts res u l t i ng from adopt i on of the vari ous  a l ternat i ves  and p athways 
for the  New Homes Programs as shown i n  Tab l e  F . l .  Howeve r ,  the  cond i t i on s  on 
wh i ch t he  S i ms study were b ased are not the s ame as those  out l i ned i n  t he  
p resent power  p l an ( NWPPC 1 986) , so the  res u l t s cannot be  app l i ed d i rec t l y  to 
the B PA New Homes Programs . I n  order to compare est i mated emp l oyment  effects 
of the  a l ternat i ves , a re-eva l uat i on of the res u l ts wou l d  be  req u i red , 
i nc l ud i ng chang i ng the MCS penetrat i on rate from 90% to 75% Howeve r ,  for 
th i s  E I S  a comparat i ve assessment  of the emp l oyment effects , u s i ng the S i ms 
report as a b as i s ,  i s  a l l t hat i s  necessary .  What fo l l ows i n  Tab l e  F . l  i s  a 
q ua l i t at i ve  assessment of the  re l at i ve order of magn i tude  of the emp l oyment 
effects for the No Add i t i ona l  Act i on A l ternat i ve and the 1 1  pathways . 
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TABL E  F . l .  Emp l oyment Effects of  Adopt i ng  A l ternat i ves/ Pat hways 
for the New Homes Program 

A l ternat i ve/ Pat hway 

Base l i ne 

No Add i t i on a l  Act i on A l ternat i ve 
Exhaust System wi th  Ports 

AAHX w i t h  A i r Barr i er 

Proposed Act i on A l ternat i ves 

Pathway 1 

Pathways 2 and 3 

Pathways 4 and 5 

Pathway 6 

Pathway 7 

Pathways 8 and 9 

Pathways 10  and 1 1  

F . 4  

Impact 

None 

S l i gh t l y  reduced emp l oyment i n  both 
energy s urp l us and def i c i t  because  
e l ectr i c b i l l s are h i gher  than i n  
base l i n e ;  t hus  con s umers s pend l es s  
o n  other goods a n d  serv i ces . 

Larger net negat i ve emp l oyment 
compared wi th  the exhaust system 
because AAHXs cost more ; therefore , 
i t  wi l l  have  g reater effect on 
e l ectr i c  b i l l s and consumers ' ab i l i ty 
to s pend on other goods and serv i ces 
as l arger n umber  of  AAHX systems are 
i n sta l l ed .  

Emp l oyment reduct i on s  are l es s  than 
under No  Add i t i on a l  Act i on because  
mechan i ca l  vent i l at i on is  not 
req u i red ; t hus , costs are l ower ,  b i l l s  
are l ower ,  and the  reduct i on i n  
spend i ng on goods and serv i ces i s  
l ess . 

S i m i l ar to the  AAHX opt i on under No 
Add i t i ona l  Act i on ,  but  s i nce  there i s  
n o  a i r  barr i e r ,  net negat i ve effects 
wou l d  be  l es s . 

S i mi l ar to the exhaust  system opt i on 
under No Add i t i ona l  Act i on .  

S im i l ar to Pathway 1 ,  w i t h  s l i gh t l y  
more unemp l oyment . 

More unemp l oyment than Pathway 1 
because  of  req u i rement for a i r  
barri e r ,  wh i ch i nc reases costs , and 
b i l l s ,  and thus decreases expend i tu res 
on goods and serv i ces . 

S i m i l a r to the  AAHX opt i on under No  
Add i t i ona l  Act i on .  

S im i l ar to Pathways 4 and 5 but  
negat i ve is  greater because of  the  
costs  o f  the a i r  barr i er .  



REFERENCES 

CRA . 1 984 . Empl oyment Effects of E l ectr i c Energy Con serv at i on .  Char l es 
R i ver  Assoc i ates , Boston , Massachusetts , P repared for Bonnev i l l e Power 
Adm i n i strat i on ,  Port l and , O regon . 

NWPPC . 1 983 . Northwest  Conservat i on and E l ectr i c  Power P l an .  Northwest 
Power P l an n i ng Counc i l ,  Port l and , Oregon . 

NWPPC . 1 986 . Northwest Conservat i on and E l ectr i c  Power P l an .  Northwest  
Power P l ann i ng Counc i l ,  Port l and , O regon . 

S i ms .  1 984 . Economi c Con s i derat i on s  Re l at i ng to the  Adopt i on of the  Model 
Con serv at i on Standards . H .  G l en S i ms and As soc i ates , Ba i nbr i dge I s l and , 
Was h i ngton . P repared for Northwest  Con serv at i on Act Coal i t i on ,  Seatt l e ,  
Was h i ngton . 

F . 5  





APPEND I X  G 

EN ERGY SAV I NG S  
Pac i f i c  Nort hwest Laboratory 

G . 1  I NTRODUCT ION  

I n  t h e  F i n a l  E I S  t he  energy sav i ngs  ca l cu l at i ons  were determ i ned for t he  
e l even proposed p at hways us i ng u pper  and  l ower bounds  of vent i l at i on rates . 
The b as i c  p rocedures and assumpt i on s  h ave  rema i ned t he  same as those  
presented i n  Appen d i x  A of Vo l ume I I  of t he  D E I S  ( New Homes Conservat i on 
Resource ) . The  b as i c  steps  used to p red i ct energy s av i n g s  are p resented i n  
t h i s  Append i x ,  i nc l u d i ng a more detai l ed exp l anat i on of any d i fferences 
between these  ca l c u l at i on s  and those  presented i n  t he  D E I S .  The reader 
shou l d  refer to  t h e  DE I S  Vo l ume I I  documen t  for further i n format i on on 
as sump t i on s  or deta i l ed procedures . 

I n format i on on t he  methodo l ogy used to est i mate t he  amount  of en ergy saved by 
curren t p ract i ce and energy effi c i en t  homes can be found  i n  Appen d i x  A of 
Vo l ume I I  of the D E I S .  These ca l c u l at i on s  were used to pred i ct reg i on a l  
en ergy sav i n g s  i n  t he  D E I S .  I n  Append i x  F to t h at document , sca l i n g factors 
were app l i ed to  the energy s av i ngs  ca l c u l at i ons to determ i n e  energy sav i n g s  
for t he  f i ve  p athways proposed i n  t he  D E I S . 

G . 2  ASSUMPT IONS  USED  I N  D ETERM I N I NG EN ERGY SAV I NG S  

T he  b as i c  assump t i on s  u s ed to determi ne  energy s av i n g s  are t ho se  descr i b i n g 
t he  b ase  case p rototypes , t he  way the  p rototype i s  s i mu l ated to  u s e  energy , 
the  we i gh t i ng factors that  descri be  how the  prototypes are d i s tr i buted by 
s i z e  and c l i mate zone , and  t he  MCS adopt i on rates for t he  reg i on . 

G . 2 . 1 Base Case Prototypes 

The prototypes used i n  t he  F i n a l  E I S ,  descri bed i n  Chapter 3 ,  are t he  s ame as 
those  used i n  t he  D E I S . Drawi ngs  and descri p t i on s  of t he  prototypes can be 
foun d  i n  Appen d i x  D to Appen d i x  A of Vol ume I I  of the D E I S .  

G . 2 . 2  Heat Loss  Ca l cu l at i ons  

The base case  prototypes descri bed in  Sect i on 3 . 2 of t he  f i n a l  E I S  were 
s i mu l ated assumi ng  d i fferent  l eve l s of i n s u l at i on and  v en t i l at i on descr i b i n g 
current p ract i ce ,  s tate codes and MCS . The thermal  ch aracter i st i cs for each 
of these  scen ari os are found i n  Tab l es 3 . 2 ,  3 . 3 and 3 . 4  of the F i n a l  E I S . 
When t he  ana ly s i s  for t h e  D E I S  was be i ng  comp l eted , t h e  Wash i ngton and Oregon 
State codes h ad not been i mp l emented so t hey were not con s i dered i n  t h e  
determ i n at i on of current pract i ce .  

A factor i n  determi n i n g  how much energy a house  uses  i s  t he  a i r  exchange  rate 
of  the dwe l l i ng . Th i s  vent i l at i on rate changes  for each of the pathways 
p resented i n  Chapter 2 .  The  presence or absence of  a i r b arr i ers , a i r-to-a i r  
h eat  exchangers or exhaust  fans causes  th i s  n umber to v ary . These rates a l so 
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vary between t he  upper and l ower bound  vent i l at i on rates . The  an a l ys i s  of  
energy s av i ngs  uses  the  average vent i l at i on rates for  a l l t h ree p rototypes . 
These are g i ven i n  Tab l e  G . l .  

These v ent i l at i on rates are what d i fferent i ate each of  t he  p at hways from one  
anothe r .  I n s u l at i on l eve l s are t h e  s ame for a l l t he  p athways . T h e  b a s e  case 
vent i l at i on rates are the  s ame for cu rrent pract i ce and state codes ; on l y  the 
i n s u l at i on l ev e l s vary amon g  these  p rototypes . 

G . 2 . 3 Bu i l d i ng S i mu l at i on 

The  computer mode l  Sunday ,  u sed i n  the  an a l ys i s  for the  D E I S , was a l so  u sed 
to determ i ne  energy usage  i n  th i s  an a l ys i s .  A l l i n puts  to t he  mode l , except 
UAs , were i den t i ca l  to those used in the D E I S . For an exp l anat i on of  these  
i n puts  see Sect i on 5 . 1 . 2 of Append i x  A to Vo l ume I I  of  the  D E I S .  

Because  of the  l arge n umber of  UAs res u l t i ng from s i x  prototypes i n  th ree 
c l i mate z ones for t hree base  case scenar i os and e l even p at hways def i ned by 
two v ent i l at i on rates , s i mu l at i ng each of these scenar i os became i mpract i ca l . 
For th i s  reason , s amp l e s i mu l at i on s  wh i ch descr i be  the  range of UAs for a 
g i ven prototype were i n put i nto the mode l . A curve was then f i t  t hrough  the  
res u l t s  u s i ng t he  method of l east squares . The res u l t i ng l i near or  quadrat i c  
funct i on was used t o  determ i ne energy con s umpt i on for each d i screte U A  v a l ue .  
UA v a l ues resu l t i ng from th i s  process are found i n  Tab l es G . 2  and G . 3 .  

G . 2 . 4  We ight i ng Factors 

The  we i g h t i ng  factors u sed to descri be the d i str i b ut i on of  p rototypes by s i ze 
and c l i mate zone  are the  s ame as those  used i n  the  D E I S . Zon e a l l ocat i on 
assumpt i ons  can be foun d  i n  Tab l e 5 . 8 i n  Append i x  A of  t he  D E I S  for s i n g l e  
and mu l t i fami l y  p rototypes and i n  Sect i on 5 . 4 . 2 . 4  for manufactured hous i ng .  

TABLE G . 1 .  Average Vent i l at i on Rates Used i n  Energy A na ly s i s  

Man u factured 
Pathwa� S i ngl e Fami 1 � Mu l t  i fami  1 � Hous i ng 

Fan P FT Fan P FT Fan P FT 

1 . 35 . 28 . 2 1  . 1 6 . 3 5  . 29 
2 . 38 . 38 . 28 . 28 . 35 . 3 5  
3 . 34 . 34 . 22 . 22 . 3 1  . 3 1  
4 . 48 . 40 . 48 . 42 . 49 . 46 
5 . 42 . 3 4  . 34 . 27 . 42 . 39 
6 . 38 . 3 1  . 29 . 23 . 3 9  . 33 
7 . 18 . 1 5 . 13 . 1 2 . 18 . 1 1 
8 . 25 . 25 . 20 . 20 . 2 1  . 1 7 
9 . 18 . 18 . 1 3 . 1 3 . 1 4 . 1 2 

10 . 3 4  . 3 1  . 42 . 40 . 35 . 27 
1 1  . 26 . 22 . 26 . 24 . 26 . 1 9 

Current Pract i ce . 49 . 38 . 33 . 22 . 38 . 32 
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TABLE  G . 2 .  Compar i son of UA Va l ues i n  Current  Pract i ce and Energy Eff i c i en t  
Prototypes Based on Upper Bound Ven t i l at i on Rates 

S I NG L E  FAM I LY 
C l i mate Zone 

Sq . ft . A l ternat i ve  ZON E 1 ZON E 2 ZON E 3 

1344 BAS E L I N E  48 1 464 382 
1344 OREGON 426 389 
1344 WAS H I NGTON 382 382 

1848 BAS E L I N E  593 5 76  468 
1848 OREGON 5 2 1  463 
1848 WAS H I NGTON 468 468 

2352 BAS E L I N E  762 754  545  
2352 OREGON 687 530 
2352 WAS H I NGTON 649 555 

1 344 
PATH 1 295 279 259 
PATH 2 301  285 265 
PATH 3 293 277  257  
PATH 4 320 304 285 
PATH 5 308 292 273 
PATH 6 300 285 265 
PATH 7 26 1  246 226 
PATH 8 275  259 240 
PATH 9 26 1 246 226 
PATH 10 293 277  257  
PATH 1 1  278 26 1 242 

1848 
PATH 1 359  339 3 1 9  
PATH 2 367  346 326 
PATH 3 356  335  3 1 5 
PATH 4 394 372  352 
PATH 5 378 350 336 
PATH 6 367  340 326 
PATH 7 3 1 4  287 272  
PATH  8 333 305 29 1 
PATH 9 3 1 4 272  272  
PATH 10  3 56 3 1 5  3 1 5 
PATH 1 1  335  3 1 4  294 

2352 
PATH 1 425 4 1 1  392 
PATH 2 43 5 422 402 
PATH 3 422 408 389 
PATH 4 469 456 436 
PATH 5 449 435 4 1 6  
PATH 6 43 5 422 402 
PATH 7 367  354  335  
PATH  8 3 9 1  378 358 
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TABLE  G . 2  ( Cant . ) 

PATH 9 367  354  335  
PATH 10  422 408 389 
PATH 1 1  3 94 38 1 3 62 

MUL T I FAMI LY 

BAS E L I N E  2358 2308 1836 
OREGON 2053 1855 1836 
WASH 1836 1836 

PATH 1 1387 1 2 7 7  1 2 1 4  
PATH 2 1 503 1393  1329 
PATH 3 1404 1293 1 230 
PATH 4 1833 1 723 1660  
PATH 5 1 602 1 492 1 429 
PATH 6 1569  1459  1396  
PATH 7 1255  1 1 45 1 082 
PATH 8 1 3 7 1  1 260 1 1 97  
PATH 9 1255  1 1 45 1 082 
PATH 10  1 734  1624  1 5 6 1  
PATH 1 1  1470 1 360 1296  

MANUFACTURED HOUS I NG 

S I NG L E  3 7 7  3 7 7  3 7 7  
DOUBLE  472 472 472 

PATH 1 2 1 7  2 1 4  207 
PATH 2 2 1 7  2 1 4  207 
PATH 3 2 1 2  209 20 1 
PATH 4 236 232 225 
PATH 5 226 223 2 1 6  
PATH 6 222 2 1 9  2 1 2  
PATH 7 1 94  1 9 1  184 
PATH 8 1 98 195  188 
PATH 9 189 186 1 7 9  
PATH 1 0  2 1 7  2 1 4  207 
PATH 1 1  205 202 1 95  

PATH 1 263 260 2 5 1  
PATH 2 263 260 2 5 1  
PATH 3 255 252  244 
PATH 4 290 287 2 78 
PATH 5 277  273 265 
PATH 6 2 7 1  268 259 
PATH 7 230 227 2 18 
PATH 8 236 233 224 
PATH 9 224 22 1  2 13  
PATH 10  263 260 2 5 1  
PATH 1 1  246 242 234 



TABLE  G . 3 .  

Sq . ft . 

1 344 
1 344 
1 344 

1848 
1848 
1848 

2352 
2352 
2352 

1344  

1848 

2352 

Compar i son  of  UA Va l ues i n  Cu rrent Pract i c e and Energy Eff i c i en t  
Prototypes Based on Lower Bound Ven t i l at i on Rate 

S I NG L E  FAM I LY 
C l i mate Zone 

A l tern at i ve  ZON E  1 ZON E  2 ZON E  3 

BAS E L I N E  460 442 3 6 1  
OREGON 404 367  
WAS H I NGTON 3 6 1  3 6 1  

BAS E L I N E  563 547  439 
OREGON 492 434 
WASH I NGTON 439 439 

BAS E L I  N E  724 7 1 7  508 
OREGON 650 493 
WASH I NGTON 6 1 2  5 1 8  

PATH 1 282 265 246 
PATH 2 30 1  285 265 
PATH 3 293 277  257  
PATH 4 305 289 269 
PATH 5 292 277  257  
PATH 6 286 2 7 1  252  
PATH 7 255 240 220 
PATH 8 275  259  240 
PATH 9 26 1 246 226 
PATH 10  287 2 7 1  252 
PATH 1 1  270 254 234 

PATH 1 3 4 1  320 300 
PATH 2 367  3 46 326  
PATH 3 3 56 335  3 1 5  
PATH 4 372  35 1  33 1  
PATH 5 356  329 3 1 5 
PATH 6 3 48 3 2 1  3 0 7  
PATH 7 306 279 264 
PATH 8 333  305 2 9 1  
PATH 9 3 1 4  272  272  
PATH 10  348 307  307  
PATH 1 1  325  303  283 

PATH 1 40 1 388 369  
PATH 2 43 5 422 402 
PATH 3 422 408 389 
PATH 4 442 428 409 
PATH 5 422 408 389 
PATH 6 4 1 1  398 3 79  
PATH 7 357  344  325  
PATH 8 3 9 1  3 78 3 58 
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TABL E  G . 3  (Cont . )  

PATH 9 367  354  335  
PATH 10  4 1 1  3 98 3 7 9  
PATH 1 1  38 1 367  348 

MUL T I FAM I LY 

BAS E L !  N E  2 1 76 2 1 2 7  1 654  
OREGON 187 1 1 673  1 6 54 
WASH 1654  1654  

PATH 1 1305  1 1 94  1 13 1  
PATH 2 1 503 1393 1329 
PATH 3 1 404 1 293 1 230 
PATH 4 1 734  1624 1 5 6 1  
PATH 5 1 486 1 3 76  1 3 13 
PATH 6 1 420 13 10 1 247 
PATH 7 1239 1 1 28 1065 
PATH 8 1 3 7 1  1 260 1 197  
PATH 9 1255  1 1 45 1082 
PATH 10 1 7 0 1  1 5 9 1  1 528 
PATH 1 1  1 437  1 326  1 263 

MANUFACTURED HOUS I NG 

S I NGLE  3 7 5  3 7 5  3 7 5  
DOUBLE  470 470 470 

PATH 1 2 1 3  2 1 0  203 
PATH 2 2 1 7  2 1 4  207 
PATH 3 2 1 2  209 20 1 
PATH 4 232 228 22 1  
PATH 5 222 2 1 9  2 12 
PATH 6 2 18 2 1 5  208 
PATH 7 190 187 180 
PATH 8 1 98 1 95  188 
PATH 9 189 186 1 7 9  
PATH 1 0  2 12 209 20 1 
PATH 1 1  20 1 1 98 1 9 1  

PATH 1 257  254 246 
PATH 2 263 260 2 5 1  
PATH 3 255  252 244 
PATH 4 284 28 1 273 
PATH 5 2 7 1  268 259 
PATH 6 265 262 253 
PATH 7 224 22 1  2 13  
PATH 8 236 233 224 
PATH 9 222 2 1 9  2 1 1  
PATH 1 0  255  252  244 
PATH 1 1  240 23 7 228 



We i g h t i n g  factors used to d i s aggregate s i n g l e fam i l y  homes by p rototype are 
found i n  Tab l e 5 . 10 i n  Appen d i x  A of the D E I S ,  man ufactured hous i ng 
d i s aggregat i on i s  found  i n  Sect i on 5 . 4 . 2 . 4 .  

G . 2 . 5  MCS Adopt i on Rates 

The rate at wh i ch bu i l ders ch oose to b u i l d  homes to MCS , State code and 
current p ract i ce l eve l s p l ays an i mportant p art in determi n i ng energy s av i ngs  
for  t he  reg i on .  I n  the D E I S  the state codes were not con s i dered i n  the  MCS 
adopt i on assumpt i on s . The adopt i on rates used for s i ng l e and mu l t i fami l y  
res i dences i n  th i s  an a l ys i s  are l i sted i n  Tab l e G . 4 .  These penetrat i on 
rates were app l i ed to the  forecast that assumes MCS adopt i on (Tab l e 3 . 9 i n  
F i n a l  E I S ) . 

S i nce  d i fferent states wi th i n  the  reg i on have  adopted d i fferent state energy 
codes and have  d i fferent current b u i l d i n g p ract i ces , the  percent of bu i l ders 
i n  each c l i mate zone who wi l l  b u i l d  to a p art i c u l ar code i s  ass umed . These 
assump t i on s  by zone can be found  i n  Tab l e  G . 5 .  I n  the  base l i n e forecast , 
wh i ch i s  based on no  MCS adopt i on , 33% of the  b u i l ders were ass umed to b u i l d  
to c urrent pract i ce l eve l s and 67% were ass umed to comp l y  wi th  state energy 
codes . These assumpt i on s  were b ased on i n format i on s u pp l i ed by B PA .  Because  
the  MCS do  not app l y  to man ufactured homes at th i s  t i me ,  on l y  a base l i ne 
forecast i s  ass umed for th i s  hous i ng type . A penetrat i on schedu l e  was 
app l i ed to the  base l i n e forecast for man ufactured hous i ng to es t i mate energy 
s av i ng s  from th i s  hous i ng type i f  a port i on of the  hous i n g stock  comp l i es 
w i th MCS . Th i s  adopt i on schedu l e  i s  found i n  Tab l e G . 6 .  

TABLE  G . 4 .  MCS Adopt i on Ass umpt i on s  ( S i ng l e and Mu l t i fami l y  Homes ) 

Percent Penet rat i on ( a) 

Was h i ngton/ Current 
MCS Oregon Codes P ract i ce 

1 986 1 5  5 5  30 
1 987 35 50 1 5  
1 988 45 45 10  
1 989 50 45 5 
1 990 60 35  5 
1 995  7 5  25  0 
2000 -2006 7 5  25  0 

(a) Based on the  med i um case forecast . 
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TABLE  G . 5 .  As s umed Comp l i ance  To  S tate Codes By C l i mate Zone 

C l  i mate Zone 1 C 1  i mate Zone 2 C l i mate Zone 3 

O regon Code 29% Was h . /Oregon Code 84% Montana  Code 100% 

Was h i ngton Code 7 1% I d aho Code 1 6% 

TABLE  G . 6 .  MCS Adopt i on Assumpt i on s  (Man ufact u red Hous i ng )  

Year  Percent Penetrat i on 

1 986 1 
1 987 1 
1 988 1 
1 989 1 
1 990 1 
1 99 1  5 
1992  8 
1 993 1 1  
1994  14  
1995  1 7  
1996  2 1  
1997  25  
1 998 29 
1999 34  
2000 38 
200 1 40 
2002 42 
2003 44 
2004 46 
2005 48 
2006 50 

G . 3  RESULTS 

After t he  energy consump t i on was determ i ned for each p rototype and we i gh ted 
by p rototype s i ze and zone a l l ocat i on , the consumpt i on of  the energy 
effi c i en t  p rototypes were subtracted from the consumpt i on of  t he  base l i ne 
p rototypes to  determ i ne energy sav i ngs . Tab l e G . 7  d i s p l ays  the  an n u a l  energy 
con s umpt i on for t he  current pract i ce and MCS p rototypes . Tab l e G . 8  d i s p l ays  
t he  res u l t i ng en ergy sav i ngs  i n  Kwh . 

The energy con s umpt i on for t hose pathways wh i c h  i nc l ude t he  use  o f  exhaust  
fans ( pathways 4 ,  5 ,  10 , 1 1 )  was determ i ned by add i ng t he  est i mated 
con s ump t i on of  the exhaust  fans  to the con s ump t i on of the home . The exhaust  
fans used i n termi tten t l y  were as s umed to use 97  Kwh , t he  exhaust  fans  used 
cont i n uous l y  were a s sumed to  use  291  Kwh . The AAHX fan energy was assumed 
to enter t he  a i r  as heat or was accou n ted for i n  the  i neff i c i ency of t he  
heat exc h anger . 
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TABLE G . 7 .  Annua l  Energy Con s umpt i on ( Kwh ) by P rototype for 
Current P ract i ce an d Energy - Eff i c i ent  Prototypes 

Man ufactured 
S i ng l e Fami l'y:  Mu l t i fami l ,Y:  Hous i ng 
� Lower � Lower � Lower 

Current P ract i ce 7909 7255 1 6 59 1 242 8264 7960 

Pat hway 
1 4253 3794 301  2 1 2  29 10  2 7 1 9  
2 4448 4448 448 448 3060 29 1 1  
3 4 185 4 185 320 320 3060 3060 
4 5395 4870 1040 846 2862 2862 
5 478 1 4257 603 433 4046 3897 
6 45 1 9  4060 552  348 3505  3356  
7 3 1 1 1  29 14  1 6 5  1 5 1  3356  3207  
8 3570 3570 282 282 22 1 7  2068 
9 3386 3386 189 189 2365  2365  

10  4259  4063 830 770  2343 23 10  
1 1  366 1  3399 403 360 3 1 5 7  2959 

TABL E  G . 8 .  An n ua l  Energy Sav i ngs  ( Kwh ) by Prototype 
Man ufactured 

S i ngl e Fam i l'y:  M u  I t  i fami l y Hous i ng 
� Lower � Lower � Lower 

Pathway 
1 3656  346 1 1 358 1029 5354  524 1 
2 3461  2807 1 2 1 1  793 5204 5049 
3 3724  3069 1338 9 2 1  5204 4900 
4 25 1 4  2384 6 1 9  395  5402 5098 
5 3 1 28 2998 1055 808 42 18 4063 
6 3390 3 195  1 106 893 4759  4604 
7 4798 4340 1 493 1090 4908 4753 
8 4339 3685 1 3 7 7  9 5 9  6047 5892 
9 4523 3869 1 469  1052 5899 5595  

10 3650 3 1 92 828 47 1 5921  5650 
1 1  4248 3856 1255  88 1 5 107  500 1 

The mech an i ca l  v en t i l at i on rates ass umed for an AAHX pathway were mu l t i p l i ed 
by ( I -the  eff i c i ency of the  heat exc h anger)  and added to the  assumed n atura l  
i n f i l trat i on of t h e  AAHX pathway . 

These energy con s umpt i on v a l ues were then mu l t i p l i ed by B PA ' s  1 986 med i um 
forecast  to determ i ne reg i on a l  energy s av i ngs  over t he  20 -year peri od . 

G . 3 . 1  Base l i n e 

Because  homes a re constructed to current code req u i rements , n o  energy s a v i ngs  
are g a i ned . I t  i s  expected , however ,  t h at i n  t i me home con struct i on wi l l  
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move toward the  MCS req u i rements . Th i s  expectat i on has  not been factored 
i n to the energy sav i ng s  ca l cu l at i on s .  The reg i on i s  p red i cted to  con s ume 583 
MW (based  on upper bound est i mate s )  and 537  MW ( l ower bound ) . 

G . 3 . 2  No Add i t i on a l  Act i on A l tern at i ve 

For th i s  a l tern at i ve the  energy eff i c i ent prototype i s  ass umed to  be  a 
comb i n at i on of Pathway 5 and Pathway 8 .  The energy con sumpt i on determ i ned 
for t h i s  p rototype was subtracted from the  con sumpt i on determ i ned  for the 
base l i n e  p rototypes . Exc l us i ve of man ufactured hous i n g ,  the  est i mated 
energy sav i n gs for the reg i on ,  under No Add i t i on a l  Act i on ,  wou l d  be  132 MW 
assum i n g  upper bound  ven t i l at i on rates and 1 18 MW assum i n g  l ower bound 
vent i l at i on rates . 

G . 3 . 3 Proposed Act i on A l ternat i v e  

T he  s ame ap proach used to determ i ne energy s av i ngs  f or  the  No Add i t i on a l  
Act i on A l ternat i ve was used for th i s  a l tern at i ve .  Howeve r ,  v ari ous pat hways 
were poss i b l e  depend i ng on opt i ons ava i l ab l e  to home owners . Descr i pt i ons  of 
the  e l even pathways are found  i n  Ch apter 2 of the F i n a l  E I S .  Energy s av i ngs  
for each of these  pathways were determ i ned us i n g  upper an d l ower bound  
vent i l at i on rates . Resu l t s of these  c a l c u l at i on s  are presented i n  Tab l e  4 . 18 
i n  t he  F i n a l  E I S . 

G . 3 . 4  Preferred A l tern at i ve 

The Preferred A l tern at i ve con s i sts  of the  several  pathways preferred by t he  
Bonnev i l l e Adm i n i strato r .  These preferred pat hways are 3 , 5 , 6 , 8  a n d  10 . 
Because  more t h an one p athway was chosen , assumpt i ons  were made as to how 
bu i l ders wou l d  choose among  the  d i fferent p athways . The reg i on a l  energy 
s av i ngs  for the  Preferred A l ternat i ve are b ased on these  a s sumpt i on s  ( found 
i n  Tab l e  G . 9 ) . The  p red i c ted reg i on a l  energy s av i ngs  from t h i s  d i s tr i but i on 
of t he  p referred pathways i s  1 4 1  MW based on upper bound vent i l at i on rates 
and 124 MW b ased on t he  l ower bound exc l us i ve of man ufactured hous i n g .  

TABLE  G . 9 .  Percent of B u i l ders Choos i ng Each  of the  Preferred P at hways by 
Year 

Percent Penetrat i on 
Pathway 1 987 - 1 992 1 993 - 2002 2003 - 2006 

3 30 10  5 
5 45 50 20 
6 5 10 5 
8 20 25 40 

10 0 5 30 

TOTAL 1 00% 100% 100% 
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APPEND I X  H 

THE  RADON PACKAGE 
Bon n ev i l l e  Power Adm i n i strat i on 

I n  t h e  En v i ronmenta l  Impact Statement ( E I S )  for New Homes Programs the hea l th 
effects of 1 1  sep arate pathways or  p rogram opt i on s  are asses sed . Each of 
these 1 1  p athways i nc l ude the Radon Package wh i ch i s  a mandatory p rogram 
e l ement des i gned to red uce radon l ev e l s ,  as n ecessary ,  i n  homes b u i l t  under 
The  Bonnev i l l e Power Adm i n i strat i on ' s  ( B PA ' s ) New Homes Programs . The  package 
con s i sts  of a l tern at i ve  act i on s  wh i c h  are d i sp l ayed i n  F i g ure H . l  i n  the form 
of a dec i s i on tree . The  poss i b l e a l ternat i ves of the  Radon Package are 
descr i bed i n  t h i s  Append i x .  

A maj or  source of radon i n  res i dent i a l structures i s  t he  so i l beneath o r  i n  
t he  i mmed i ate v i c i n i ty o f  the  struct ure . The best tech n i que  for contro l l i n g  
radon i s  source  contro l . The  Radon Package i s  based on the  known 
character i s t i cs of radon and on recen t l y  deve l oped source control  st rateg i es . 

The R ad o n  Package 

r Rad o n  I nformation and Monitoring 1 
I 

I Capability to Preassess Hig h/Low Rad o n  Areas Prior to Construction I 

N o  

J 
Subslab G ravel 

Crawl Space 
Ve nt i lat ion 

I 

M o n it o ring 
Offered to  

F i rst Homeowne r 

I 
(Present Situation) 

I 
o r  r M o n ito r l 

I 
I 

Above 5 pC i/1 r Be low 5pCi/i I 
I 

B u i l d e r  
Mit igate o n  
Rece ipt of 
I nce n t ive 

F i gure H . l :  Radon Package  

H . 1  

� 
Subslab Gravel 
and PVC Pipe 

Crawl Space 
Venti lat ion 

I 
Monitor ing 

OHered 
to First 

Homeowner 

Yes ( Futu re) 

� 

M o n itor ing 
O ffe red 
to First 

Homeowner 



H . 1  RADON I N FORMAT ION  AND MON I TOR I NG 

The  Radon Pac k age i n c l udes Bon nev i l l e ' s  con sumer book l et ,  " I s sue  Bac kgrounder 
- - En ergy-Eff i c i en t  Homes an d I ndoor A i r Po l l utants , "  J u l y  1 985 . Bon n ev i l l e 
p rog rams requ i re t h e  b u i l der to g i ve t he  con sumer th i s  i n format i on .  B u i l der 
i ncent i ve p ayments are w i t h he l d  un t i l comp l i ance w i t h  t h i s  req u i rement i s  
ver i f i ed t h rough s i te i n spect i on o r  other approved met hods . 

The  Radon P ac kage a l so  a l l ows for free post -con struc t i on mon i tor i ng  w i t h  
pass i ve a l p ha  t rack mon i tors . The  offer of radon mon i to r i n g  to  t h e  cons umer 
i s  a p rogram req u i rement  and i s  made t h rough ut i l i t i es an d other p rogram 
operators . Once offered , t h e  ch o i ce to actua l l y  mon i tor  i s  up to  t he  
con sumer . The radon mon i tor  i s  i n s t a l l ed for  a m i n i mum of t h ree mont h s  d ur i ng  
t he  per i od of September t hrough Marc h wi th i n  1 2  mon th s  of comp l et i on of t h e  
home , or a s  ap p roved by  Bonnev i l l e for the  mon i tor b e i n g  u sed . 

The offer for radon mon i tori ng  need not be  made to an i nd i v i du a l  homeowner i f  
t h e  bu i l der  chooses to mon i tor and mi t i gate for radon i n stead of i n sta l l i ng  
s u b - s l ab g rave l  or craw l space vent i l at i on .  ( See Sect i on H . 3  of t h i s  Appen d i x  
for det a i l s . )  

H . 2  CAPAB I L I TY TO ASS ESS  H I GH ER/ LOWER RADON AREAS . 

As des i gned , t he  Radon P ac kage i nc l udes t h e  capab i l i ty to  assess  s i te s o i l s  
for t he  presence of radon p r i or to construct i on .  Bon n ev i l l e recogn i zes t h at 
i t  i s  l es s  expens i ve to i n s t a l l radon source contro l  meas ures d u r i n g  
cons truct i on o f  t h e  res i dence than  t o  add t h em after construct i on h as been 
comp l eted . The i dea l  app roach to the radon package i s  to assess  s o i l s  for 
radon a va i l ab i l i ty before con struct i on .  Then the b u i l der  can ma ke an i n formed 
dec i s i on about t he  i n s ta l l at i on of radon contro l  features . 

Howeve r ,  t he  capab i l i ty to asses s so i l s  p r i or to construct i on does not yet 
ex i st .  Bonnev i l l e i s  conduct i ng j o i nt research  wi th  t h e  U . S .  Geo l og i c a l  
S u rvey ( USGS )  and  ot hers t o  devel op t h i s  capab i l i ty .  Th erefore , t h e  Radon 
Package i nc l udes s t rateg i e s  w i th  and w i t hout th i s  capab i l i ty to a l l ow for i t s 
future deve l opment . 

Bonnev i l l e h as not yet deve l oped spec i f i c  def i n i t i on s  and cr i ter i a for 
" h i g her "  versus  " l ower "  radon areas . *  For p urposes of i n forma l  d i scuss i on ,  a 
" h i g her  radon are a "  i s  a l ocat i on where more t h an 10% of  t h e  homes are l i ke l y  
t o  h ave  radon read i n gs wh i ch exceed Bonnev i l l e ' s  act i on l eve l  o f  5 pC i / l . 

* Bonnev i l l e i s  co l l ect i n g and mapp i ng radon mon i tor i ng data  by range and 
towns h i p  based on data  from i t s res i dent i a l programs . These  data , 
comb i n ed w i t h  t he  Weatheri z at i on Program data , have  a l l owed mapp i n g  of 
over 40 , 000  data  po i nts . 

Th i s  type of mapp i ng h as not yet p roved adequate to estab l i s h cr i teri a 
t h at d i s t i ng u i s h  " h i g her"  an d " l ower"  radon em i tt i ng areas . Data  are 
be i ng  s h ared wi t h  t h e  USGS to determi ne  whether a " radon su scept i b i l i ty 
map "  of t h e  Pac i f i c  Northwest can be  deve l oped . 

H . 2  



I I Lower radon area ll refers to l ocat i on s  where fewer t h an 10% of t he  homes h ave  
radon concent rat i on s  wh i ch exceed the  act i on l ev e l . Depen d i ng  upon t h e  
res u l t s  of furt her stud i es ,  t h i s  l anguage may change . 

H . 3  NO CAPAB I L I TY TO I D ENT I FY H I GH ER/ LOWER RADON AREAS (CURRENT S I TUAT I ON)  

W i thout  t h e  capab i l i ty to assess  t he  radon content  of s o i l s  on s i te before 
con struct i on ,  t he  b u i l der can choose one of two s trateg i es i n  t h e  Radon 
Package . The b u i l der  can e i ther  i n s ta l l p reparatory radon source contro l  
measures ( i  . e . , s ub - s l ab g rave l  o r  crawl space vent i l at i on ) , o r  mon i tor after 
con struct i on and mi t i g ate i f  mon i tori ng  resu l t s exceed 5 pC i / l . Th i s  i s  how 
the  Bonnev i l l e p rograms ( i  . e . , Ear l y Adopter Program and Super GOOD CENTS)  
current l y  operate . Th i s  i s  a l so the  b as i s  for the  a na l yses  i n  t h i s  E I S .  

H . 3 . 1  Preparatory Measures for Radon Reduct i on 

The  f i rst strategy con s i sts  of p reparatory radon source con t ro l  measures . 
These measures  are not i ntended to actua l l y  reduce t h e  l eve l  of radon entry 
i n to t he  st ructure . They are i n tended to a l l ow for cost-effect i ve radon 
red uct i on systems i f  post -construct i on mon i tori ng  shows radon l eve l s above 
the act i on l ev e l  of 5pC i / l . I n  other words , a Mode l  Con serv at i on Stan dards 
house h as II p reparatory "  features t h at enab l e  radon reduct i on sys tems to be 
i n s ta l l ed l ater  at l es s  cost t h an i f  no preparatory steps were t a ken . 

I f  t h e  bu i l der chooses t h e  preparatory measures st rategy , the  appropr i ate 
Radon Pac kage feature ( i . e . , e i ther  sub-s l ab g rave l  or  crawl s pace vent i l at i on 
or both )  wi l l  be i ntegrated i n to t he  house des i gn . When t h i s  i s  don e ,  the  
bu i l d er ' s  program respons i b i l i t i es rel at i n g to radon wi l l  have been  fu l l y  
met . 

H . 3 . 1 . 1  Sub - S l ab Grave l  as a Preparatory Measure 

Four i nches  of s ub - s l ab g rave l  i s  to  be used under f l at s l ab or concrete 
basement construct i on .  I f  post -con struct i on mon i tori ng  i n forms t he  occupant 
t h at the  radon l eve l  i s  h i gh ,  and t he  occupant ch ooses to  m i t i gate , an area 
s u i tab l e  for a i r  d i str i but i on has  a l ready been prov i ded , by the grave l , for 
i n s ta l l at i on of a s ub - s l ab ven t i l at i on system . S i gn i f i cant t i me and cost 
s av i n g s  are ac h i eved because wi th  a gravel  under l ayer on l y  a sma l l ho l e  i s  
req u i red t h rough the  concrete s l ab ,  genera l l y  j u st l arge enough  for a 4 - i n ch  
p o l yv i ny l c h l or i de ( PVC) p i pe to penetrate . Absence of t he  grave l  underl ayer 
wou l d  req u i re a more exten s i ve entry i n to the sub-s l ab area to  estab l i s h 
prov i s i on s  for adequate a i r d i str i but i on .  W i thout  an i n creased a i rf l ow ,  the  
capab i l i ty of t he  system may be  i n suff i c i ent  to reduce radon entry .  W i t h out 
t h e  s u b - s l ab g rave l  preparatory measure , the cost an d t i me req u i red to create 
access to  adequate a i rf l ow wi l l  be h i gher . 

H . 3 . 1 . 2 Crawl space Vent i l at i on as a Preparatory Measure 

Crawl s pace vent i l at i on req u i rements may p rov i de some radon reduct i on v a l ue to 
the con s umer i f  a radon p rob l em ex i st s . At l east  1 sq . ft . of net  free area 
( open i n gs  i n  t h e  crawl s pace wa l l  to  the exter i or) for every 300 sq . ft . of 
crawl s p ace area i s  to  be  p rov i ded for vent i l at i on p urposes . Th i s  req u i rement 
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i s  con s i stent w i th  t he  Un i form Bu i l d i n g Code ( UBC)  to  a po i nt . However , 
because  t he  UBC crawl space vent i l at i on req u i rement i s  i ntended to remove 
mo i st u re ,  not radon , the Bu i l d i n g Offi c i a l  may a l l ow crawl s pace vent i l at i on 
area to  be l es s  t h an t h e  stated m i n i mum 1 : 300 rat i o ,  on a case -by-case  b as i s ,  
i f  i t  i s  determ i ned  t h at a mo i s t ure p rob l em wi l l  not occ ur  as a res u l t .  No 
such  except i on s  are a l l owed by Bonnev i l l e  when c rawl space  vent i l at i on i s  
req u i red to  red uce radon l eve l s .  

Howeve r ,  t h e  con s umer wi l l  not  be ab l e  to determ i ne whether  th i s  feat u re , i n  
i ts e l f ,  has  act ua l l y  red uced radon l ev e l s un t i l post-construct i on radon 
meas urement s  are made . Depen d i n g upon the res u l t s  of the radon meas urements  
( e . g . , magn i t ude of the p rob l em ) , the  con s umer may dec i de t h at ex i st i ng 1 : 300 
rat i o  of pass i ve c rawl sp ace ven t i l at i on i s  adequate , or t h e  consumer may 
dec i de to i nvest  i n  an act i ve vent i l at i on system ( i . e . , sea l i ng t h e  crawl space 
area  off from t he  l i v i n g area ; i n sta l l at i on of a fan system h ard -wi red to  a 
separate c i rcu i t  b reaker i n  t he  ma i n  e l ectr i ca l  pane l ; system l abe l i n g ) . 

H . 3 . 2  Mon i tor  and M i t i gate Opt i on 

I f  t h e  b u i l der  chooses not to i n sta l l p reparatory measures for red uc i ng radon 
dur i ng house  const ruct i on ,  he  can mon i tor and m i t i gate after construct i on .  
Under t he  " mon i tor  and m i t i g ate "  opt i on ,  t he  b u i l der  i s  respons i b l e  for 
i n s ta l l i n g  and pay i n g for m i t i gat i on i f  post -construct i on mon i tori ng shows 
radon exceeds 5pC i / l . *  

I n  the  E I S  we ass ume t h at m i t i gat i on systems reduce radon l evel s by 70% Th i s  
a s sumpt i on i s  b ased on f i e l d  stud i es o f  these  systems by Lawrence Berkel ey 
Laboratory (Turk  et a l . 1987 ) . After  a m i t i g at i on system i s  i n s t a l l ed ,  
retest i ng wou l d  be usefu l  to  determ i ne  system performance . Bon nev i l l e does 
not curren t l y  p rov i de any fol l ow-up test i ng and fol l ow-up test i n g po l i cy h as 
not been estab l i s hed . 

H . 4  Capab i l i ty to  Assess  Radon i n  So i l s  P r i o r  to  Con s t ruct i on 

I n  t h e  future , t he  capab i l i ty to assess  radon l eve l s before construct i on for 
a spec i f i c  s i te may become ava i l ab l e ,  and we a l l ow for t h i s  pos s i b i l i ty i n  
t h e  Radon Package . When t h i s  capab i l i ty i s  ava i l ab l e ,  t h e  b u i l der  wi l l  be  
ab l e  to  determ i ne if  radon feat ures shou l d  be  i ntegrated i n to the  
const ruct i on ,  and to  budget and p l an accord i n g l y . 

When p re-construct i on assessment i s  capab l e  of determ i n i n g radon l eve l s ,  t h e  
Radon Package m i t i gat i on feat ures are more deman d i n g .  They are no l onger 
s i mp l y  preparat i on for the pos s i b i l i ty of radon reduct i on systems in  the 
future ; t hey are e l ement s  of act i ve radon reduct i on systems . 

I f  t he  area i s  kn own to  h ave  h i gh  l eve l s  of radon , a network of PVC p i pe wou l d  
b e  l a i d  w i t h  t h e  s u b - s l ab g rave l  before the  s l ab i s  poured . A l t h ough t he  
c rawl s pace vent i l at i on req u i rement i s  t he  s ame , the  b u i l der  wou l d  

* I f  t h i s  respons i b i l i ty to m i t i g ate i s  i gnored by the  b u i l der , a l l r i ghts  
to  t he  p rogram ' s  b u i l der  i n cent i ve payments  are forfe i ted . 
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i ncorporate e l ect ri ca l  wl rl ng  for the crawl sp ace exh au s t  fan ( s )  i nto  t he  
des i gn . Th i s  add i t i on a l  e l ectri ca l  wi ri ng i nto  the  ma i n  c i rcu i t  p ane l i s  
a l so  req u i red for s ub - s l ab systems . 

I t  i s  u n l i ke l y  t h at basement p res s ur i z at i on wou l d be affected by a fut ure 
assessment capab i l i ty .  I f  basement p ressur i z at i on i s  warranted by the  
structure ' s  c h aracteri s t i cs , p res sur i z at i on capab i l i ty can  be eas i l y  
retrof i tted . Therefore , t h i s  part i cu l ar  radon reduct i on met hod wou l d  not 
necessar i l y  be affected by a capab i l i ty enh ancement . 

H . 5  Operat i on and  Ma i n tenance 

The Radon Pac kage  does not  i nc l ude operat i on and  ma i n tenance of radon 
reduct i on systems beyond i n i t i a l  operat i on by the bu i l der to  ensure t h at t he  
system i s  act i v ated . The consumer may p ursue  the  free mon i tori ng offered , 
and i f  mon i tori ng  s h ows t h at h i gh l eve l s of radon s t i l l  ex i st ,  f urther  
m i t i gat i on i s  t he  con s ume r ' s cho i c e .  

The En v i ronment a l  Protect i on Agency ( EPA) i s  curren t l y  p ursu i ng a n  exten s i ve 
f i e l d study of l ong -term effect i veness of radon reduct i on systems . A l though  
t h i s  f i e l d  s tudy wi l l  not  be comp l eted unt i l m i d - 1 988 , i t  i s  an t i c i pated t h at 
the  most p rev a l en t  cause  of  system fai l ure wi l l  be i noperat i on of t h e  fan ( s )  
( e . g . , occupants wi l l  fa i l to  peri od i ca l l y  check  t h e  fan t o  see i f  i t  i s  
operat i n g ) . Unt i l s tudy res u l t s  are av a i l ab l e ,  however , EPA i s  not 
d i scoun t i ng the pos s i b i l i ty of t h at radon reduct i on system may fa i l due  to 
ch ang i ng entry p attern s  of radon i n to s tructures . 

H . 6 Costs 

The fo l l owi n g  i s  a b reakdown of cost  est i mates and assumpt i ons  upon wh i c h  
these  est i mates are b ased . The costs  stated are average costs  and wi l l  
i nc rease or  decrease depend i ng upon l oca l  cond i t i on s  and case-by-case  
assump t i on s . 

I NSTALLED COST 1 OPERAT I NG COST2 
T ECHN IQUE  BY HOMEOWNER  BY CONTRACTOR {ANNUAL} 

SUBSLAB G RAVEL 03 - $ 1 50 $200 NON E 

VENT I LATED CRAWLSPACE 

Pas s i ve 04 - $ 205 $ 50 NONE  
Act i ve $ 606 $ 1 1 0 $ 2 1 . 46 

SUBSURFACE SYSTEM $ 1 257 $4008 $ 2 1 . 46 

BAS EMENT 
PRESSUR I ZAT I ON $ 1 009 $375  $ 2 1 . 46 

S EAL I NG 10  N /A N/A  N/A  
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These  cost  are b ased on t h e  fol l owi n g  assumpt i on s : 

1 Ass umes $ 18 per  hour  l abor and overhead and  p rof i t at 20 percen t .  

2 A s sumes a fan capac i ty of 70 watt hours ; 3 . 3 S¢/ kWh ; l ow con t i n uous  
operat i on .  

3 Assumes s u b - s l ab g rave l  i s  con s i stent wi t h  l oc a l  b u i l d i ng pract i ces due  
to  s o i l type and cond i t i on . 

4 Assumes t h at vent i l at i on req u i rement i n  code meet s or  exceeds n ew 
energy-eff i c i en t  homes p rograms requ i rement . 

S Assumes vent a rea h ardware . 

6 Assumes average fan cost  of $60 . 

7 Assumes $60 1 fan system wi t h  2 i nterconnected p i pes  an d e l ectr i c a l 
materi a l s .  

8 Assumes i n c l us i on of m i n i ma l  des i gn t i me p recon struct i on and e l ectr i c a l . 

9 Assumes i n dependent fan and wi r i n g  versu s  forced a i r heat i ng sys tem 
t i e- i n .  

10  Sea l i ng cost e s t i mates have  not  been i nc l uded because of v ar i at i on s  i n  
base l i ne construct i on p ract i ces . Sea l i ng s hou l d  be  con s i dered i n  two 
ma i n  context s :  ( 1 )  S tructural  component sea l i ng wh i c h  i nc l udes cau l k i n g 
of penet rat i on s  as we l l a s  s l ab c rac ks  and component j o i nts ; and ( 2 )  
sea l i n g  o f f  of l i v i ng areas as a source contro l  meas ure ( e . g . ,  p l as t i c  
membrane ) . 
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1 . 1  I NTRODUCT ION  

APPEN D I X  I 

CODE AND MECHAN I CAL VENT I LAT I ON 
Bonnev i l l e Power Admi n i st rat i on 

The Un i form Bu i l d i n g  Code ( UBC) i s  a n at i on a l  code of m l n l mum requ i rements  
for  b u i l d i n g p ract i ces . The current UBC , Sect i on 1 205 ( a )  II L i g ht  and  
Ven t i l at i on , 1I req u i res exteri or  open i n gs for  n at ura l  vent i l at i on i n  
res i dent i a l b u i l d i n gs . The code s tates t h a t  a mech an i c a l  ven t i l at i on system 
may be  i n s t a l l ed i n  l i eu  of exteri or open i n gs for vent i l at i on p urposes . I n  
con t rast , t he  Bon nev i l l e Power Adm i n i s trat i on ( B PA) s upports m i n i mum 
mech an i c a l  vent i l at i on capab i l i ty as a requ i rement  i n  a l l res i dent i a l 
s truct u res . 

Th i s  Appen d i x  wi l l :  ( 1 ) fu rther  descr i be cu rrent U BC req u i rements  for 
vent i l at i on i n  res i dent i a l s truct ures , ( 2 )  out l i n e Bon nev i l l e ' s  concern s  wi t h  
cu rrent code , a n d  ( 3 )  s ummari ze  rel ated Bon nev i l l e act i on s . 

1 . 2 CURRENT CODE AND  MECHAN I CAL VENT I LAT I ON 

Dur i ng  t he  l atter  part of t h e  19th  Cen tury ,  t he  U BC add ressed vent i l at i on i n  
code fo r the  f i rst t i me . The i n i t i a l ven t i l at i on req u i rement was a spec i f i c  
vo l ume per  occupan t . Howeve r ,  s i nce t he  ma i n  p u rpose of ear l y  code was f i re 
s afety and con t ro l , t he  focus of the  vent i l at i on requ i rement  was soon ch anged 
from vo l ume per  occupant to l arge areas of g l az i ng .  Operab l e wi ndows a l l owed 
for natura l  vent i l at i on as we l l as a mean s of egress i n  a f i re s i t uat i on .  

These code req u i rement s  for vent i l at i on i n  res i dent i a l s t ructures have  
rema i ned unch anged dur i ng t he  past  100 years . Sect i on 1 205 ( a )  L i g h t  and 
Vent i l at i on cont a i n s  the fol l owi ng : 

II A l l b at h rooms , water c l oset compartment s , 1 aundry rooms , and 
s i m i l a r rooms s h a l l be p rov i ded wi th  n at ura l  ven t i l at i on by means 
of  operab l e exteri or  open i n gs  wi t h  an area not l ess  t h an 
one-twent i et h  of  t he  f l oor  a rea  of such  rooms wi t h  a m i n i mum of It  
square feet . 

A l l guest  rooms , dormi tori es , and h ab i t ab l e  rooms wi t h i n  a dwe l l i ng 
un i t  s h a l l be  p rov i ded wi th  natura l  ven t i l at i on by means  of operab l e  
exteri or open i n gs  wi th  an area of not l es s  t h an one-twen t i et h  of 
t he  f l oor area of such rooms wi th  a m i n i mum of 5 square feet . 

I n  l i eu of req u i red exter i o r  open i ng for natura l  ven t i l at i o n ,  a 
mec han i ca l  ven t i l at i ng system may be prov i ded . Such  sys tem s h a l l 
be  capab l e of  p rov i d i ng 2 a i r c h anges per hour  i n  a l l guest  rooms , 
dorm i tor i es , h ab i tab l e rooms , and i n  p ub l i c  corri dors . O ne-f i fth 
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of  the  a i r s upp l y  s h a l l be taken from the  outs i de .  I n  bath rooms , 
water c l oset compartments , l aundry rooms , and s i m i l ar rooms a 
mec han i c a l  vent i l at i on sys tem con nected d i rect l y  to t he  outs i de ,  
capab l e  of  prov i d i ng 5 a i r  ch anges per hou r ,  s h a l l be p ro v i ded . "  

Thus , very l i tt l e  h as ch anged over the  century except for the  opt i on of  
subst i t ut i ng some mech an i c a l  vent i l at i on for exter i o r  open i ngs . 

I . 3 BONNEV I L LE ' S  P ERS PECT I VE 

I n  recent years , s c i ent i sts  h ave g a i ned a better understan d i ng  of  i ndoor a i r  
qua l i ty ( I AQ )  and ven t i l at i on . Bus i n esses are respon d i n g to t h i s  i ncreased 
understand i ng by supp l y i n g  more and more res i dent i a l mech an i c a l  ven t i l at i on 
tech n o l og i es . 

For t he  past  6 years , Bon nev i l l e  h as been concerned w i t h  energy-eff i c i en t  new 
home construct i on because  of i ts comm i tment to t he  Nort hwest Power P l an n i n g 
Counc i l ' s Mode l  Conservat i on Standards . Bonnev i l l e  has  l earned many l essons  
d ur i n g  t h i s  t i me regard i n g i n door a i r  qua l i ty and vent i l at i on of energy­
eff i c i en t  as we l l  as current p rac t i ce res i dent i a l structures . I n  Bon n ev i l l e ' s  
Res i dent i a l Standards Demon strat i on Program ( RS D P ) , i ndoor a i r q ua l i ty an d 
vent i l at i on rates were mon i tored i n  over 800 energy-eff i c i en t  and curren t 
pract i c e  homes . T hrough t h e  Res i dent i a l Con struct i on Demonstrat i on Program 
( RCDP ) , Bon nev i l l e i s  cont i n u i ng to st udy natura l  vent i l at i on rates as we l l  
as t h e  effect i veness  of  var i ous mec han i ca l  vent i l at i on tech n o l og i es . 

Sc i en t i f i c  f i n d i ngs  on I AQ and vent i l at i on and Bonnev i l l e ' s  exper i ences perm i t  
t h e  fo l l owi ng s tatements . 

( 1 )  I AQ can  b e  a prob l em i n  res i dent i a l  st ructures , regard l ess  of t h e i r 
en ergy eff i c i ency . 

( 2 )  Po l l utant  source control  i s  t he  mos t effect i ve so l ut i on to  I AQ 
p rob l ems . 

( 3 )  Mo i sture and odors are two spec i f i c  I AQ p rob l ems t h at can  be  
effect i ve l y  contro l l ed by  exhaust  ven t i l at i on ( spot vent i l at i on ) . 

( 4 )  Bu i l ders a re  b u i l d i n g t i ghter homes . The  typ i c a l  home be i n g  b u i l t  
today under  curren t pract i ces  tends to have  a n atura l  vent i l at i on 
rate ( a i r i n f i l t rat i on occurr i n g  t hrough  norma l penetrat i ons an d 
l ea kage areas i n  t h e  structure )  of 0 . 45 a i r  c h anges per  hou r .  

( 5 )  Natura l  vent i l at i on from operab l e  wi ndows i s  an u nre l i ab l e  means o f  
contro l l i n g i n door a i r  po l l utants . 

( 6 )  M i n i mum mechan i ca l  vent i l at i on i s  es sent i a l i n  a l l new homes . 

( 7 )  Therefore , Bonnev i l l e i s  concerned about t he  i n adequacy of current  
code regard i ng ven t i l at i on .  
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Bonnev i l l e ' s  concern about cu rrent  code i s  rooted i n  t he  rea l i z at i on t h at 
con struct i ng energy eff i c i ency i n to new homes accord i ng to t he  MCS i s  a way 
of s upp l y i n g t he  agency ' s  ratepayers wi th a cost-effect i ve  e l ectr i c power 
source . The ratepaye r ' s i n vestment i n  MCS as a power resource re l ates to 
b u i l d i n g  codes i n  two ways . 

F i rst , t he  i n vestment s hou l d  be p rotected . New homes b u i l t  to MCS l eve l s are 
expected to l as t  at l east 50 years as a v i ab l e  resource . Thus , k i tchen s and 
b at h rooms of a l l MCS homes requ i re m i n i mum spot vent i l at i on as a mo i s ture 
p rotect i on meas u re . Structura l  degradat i on i s  more l i ke l y  to occ ur  i n  h omes 
wi t hout  such  m i n i mum mec han i ca l  vent i l at i on because of mo i sture reten t i on and  
t hus  wood rot  poten t i a l . 

Secon d l y ,  B PA be l i eves t h at reso l ut i on of d i fferences between current code 
and MCS can fac i l i t ate reg i on a l  acceptance of MCS as code i n  t h e  reg i on .  I f  
current  code can be upgraded t o  i nc l ude m i n i mum mec han i ca l  vent i l at i on i n  a l l 
dwe l l i ng un i ts , a n  i mportant  s i m i l ar i ty and  congruence between code and  MCS 
wi l l  be estab l i shed . 

1 . 4 BONNEV I LL E ' S  RESPONS E  

For t h e  p a s t  t h ree years , B PA h as been work i ng  wi t h  t he  two ma i n  o rgan i z at i on s  
respon s i b l e  for ma i nta i n i n g b u i l d i ng codes . The I n ternat i on a l  Conference of 
B u i l d i ng Offi c i a l s ( I CBO)  ma i n ta i n s  t he  U n i form Bu i l d i ng Code . The Coun c i l 
of  Ameri c an Bu i l d i ng O ff i c i a l s ( CABO) mai n ta i n s  the  Mode l  Energy Code . The 
respons i b i l i t i es for ma i n t a i n i ng code i nc l ude eva l uat i ng code ch ange p ropos a l s 
and code c h a l l enges , and  i s  common l y  termed " code deve l opmen t " . 

Bonnev i l l e ' s  code deve l opment  efforts re i n force the  Counc i l ' s l ong -term 
obj ec t i v e of ach i ev i ng MCS as code by str i v i ng to i ntegrate maj or  components  
of MCS i nto  n at i on a l  code . The pos i t i ve effect of these  efforts s h ou l d be to 
i ncrease penetrat i on of MCS - l eve l code adopt i on by l oca l  j u ri s d i c t i on s  i n  
Wash i ngton , I daho , Mont an a ,  and Oregon , as we l l  as to encourage s tatewi de 
adop t i on of MCS - l eve l  code . 

A br i ef descri p t i on of two e l ements  of code deve l opment i s  necessary i n  order 
to u nderstand B PA ' s  code deve l opment  work . F i rs t , code ch ange deve l ops  i n  
3 -year cyc l es .  Th i s  schedu l e  a l l ows for code g rowth and deve l opment wh i l e  
ma i n t a i n i ng peri ods of stab i l i ty .  Second l y ,  code must  be wri t ten so t h at i t  
i s  enforceab l e  by b u i l d i ng offi c i a l s .  Sect i on s  of code are common l y  
i dent i f i ed for c h ange d uri n g  t he  enforcement p rocess . Code i n tent  i s  
i nterp reted and app l i ed ,  and sect i on s  that  are c l ar i f i ed by th i s  
i nterp retat i on/app l i cat i on p rocess are p r i me cand i d ates for code ch ange i n  
any g i ven cyc l e .  

S i nce  1 986 , B PA h as sponsored an energy code " C l eari n ghouse , wh i ch h as h e l ped 
i dent i fy code sect i on s  affected by t h e  i nterpretat i on/app l i cat i on proces s . "  
One component of t h e  C l eari n g house i s  a to l l - free hot l i ne to  ass i st code 
enforcemen t  off i c i a l s  t h roughout B PA ' s serv i ce area . Energy code ques t i on s  
a n d  an swers a re recorded i n  a d a ta  b a se  ma i nt a i ned by I C BO ' s  Northwest  
Reg i on a l  Off i ce . Th i s  data  base of code i nterp retat i on s / app l i cat i on s  i s  
pr i n ted and  d i str i buted to a l l code enforcement personn e l  i n  t h e  reg i on as 
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updates to  a " Manua l  of Accepted Pract i ces " .  These i n terp retat i ons/  
app l i c at i on s  are comp i l ed accord i n g to State  energy code sect i on s  as we l l  a s  
the  MCS eq u i v a l en t  code  format . 

I n  1 987 , B PA sponsored the  t ran s l at i on of t he  MCS i n to en forceab l e  code 
l an guage , wh i c h i s  now known as the Northwes t Energy Code ( NWEC) . W i t h  MCS 
i n  an en forceab l e  code format , and  wi th  a data base of i n terpretat i on s/  
app l i c at i ons  expan ded by the  hot l i n e ,  B PA was  ab l e  to  i dent i fy ent i re sect i on s  
of  t he  NWEC to propose as code ch anges t o  the  code deve l opment  comm i ttees o f  
I CBO and  CABO . M i n i mum mec han i c a l  vent i l at i on req u i rements  i n  a l l homes i s  
an examp l e  o f  s uch a p roposa l . 

Bon nev i l l e  i s  ac t i ve l y  see k i n g  code ch ange and  for the  past  two years h as 
presented a code c h a l l enge to the  I CBO code deve l opment comm i ttee ' s  current  
recommendat i on for  sect i on 1205 ( a ) . Under an I CBO p rocess prov i d i n g for 
n at i on a l  code ch ange propos a l s ,  B PA h as subm i tted a code chan g e  propos a l  for 
m i n i mum mechan i c a l  ven t i l at i on .  I CBO ' s  subm i ss i on dead l i n e for  such  p ropos a l s 
to t h e i r  code deve l opment comm i ttee for the  1 990 code ch ange cyc l e  was August 
1 5 ,  1 987 . 

Bon ne v i l l e ' s  propos a l  wi l l  be stud i ed and d i scus sed by the  comm i ttee at a 
code deve l opment meet i n g i n  J anuary 1 988 . The  comm i ttee wi l l  recommend  
app rova l , approva l  as rev i sed , d i s approva l , or  further  st udy . The  comm i ttee ' s  
recommendat i on wi l l  be pub l i shed and  d i str i buted to I CBO ' s  n at i on a l  membersh i p ,  
and wi l l  be d i scussed  ( an d  potent i a l l y  c h a l l en ged ) at an nua l  I CBO bus i ness  
meet i n gs  sched u l ed for  September 1 988 , and  September 1 989 . By  September 1 990 , 
a l l c hanges and  s ubsequent c h a l l enges  wi l l  be d i scussed and a vote , by I CBO 
members on l y ,  w i l l  be taken . At t h at t ime , assum i ng a pos i t i ve vote , B PA ' s  
act i ve support for m i n i mum mech an i c a l  ven t i l at i on cou l d  resu l t  i n  a c h ange i n  
n at i on a l  code req u i rements . 
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APPEND I X  J 

POTENT I AL H EALTH E FFECTS RELATED  
TO RES I DENT I AL F I B ER G LASS EXPOSURE  

Pac i f i c  Northwest Laboratory 

The d i s covery of ser i ous h ea l t h  h azard s from past  exposure to asbestos 
i n s u l at i on f i bers h as prompted concern s about hea l th ri s k s  assoc i ated w i t h  
f i ber g l ass  and  other  man -made m i nera l  f i bers (MMMF ) used a s  i n s u l at i on 
materi a l . I n vest i g at i on s  i n to t he  hea l t h  effects of f i ber g l as s  dust  were 
begun i n  t he  1930s  and h ave  con t i n ued i n term i tten t l y  u n t i l t h e  presen t . For 
t he  most part , t hese  s t ud i es h ave found  l i tt l e  e v i dence  of adverse hea l t h  
effect s  from exposure to MMMFs , i n c l u d i ng f i ber g l ass . Howeve r ,  severa l 
recent  stud i es ,  though  yet i n con c l u s i ve ,  s uggest a pos s i b l e  l i n k  between 
exposure to  res p i rab l e  MMMFs and l u ng  cancer and  other d i seases . Wh i l e  
con s i derab l e  e v i dence has  been amas sed i n  recent  years i n  s upport of t h i s  
effect ,  t he  va l i d i ty of some of t he  con c l us i on s  drawn from the  data  i s  s t i l l  
quest i oned . 

Several  stud i es h ave been con ducted i n  wh i ch fi ber g l ass  and other MMMFs h ave 
been s u rg i c a l l y  i mp l anted i n to the bod i es of rat s , h amsters , g u i nea  p i g s , and 
other  l aboratory an i ma l s ( Schepers and De l ahant  1 95 5 ;  Dav i s  1 9 72 ) . Wh i l e  
t h ese  s t ud i es determi ned  conc l u s i ve l y  t h at MMMFs can  cause  can cers i n  
l aboratory an i ma l s when art i f i c i a l l y  i mp l anted i nto t h e i r bod i es , t hey d i d  
not conc l u s i ve l y  determ i ne  whet her i n h a l at i on of t he  g l ass  f i bers a l so 
presented a h ea l t h  ri s k ,  and whether these  res u l t s  cou l d  be app l i ed to h uman s 
as we l l .  Attempts  to extrapo l ate res u l t s  from these an i ma l  stud i e s to h uman s 
are s u spect , a s  these  an i ma l s are known for deve l op i n g cancers i n  response  to 
i mp l antat i on of mo st  fore i gn sub stances , i nc l ud i n g many norma l l y  ben i gn  
s ubstances  s uc h  as  s a l t wate r .  Furthermore , t h e  path , and  degree , of 
exposure i n  t h ese a n i ma l  stud i es does not re l ate to  pos s i b l e  h uman f i ber 
g l ass  expos ure (M i l n e 1 9 7 6 ; G ross  1 9 76 ) . In  ot her ,  more rea l i st i c ,  stud i es 
an i ma l s were cont i n uou s l y  exposed to  h i gh concentrat i on s  of f i ne  a i rborne  
g l a s s  f i bers for per iods  of up  to  several  years to determ i ne whether i n h a l ed 
f i ber  g l ass  d u st  poses a hea l th r i s k .  Wh i l e  no  corre l at i on was found between 
the l ength  and i n tens i ty of exposure to  a i rborne f i ber  g l ass  and an i nc reased 
r i s k  of c an ce r ,  other l es s  seri ous prob l ems such as re s p i ratory t ract 
i rr i t at i on d i d  deve l op i n  some an i ma l s (G ross  1 9 7 6 ) . 

A n umber of l on g - term stud i es of workers i n  MMMF manufact ur i ng  p l ants  h ave  
been  conducted to determ i ne h ow expos ure to f i ber  g l ass  d u st  can  affect 
h umans  ( Dement 1 9 7 5 ;  Mou l i n  et a l . 1 986 ; Wri g h t  1968 ; H i l l  1 9 73 ; Enterl i n e et 
a l . 1 983 ) . Mos t  such research h as found no  i n creased cancer r i s k  assoc i ated 
w i th expos ure to  res p i rab l e  g l ass  f i bers . Some research , however , i n d i cates 
an i n c rease i n  res p i ratory d i sease , i n c l ud i ng l ung cancer , re l at i v e to  a 
contro l  g roup of product i on workers who h ave worked i n  t he  manufacture of 
g l ass  and  m i nera l  f i bers for many years . A s l i g ht  excess i n  deat h s  due to 
n onma l i gnant  res p i ratory d i seases , i nc l ud i n g i n f l uen z a , pneumon i a ,  and 
c h ron i c  b ronch i t i s ,  were observed i n  two stud i es of f i ber  g l ass  p roduct i on 
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workers reported i n  1 9 75  and 1 976 . Wh i l e  these  and other  prev i ous s t ud i e s 
found  no  i nd i c at i on s  of carc i nogen i c i ty ,  two more recent stud i es d i d .  The 
f i rst , con ducted by an ep i dem i o l og i s t for the U .  S .  i n s u l at i on i n dustry ,  d i d  
report a s l i g h t l y  i n creased i n c i dence of l ung cancer re l ated t o  MMMF expos ure 
i n  wo rkers i n  one  product i on p l an t  out  of t he  e l even that he  s tud i ed 
( En terl i n e 1 983 ) . E nter l i n e and other researchers report t hat wh i l e  there i s · 
some i n creased h ea l t h  r i s k  wi t h  l on g - term MMMF exposure , mos t  cu rren t l y  used 
i n su l at i on prod ucts  are safe for res i dents when properl y app l i ed .  The 
i n s u l at i on i n dustry be l i eves that the h i gher  t han norma l i n c i dence of l ung  
cancer  fou nd  i n  t he  part i c u l a r fac i l i ty i n  Enter l i n e ( 1 983 ) i s  probab l y  
unre l ated t o  f i ber  g l ass , but  more l i ke l y  due t o  expos ure t o  asbestos f i bers , 
produced i n  t h at fac i l i ty for a s hort per i od ,  and to the  sporad i c  test i n g of 
var i ous  carc i nogen i c  chem i c a l s i n  var i ous manufactur i ng  proces ses there as 
we l l  (Me i er 1 987 ) . 

I n  a st udy con ducted by the  Nat i on a l  I n s t i tute for Research i n  Safety and 
Occ upat i on a l  Hea l t h of France , a l a rge samp l e  of French MMMF product i on 
workers wi th  an average exposure t i me i n  excess of 9 years was observed 
(Mou l i n  1 986 ) . Wh i l e  the samp l e  popu l at i on d i d  not s how a h i g her t han normal  
i nc i dence of  l ung  cancer ,  t he  group was found  to have an abnorma l l y  h i gh 
i nc i dence of oral  and  l a ryngea l  can cers wh i c h d i d  not  seem to be re l ated to 
other poten t i a l  causes  such  as a l coho l or tobacco con sumpt i on .  The report 
notes t hat wh i l e t he  concen trat i on s  of resp i rab l e  g l ass  f i bers i n  t he  factory 
stud i ed we re l ow ,  f i bers enteri ng  t h rough t he  mouth  may have con tr i buted to 
t he  e l evated rate of  upper res p i ratory tract cance r .  

I t  h a s  been suggested t h a t  some forms of  MMMFs other t han g l ass  f i bers may 
p resent a more s i gn i f i c ant h ea l t h  ri s k  than f i ber g l ass ; for examp l e ,  ceram i c  
f i bers , wh i ch h ave been w i d e l y  marketed s i nce t h e  1970s  a s  a subst i tute  for 
asbestos , are of part i c u l ar concern . However ,  l i tt l e  data are ava i l ab l e  
regard i n g t h e i r  poten t i a l  h azard becau se o f  t h e i r  re l at i ve l y  recent 
i n troduct i on .  R i s k  of cancer i s  not the  on l y  concern w i t h  ceram i c  f i ber 
i n su l at i on .  A 1 986 report by Brown i n g - Ferri s I n dust r i es warned that  ceram i c  
f i bers used i n  t h e  l i n i n gs o f  furn aces may decompose t o  form cr i stoba l i te ,  a 
mater i a l  t hat h as been l i n ked to s i l i cos i s  (Me i er 1 987 ) . 

Some stud i e s  have  confi rmed t hat i n h a l ed g l ass f i bers are b i o l og i c a l l y  i n ert ,  
are eas i l y removed i n  t he  body ' s  normal res p i ratory c l eari ng p roces s ,  and  
seem to p resent  no  hea l t h  haz ard to h umans (G ross  1 9 7 9 ) . Other researchers 
be l i eve t h at MMMFs are not ben i gn ,  and that  the  poten t i a l  tox i c i ty of g l as s ,  
ceram i c ,  and  other  MMMFs may b e  re l ated more t o  t he i r p hys i c a l  
c h aracteri s t i c s  t han to t h e i r  chem i ca l  propert i es . They be l i eve  t hat l ong , 
t h i n ,  and durab l e  f i bers t hat may be eas i l y  i n h a l ed and sub sequent l y  l odged 
i n  t h e  l u ngs  present the g reatest hea l t h  r i s k .  I f  so , t h i s  may b e  of 
part i c u l a r concern to  i n s ta l l ers of b l own - i n  f i ber g l ass i n s u l at i on ,  wh i ch 
often conta i n s  a h i g h percentage of part i c l es i n  t he  s i ze  range genera l l y  
con s i dered most h azardous . 

L i tt l e  data h ave been gathered on h ea l t h  hazards  to occ upants  l i v i n g i n  homes 
i n su l ated wi th f i ber  g l ass  because of  the very l ow dens i ty of  a i rborne g l ass 
part i c u l ates in  most h omes of th i s  type , espec i a l l y  as compared to  t he  f i ber  
g l as s  man ufact u r i n g  sector ;  r i s k  to occ upants is  thought  to be  neg l i g i b l e .  
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One report , however , deta i l s  an i n stance where domes t i c  expos ure to a i rborne  
f i ber g l ass  may a l so  p resent a hea l th  h azard ( Newba l l and Brah i m  1 9 76 ) . I n  
th i s  case , a home a i r cond i t i oner  duct , i n tern a l l y  l i n ed wi th  g l ass  woo l  
i n s u l at i on , was i mproper l y  i n sta l l ed ,  res u l t i n g i n  severe constr i ct i on i n  at 
l east one area . The resu l t i n g a i r turb u l ence wi th i n  the d uct caused  an 
extreme l y  h i g h l ev e l  of g l ass  f i ber emi ss i on i nto the fam i l y ' s  l i v i ng sp ace , 
and caused  res p i ratory tract i rr i tat i on i n  each of the  four fami l y  members . 
Upon recogn i t i on and correct i on of the prob l em ,  i nc l ud i ng sea l i ng the a i r 
cond i t i oner  vents  an d th orough c l ean i ng of the home , each of the fami l y  
members ' symptoms abated , l ea v i n g  n o  apparent l ong -term adverse h ea l th 
effect s .  

Wh i l e  the  quest i on s  re l ated to hea l th r i s k s  from MMMF expos ure h ave  not yet 
been re so l ved , i t  wou l d  be prudent to m i n i m i ze contact wi th  these materi a l s 
wherever poss i b l e .  The l ev e l s of a i rborne  f i bers i n  homes i n s u l ated wi th 
g l ass  or  m i nera l  woo l are genera l l y  much l ess  t h an those faced by MMMF 
product i on workers , and for the present ,  f i ber g l ass  remai n s  a s afe and 
effect i ve  i n s u l at i on materi a l  for wa l l s ,  ce i l i n gs , f l oors , and  app l i an ces 
(Chest Comm i ttee Report 1 9 76 ) . The use of g l ass  or m i nera l  woo l as an 
i nter i or l i n i n g i n  HVAC ductwork shou l d probab l y  be avo i ded wherever 
pos s i b l e .  I t  i s  a l so suggested t hat i n s u l at i on i n s ta l l ers take p recaut i on s  
by weari ng  p rotect i ve c l oth i n g and res p i rat i on equ i pment when work i n g wi th 
any type of MMMF i n s u l at i on ,  an d part i cu l ar l y the b l own - i n  v ar i ety . Persons 
work i n g wi th th i s  type of i n su l at i on s hou l d be adv i sed of the poten t i a l  
hea l th h az ard , a n d  rece i ve c l ose med i ca l  superv i s i on .  
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APPEN D I X  K 

ENV I RONMENTAL TOBACCO SMOKE :  AN U P DATE 
Pac i f i c  Northwest Laboratory 

The  effects of en v i ronmenta l  tobacco smoke ( ETS)  on h uman he a l t h were 
rev i ewed as a part of t h e  Draft En v i ronmenta l  I mpact St atement ( D E I S ) on New 
Energy Eff i c i ent  Homes Prog ram . The authors of t h i s  report conc l uded t h at 
" n o  mean i n gfu l  r i s k  assessmen ts  for ETS expos ures and  quant i f i c at i ons  of 
hea l t h  effects can be made at t h i s  t i me "  ( vJehner  et a l . 1 986 ) . The  report 
was p u b l i s hed as Appen d i x  B of Vo l ume I I  of t he  D E I S .  

Th i s  conc l u s i on was reac hed because of d i ff i c u l t i es i n  t he  fo l l owi ng  areas : 
1 )  obt a i n i ng mean i n gfu l  concen t rat i on measurements , 2 )  deve l op i n g standards 
for norma l i z i n g expos ures under w i d e l y  vary i n g cond i t i on s , 3) conduct i n g 
" perfec t "  e p i dem i o l og i c a l  stud i es ,  4 )  deve l op i n g a con sensus  i n terp retat i on 
of st udy res u l t s ,  and 5 )  reso l v i n g ex i s t i n g d i s agreements  and con t roversy 
s urroun d i n g  t h e  i s sue  (Weh ner  et a l . 1 986 ) . 

S i nce t h e  re l e as e of t he  D E I S ,  add i t i on a l  stud i es h ave been cond ucted by the  
Nat i on a l  Research Counc i l  ( N RC) ( N RC 1 986 ) , t he  U . S .  Department of Hea l t h and 
Human Serv i ces ( DHHS )  ( D HHS  1 986 ) , t he  En v i ronmenta l  Protect i on Agency ( EPA) , 
and by the  Surgeon Genera l ( S u rgeon General  1 986 ) . The con c l us i on s  of these  
stud i e s support ear l i er stud i es rev i ewed i n  t he  D E I S  and are summar i zed 
be l ow .  

The s tudy by t h e  NRC , En v i ronmenta l  Tobacco Smo ke : Measur i ng Expos ures and 
Asses s i ng Hea l t h Effects , wri tten under  con t ract to t he  EPA and t he  DHHS , h as 
severa l i mportant f i n d i ngs . The mos t  s i gn i f i cant  of these  are : 1 )  c h i l d ren 
rai sed by paren t s  who smoke are more l i ke l y  to have  res p i ratory p rob l ems and 
req u i re med i c a l  atten t i on t h an those  rai sed by non smokers ; 2 )  ad u l t s who h ave 
never smoked face a 3 4% greater ri s k  of deve l op i ng l ung  cancer i f  marri ed to 
a smoker t h an i f  marri ed to  a non smoker ;  and 3 )  many peop l e  suffer severe eye 
and nose i rr i t at i on when exposed to tobacco smoke . By i n creas i n g the  
vent i l at i on rate by a factor of f i ve ,  the  i rri tat i on can be re l i eved ( N RC 
1 986 ) . 

I n tegrat i on of  R i s k  Factor I ntervent i on s , p repared u nder contract for the  
Off i ce of  D i sease Preven t i on and Hea l t h Promot i on ,  s tates t h at c i garette 
smo k i n g  i s  the maj or  sou rce of a i r  po l l ut i on because Ameri can s  spend 90 
percent of t h e i r t i me i n doors ( DHHS  1 986 ) . The f i n d i ngs  i n d i c ate t h at a 
non smoker ' S  l i fet i me ri s k  of l un g  cancer from on -the-j ob pass i ve smok i n g  i s  
about 250 per  100 , 000 person -years of expos ure . As a reference , t he  
acceptab l e  l eve l  of ri s k  from en v i ronmenta l  carc i nogen s i s  about 1 death per  
100 , 000 person -years . Ach i ev i ng t h i s  acceptab l e  l eve l  wou l d take  a 2 70 -fo l d  
i n crease i n  effect i ve vent i l at i on over curren t st andards at a n  es t i mated cost 
of $28 , 000 per  smo ker ( DHHS  1 986 ) . The report does not p rov i de any ri s k  
factors for  res i dent i a l expos ure . 

K . 1 



The  S urgeon Genera l ' s  report ( S u rgeon Genera l 1 986 ) con c l uded the  fo l l owi ng : 

C i garette smo ke  i s  we l l  estab l i s hed as  a h uman 
carc i nogen . The chem i c a l  compos i t i on of ETS i s  
q ua l i t at i v e l y  s i m i l a r to ma i n stream smoke  and s i destream 
smo ke  and a l so acts as a carc i nogen i n  b i oassay systems . 
For many non smokers , t h e  quan t i ta t i ve  expos ure to ETS i s  
l arge enough  to  expect an i n creased r i s k  of  l un g  cancer 
to occ u r ,  and  ep i dem i o l og i c  stud i es h ave  demonstrated an  
i n creased l ung  cancer r i s k  wi th i n vo l untary smo k i n g .  I n  
exam i n i n g a l ow-dose expos ure t o  a kn own carc i nogen , i t  
i s  rare t o  h ave  such  a n  abundance o f  ev i dence o n  wh i c h to 
make  a j udgement ,  and g i ven t h i s  abundance of ev i dence ,  a 
c l ear  j udgement can now be made : exposure to ETS i s  a 
cause  of  l ung  cancer .  

A l t h ough  t he  S urgeon Genera l conc l udes that  ETS  i s  a cause  of l ung  cancer ,  
t h e  report a l so  con c l uded t h at t here i s  not enough kn own t o  deve l op a n umeri c 
r i s k  factor for q uan t i fy i n g h ea l t h  effect s .  

T he  E PA ' s Pre l i m i n a ry As sessmen t for t h e  U . S .  EPA I n door A i r P rogram , Vo l . I :  
I n format i on As semb l y  and Synthes i s ,  acknowl edges t he  f i nd i n gs  by t h e  Surgeon 
Genera l , but fa l l s  s hort of us i n g t h ese f i n d i ngs  to set po l i cy .  The report 
s tates t h at better i n format i on on t he  degree and  var i ab i l i ty of ETS exposure 
i s  n eeded to p red i ct t he  n umber of death s  wi th  con f i dence . 

A l though  t h e  report i s  s t i l l  i n  i ts p re l i m i nary draft s tage , a convers at i on 
w i t h  D r .  H arri et  M .  Amman n ,  proj ect off i cer for t h e  report at  EPA , i nd i cates 
t h at t hese  dec i s i on s  wi l l  be  ma i n t a i ned i n  l ater vers i on s  of  the report . 

A l l s t ud i es con d ucted to  d ate  con c l ude t h at desp i te s i gn i f i cant  f i n d i n g s  
wh i c h  h ave  been made recen t l y ,  more research o n  t he  assessment  of h uman 
expos ure to  ETS i s  n eeded . The con c l u s i on s  stated i n  t h e  D E I S , Vo l . I I ,  are 
con s i s ten t wi t h  t hese  stud i es .  A l t hough ETS i s  recogn i z ed as  a carc i nogen , 
i n format i on i s  n ot yet av a i l ab l e  for quant i fy i n g e i t her  h ea l t h  effects or 
ch anges i n  hea l t h  effects from b u i l d i n g energy eff i c i en t h omes . I n  fact , at 
l east  one  hea l t h  p rofes s i on a l  s tated t h at " ETS h as 1 i tt l e  effect on I AQ 
p rov i ded vent i l at i on systems are funct i on i n g p roperl y . " ( Sterl  i n g 1 987 ) . I t  
i s  t herefore recommended t h at n o  furt her act i on b e  i n i t i ated un t i l conc l us i ve 
research i s  comp l eted or t h e  E PA and other cogn i z an t  agen c i es make  f i rm 
po l i cy dec i s i on s . 
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APPEND I X  L 

UNCERTA I NTY I N  REPORTED DATA 
Pac i f i c Nort hwest Laboratory 

Th i s  appen d i x wi l l  present a br i ef d i scu s s i on to h e l p understand  some of t he  
uncert a i n ty i n  reported data and to a i d  t h e  reader i n  ma k i n g an i n t e l l i gent 
e va l u at i on of the v a l i d i ty of conc l u s i on s  based on such  d ata . 

An error i s  def i ned as t he  d i fference between a ca l c u l ated or reported v a l ue 
and the true v a l ue . U nfortun ate l y ,  the true v a l ue i s  u s u a l l y  the quan t i ty 
be i ng  sough t , so t here i s  no  way of i mmed i ate l y  determ i n i n g t he  amount  oof 
error assoc i ated wi t h  a measured v a l ue . These errors genera l l y  fa l l i n to one 
of t h ree c l as s i f i c at i ons : ( 1 )  i l l eg i t i mate errors , wh i ch ori g i n ate from 
m i stakes  i n  measurement or ca l cu l at i on and are u s u a l l y  eas i l y  found as 
obv i ou s l y  " i n correct or mean i n g l es s  data  p o i n t s ; ( 2 )  systemat i c  errors , wh i ch 
resu l t  from fau l ty i n s trumen t ca l i brat i on or from a b i ased meas urement 
process ; and , ( 3 )  random errors , wh i ch are the  f l uctuat i ons  i n  observat i on s  
wh i ch y i e l d  res u l t s  t h at d i ffer between measurements  a n d  req u i re repeated ex­
per i ment at i on to  g i v e prec i se resu l t s .  Wh i l e steps  are norma l l y  t aken to 
ensure the h i ghest  degree of accu racy i n  a reported experi men t a l  v a l ue ,  errors 
wi l l  a l ways be p resent i n  t he  measured data . 

The  uncert a i n ty i n  any experi men ta l  res u l t ari ses  from the  errors i n herent i n  
t he  measurement p roces s . I f  the  exper i ment i s  repeated , t he  re su l t s wi l l  
genera l l y  d i ffer somewhat from those of the  f i rst exper i men t . On l y  t h rough 
repeated experimen t at i on can a resu l t  be reported wi t h  a h i gh l ev e l  of 
cert a i n ty .  U ncert a i n t i es can be m i n i m i z ed by choos i n g ran dom samp l es from 
the  pop u l at i on of i n terest , by i ncreas i ng t he  prec i s i on of t he  i n d i v i d u a l  
meas urements , by i ncreas i n g t h e  samp l e  popu l at i on s i z e ,  by repeat i ng t h e  
experi ment over t h e  same s amp l e  popu l at i on ,  by contro l l i n g  t he  cond i t i on s  of 
the experi ment so t h at each measurement i s  t aken un der con d i t i on s  as s i m i l ar 
as pos s i b l e ,  an d by e l i m i n at i ng any potent i a l l y  b i as i n g factors . The 
rel i ab i l i ty of pr i mary measured d at a  i s  genera l l y  con s i dered s uper i or to t h at 
t aken from a secondary sou rce , as i ts q u a l i ty can  be more t i g h t l y  con tro l l ed ,  
an d i t s uncert a i n t i es accounted for .  

When a n umber i s  reported , i t  i s  general l y  t he  resu l t  of severa l s teps used 
i n  i ts generat i on .  Each s tep i n  t he  process may be assoc i ated w i t h  a 
quant i f i ab l e  l ev e l  of uncerta i n ty .  A mat hemat i ca l  mode l wh i ch makes use  of 
such  i n format i on carri es t h rough and compounds  the uncert a i nt i es i n  an often 
very comp l ex s tat i s t i c a l  process un t i l the f i n a l  resu l t .  The n umber of s teps 
i n  a p rocess wh i ch make use  of meas ured v a l ues ,  an d the manner  i n  wh i ch t hey 
are re l ated contri bute to  t he  overa l l l ev e l  of uncert a i n ty i n  t he  f i n a l  
res u l t .  

As an examp l e  of h ow uncerta i n t i es may be propagated t h rough a mode l  to  a 
f i n a l  reported v a l ue , reca l l the  equat i on for est i mat i n g t he  p o l l ut i on 
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concen trat i on l eve l s wh i c h  was g i ven i n  Chapter 4 of t h e  F i n a l  E I S . Th i s  
re l at i on was ex pressed : 

C = S 
� 

where C = po l l utant concentrat i on 
S = source em i s s i on 
V vo l ume 
I = vent i l at i on rate 

I n  t h i s  ex amp l e ,  a s sume t h at t he  source emi ss i on ,  S ,  i s  determ i ned to h ave a 
mean v a l ue of S mg/ h r ,  wi t h  an assoc i ated uncerta i n ty of S percent ;  t he  
ven t i l at i on rate , I � i s  2 1 0  m3/ hr  w i t h  an uncert a i nty of 10  percent ; and  t h e  
vo l ume , V ,  i s  420 mj , and  h a s  no  assoc i ated l eve l  of uncerta i n ty .  The 
reported po l l utant  concen trat i on wou l d  be reported as S . 7x 10 -Smg/m3 wi th an 
uncerta i n ty of ±S . l  percen t .  

Efforts are rout i n e l y  made to arr i ve at t he  most re l i ab l e  and acc urate 
resu l t s ,  howeve r ,  i t  must be remembered t h at even the bes t reported re s u l ts  
are on l y  e s t i mates of t he  q uan t i t i es under i n vest i g at i on .  I t  s h ou l d  a l so  be 
understood t h at t he  reported range of uncert a i n ty of any res u l t  i s  a l so on l y  
an es t i mate , one wh i c h  h as been deri ved s o  as t o  h ave a h i g h p robab i l i ty of 
i nc l ud i n g the " t rue " va l ue .  Stat i s t i c a l  mode l s  can t h us  be a va l u ab l e  a i d  i n  
understan d i n g a p rocess and  arri v i n g at an i n formed dec i s i on based  on the  
measured d at a , but  t hey are on l y  a g u i de .  Any conc l u s i on s  b ased upon a 
s tat i s t i c a l  mode l  must  be made i n  conj unct i on w i t h  rea l -wor l d ex per i ence . 
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APPEN D I X  M 

Addendum to 
I N DOOR A I R  QUA L I TY M I T I GAT I ON TECHNOLOG I ES 

D E I S ,  VOLUME I I ,  Appen d i x C 
Pac i f i c  Northwest Laboratory 

M . 1 I NTRODUCT I O N  

Append i x  C i n  t he  DE I S  ( Vo l ume I I )  p resented i n format i on about I AQ and 
exami ned  the effect i veness  of  m i t i g at i on techno l og i es -- i n  part i c u l ar source 
contro l , a i r c l e an i n g ,  an d i n creased vent i l at i on -- to reduce t h e  
concent rat i on of  spec i f i c  i ndoor po l l utan t s . Th i s  update to t h at Appen d i x  
presen t s  i n format i on wh at was not ava i l ab l e i n  t i me t o  b e  rev i ewed an d 
i nc l u ded i n  the  draft document . The p urpose of  t h i s  update i s  to  present t he  
res u l t s  of  more recent s t ud i es , ava i l ab l e  up to ear l y  1 987 , wh i c h address 
m i t i g at i on tech no l og i es app l i c ab l e  to i mprov i n g I AQ .  

The t h ree most  rel evant  documents  t h at h ave  been p u b l i s hed  s i nce Appen d i x C 
was comp l eted are : 

o Research Rev i ew :  I n door A i r Qua l i ty Control  Techn i ques ( F i s k  1 986 ) 

o Radon Reduc t i on Tech n i ques for Detached Houses ( EPA 1 986 ) 

o I n door A i r ua l i t  En v i ronmenta l  I n format i on H an dbook B u i l d i n  S stem 
Ch aracteri st i c s Mue l l e r 1 987 . 

Wh i l e  most o f  t he  i n format i on presented i n  these  reports d up l i cates 
i n format i on presented i n  Appen d i x C ,  t hese reports o ffer more deta i l ed 
i n format i on ,  and  add i t i on a l , new ,  i n format i on on t he  fo l l owi ng  top i c s :  

o Source Con tro l  
Exc l u s i on 
Basement  Overp ressur i z at i on 
Act i ve Avo i d ance of  House Depressur i z at i on 

o I n creased Vent i l at i on 
Who l e  House  Vent i l at i on 
Act i ve Vent i l at i on of  Ho l l ow B l ock  Basement  Wal l s  

o Po l l utant  Spec i f i c  Reduct i on Techn i q ues 
Radon 
Organ i c  Compounds  
A l l ergens  and Pathogen s . 

F i s k  ( 1 986 ) addresses radon , forma l dehyde , and combust i on product source 
con tro l , vent i l at i on ,  and a i r  c l ean i n g .  
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Top i c s d i scus sed i n  EPA ( 1 986) i nc l ude : natura l  and forced a i r vent i l at i on , 
forced a i r vent i l at i on wi th heat recovery , act i ve avo i d ance of house 
dep res s ur i z at i on , sea l i n g  maj or radon sources , sea l i n g  radon entry routes , 
d ra i n  t i l e  so i l  vent i l at i on , act i ve ven t i l at i on of h o l l ow-b l oc k  basement wa l l s  
and vent i l at i on of s ub - s l ab .  

Top i c s d i scussed i n  Muel l er ( 1 987 )  i nc l ude : source contro l  and m i t i gat i on 
tech n i ques  for radon , forma l dehyde , organ i c  compounds , combust i on gases  
resp i rab l e  s u s pended part i c l es ,  and a l l ergens  and pathogen s . 

Two references c i ted i n  Append i x  C ,  I n door A i r Qua l i ty Contro l Tec h n i ques : A 
Cr i t i c a l  Rev i ew and  Contro l of  Res i rab l e  Part i c l es and  Radon Pro en wi th 
Portab l e  A i r  C l eaners h ave  been re i s sued as BPA documents  F i s k  et a l . 1 985 ) 
and O ffermann et a l . ( 1 985 ) . These two references i n c l ude most  of the  new 
i n format i on to be  presented i n  th i s  update on I AQ m i t i gat i on tech n i ques and 
h ave  been c i ted i n  the  more recent documents  by Muel l er ( 1 98 7 )  and  F i s k  ( 1 986 ) . 

M . 2  M I T I GAT ION  TECHNOLOG I ES 

M . 2 . 1  Sou rce Contro l 

I n  the area of source contro l , t he  more recent l i terature h as ad d i t i on a l  and 
updated i n format i on about source exc l u s i on , basement overpressur i z at i on ,  and 
act i ve avo i dance of  house  depressur i zat i on .  Mue l l er ( 1 98 7 )  pro v i des a tab l e  
( see Tab l e  M . 1 )  of the  effects o f  b u i l d i n g ch aracteri st i c s on I AQ . Th i s  
i n format i on s hows how dec i s i ons  about a b u i l d i n g ' s  s tructure , des i gn ,  
con struct i on and  operat i on i n f l uence the  concentrat i on s  of  v ar i ou s  po l l utants 
i n  t he  home . Th i s  i n format i on can be used to exc l ude  sources of radon and 
radon daughters , forma l dehyde , n i trogen ox i des , carbon ox i des , resp i rab l e  
part i c l es ,  and a l l ergens  and  pathogens  from dwe l l i n gs . B PA ( 1 985 )  p ro v i des a 
s i m i l a r overv i ew of i n door a i r po l l utants , poten t i a l  hea l th effects and ways 
to reduce exposure . Th i s  overv i ew i s  presented i n  Tab l e  M . 2 .  

Basement o verp res sur i zat i on i s  s uggested as a met hod to red uce radon 
i n f i l trat i on (Mue l l er 1 987 ) . The techn i que con s i sts  of  t i ghten i n g the  
basement to reduce a i r l eakage  to the  upsta i rs and outdoors , then us i n g  a 
b l ower fan to p ressur i ze  the  basement space wi th respect to the  i n terst i t i a l 
s o i l pore p ressure . I n  one st udy , basement o verpressures of 2-3  pasca l s  
appeared s u ff i c i ent  to reduce radon l eve l s be l ow 5 pC i / l . The method may be  
a l ow-cost so l u t i on i n  homes with  t i ght , c l oseab l e  basements ; howeve r ,  it  may 
i n crease t he  house ' s  overa l l ven t i l at i on rate , and i s  eas i l y  d i s rupted by 
cert a i n  occ upant i n terferenc e .  

A house ' s  l i v i n g  s pace may be  depres sur i z ed when cert a i n  househo l d  app l i ances 
that use and exhaust house a i r to the outs i de are operated and when unba l anced 
ven t i l at i on ( n atura l or  forced a i r) i s  app l i ed .  Th i s  cond i t i on occurs 
natura l l y  i n  the  wi nter as a resu l t  of ri s i ng h eated i n door a i r  and  i ts l os s  
or  exf i l trat i on t o  the  outdoors ( EPA 1 986 ) . 
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I n ooor A i r Q u a l i ty Cons l de ra t l on s  

Gre a tly reduce r a O o n  e n t ry r a t e . C:.e ne r a l ly 
l nc re , n e  a l �  e x c h a nge r a t e ,  \ll'h i ch r e d u c e s  o t n e r  
p o n u t a n t  l e v e l s .  

When we l l  v e n t l l a te d .  reQuce radon e n t ry r H e .  
H o u s e  a i r  e x c h a nge r a t e  a l s o g e n e ra l ly h l gh e r  t h a n  
\ll'i th o t h e r  fOUnQa. t l 0 '1  type s .  

R a a o n  c a n  e n t e r  t h r o u g h  c rack s a n a  o p e n t  n g s  i n  
s 1 a b .  

R a d o n  c a n  e n t e r  through c ra c k s a n d  open i ngs i n  s l a D  
a n a  wa l l s . Mo i s t u r e  t h a t  COlhe'S f rom s o f l  c a n  
e nc o u r a g e  mo l d  a n d  f u n gu s. g r o-. t h .  

Genera l ly .  l owe r  a i r  e X C h a nge r a t e s  i ncrea s e  
c o n c e n t ra t i o n s.  of a l l  i n d o o r - g e n e r a t e Q  po l 1 IJ t a n t s. .  
Radon a n d  mo i s tu re a r-e pote n t 1 d l l y pro b l ems DeC d IJ s e  
o f  l a rge p e r c e n t a ge o f  bu i l dl n g s h e l l on c o n t a c t  
\11'1 th s o i  1 .  

I n  some l oc a t f o n s  500 1 1  g a s  i s  a s 1 gn i f i c a n t  SOIJrct'  
o f  r a d o n  ga s .  

Th e s e  I'TIa te r t a l s  c a n  be , a l though n o t  C OlTllKlnly . 
s o u r c e s  of r a d o n  ga s .  

I n  rare c a s e s.  h a s  been a s o u r c e  o f  l ow t o  mo o e r J te 
l e v e l s  of r a d a r, .  

C a n  con t a i n  a s b e s to s ,  a l t hough n o t  ( o lTl1'lO n l y  a 
s o u r c e  of i ndoor c o n t d ml n a t l o n .  

C a n  b e  a sou r-ce o f  a sb e s t o s  0" o t n e r  p a rt i c l e s .  
e s p e c i a l ly when d i s t IJ r b e d .  F o r l'Tla l dehyoe g i ven o f f  
by u r ea - f o rma l dehyde f o a rr. .  

C a n  D e  S O IJ rc e s , espec i 3 1 1y e a r ly i n  the1 r l i f e ,  o f  
m.3 ny vo l a t i l e  o r ga n 1 c  compOu n d s .  

C a n  D e  a s o u r c e  o f  f o rm.3 1 dehyde, espec i a l ly i n  t h e  
f i r s t  s e v e r a l  y e a r s  a f te r  d h o rne  1 S  Du n t .  

C a n  be a s o u r c e  o f  i n door Do l l u t t or. .. hen i m� r o p e r 1 y  
i n s ta l l e d  or o p e r a t e d  o r  p o o r l y  ma t n t a t ne d ,  ""Ilen 
s toU n g  or when .... i n d C d IJ S e S  b a c K e r a f t s .  

C a n  be a SOIJrce o f  1 nooor po l l u t i o n  .... h e n  i �rope r l y  
i n s ta l l ed or o p e r a t e d .  AdeQIJa te m.3 K.e - u p  a i r  :ru s t  
b e  a va i l a b l e  f o r  d r a f t .  

Po l l u ta n t  l e veh depenc. o n  t i me u s e d ,  type o f  
burne r s , s 1 ze o f  rooms a n d  md nj  o t n e !"'  f a c t o r s. .  

F r e s h  D a i n t  c a n  be a s o u r c e  o f  V O l a t i l e  o r g a n i c  
compo u n d s .  01 C1 p a i n t  somet l me s  c o n t a l ne c  l e a d ,  bu t 
g re d t e s t  hea l th thre a t s  f roIT. i ng e s t l 0n n o t  
i nha 1 a t l o n .  

R u g s  a n d  c a r pe t i n g  s i g n i f l c a n t  c o n tr i bu t l on o f  
p a rt i c l e s 1 n  so� c a se s. .  Ai l c a n  De s o u r c e s  o f  
v o l a t i l e  o r ga n l c  com;:l o u n d s . 

A t t a ched g a r a ges c a n  be s i g n i f i c a n t  s o u r c e s  
e s p ec i a l ly i f  C d rs a re 4 1 1 0_eo t o  r u n  , nS l oe ,  or 
SOl v e n t s  a re s tored d n d  u s e d .  
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The  Amer i can Soc i ety of Heat i n g ,  Refri gerat i on and A i r-Cond i t i on i n g Eng i n eers 
( ASHRAE)  h as recommended p rov i s i on of out s i de makeup a i r  for combust i on 
app l i ances , s uch as furn aces and water heaters s i nce 1 98 1 . Other  app l i ances 
affec t i ng  i n door a i r vent i l at i on ( e . g . ,  i n term i tten t l y  used l oc a l  exhaust  
fan s )  are not men t i oned by ASHRAE and are not as i mportant as combus t i on 
app l i ances i n  affect i n g vent i l at i on or house depres s ur i z at i on ( E PA 1986 ) . 

The  maj or effect of prov i d i n g makeup or  combus t i on a i r to househo l d app l i ances 
i s  to  prevent add i t i on a l  house depressur i z at i on and hence to p revent  i n creas i n g 
pressure-dr i ven f l ows of s o i l gas -borne  radon i n to t he  house . Wh i l e  t h ere i s  
h i g h con f i dence t h at t h i s  pressure-dr i ven f l ow i s  t he  maj or  mec han i sm of radon 
entry ,  q uan t i t at i ve e v i dence of the radon - reduct i on benef i t  of avo i d i n g 
app l i ance dep res s ur i z at i on effects  i s  var i ab l e ,  1 to 50 % .  The  v ar i ab i l i ty 
probab l y  refl ects  t he  spec i f i c  app l i ance ' s  operat i n g cond i t i on s , v ary i n g i n door 
cond i t i on s , and d i fferences i n  radon source strengt h ( EPA 1 986 ) . 

I n s t a l l at i on costs  wi l l  be assoc i ated wi th  prov i d i n g sma l l d ampered d uct work 
systems for i n door a i r  consum i n g app l i ances , s uch  as furn aces , f i rep l aces , 
an d ( perh ap s )  c l othes  dryers ( EPA 1986 ) . 

M . 2 . 2  A i r C l ean i ng 

No updated i n format i on rel ated to a i r c l ean i n g was found  i n  t he  l i terature 
rev i ew .  Many of t he  top i c s i nc l uded i n  Appen d i x  C are a l so d i scussed by 
Muel l e r ( 1 987 ) and  F i s k  ( 1 986 ) . These top i c s i n c l ude mec han i c a l  and 
e l ectrostat i c  f i l trat i on ,  absorpt i on and adsorpt i on systems . 

M . 2 . 3  I n creased Ven t i l at i on 

On t h e  su bj ect  of i n creased vent i l at i on ,  t he  l i terature rev i ew y i e l ded 
add i t i on a l  an d updated i n format i on about who l e  house vent i l at i on ,  act i ve 
vent i l at i on of h o l l ow-b l oc k  basement wa l l s ,  and  exh aust  fan s . 

Mech an i c a l  vent i l at i on i s  t h e  forced movement of a i r by fans  i nto  and  out of 
a b u i l d i ng .  A schemat i c  des i gn for a heat i ng ,  vent i l at i on ,  a i r-con d i t i on i n g 
and a i r c l eaner system i s  presented i n  F i gu re M . 1 (Mue l l er 1 987 ) . Th i s  
schemat i c  i l l u st rates t he  rel at i onsh i ps between l oca l  ven t i l at i on for source 
contro l i n f i l t rat i on ,  forced - a i r vent i l at i on ,  and remova l  con tro l . A v ari ety 
of l ocat i on s  are s hown for a i r  c l eaners . 

T he  centers of concrete b l ocks  u sed to construct many basement wa l l s  conta i n  
vo i ds . These vo i ds are genera l l y  i n terconnected both vert i c a l l y  and  
hor i z onta l l y  wi th i n  a wa l l .  The  pr i n c i p l e  of b l ock  wa l l ven t i l at i on i s  to 
sweep the  so i l gas  out of these vo i ds by drawi ng  suct i on on or by b l ow i n g  a i r 
i n to t h i s  vo i d n etwork . 

Th i s  type of wa l l  vent i l at i on system wou l d  be  most app l i cab l e  to : 

o Concrete b l oc k  basement houses t h at h ave  reason ab l y  acces s i b l e  top vo i ds , 
no exter i or b r i c k  veneer , and no f i rep l ace structure wi t h i n  a b l oc k  wa l l ;  
or 
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F I GURE  M . l .  Schemat i c  Des i gn for I ncorporat i n g Heat i n g ,  Vent i l at i on , 
A i r-Cond i t i on i ng  and  A i r C l ean i ng for I n door A i r  Q ua l i ty 
Contro l  ( Mue l l e r 1 987 )  

Houses  f i t t i n g  the  above descri pt i on , wi th French dra i n s .  

I n  a f i e l d study o f  exhaust fan s for m i t i gat i on o f  I AQ p rob l ems , G r i ms rud  et 
a l . ( 1 986 ) exam i ned  the  effects  of sma l l ,  cont i n uous l y  operat i n g exh aust  fan s 
on po l l utant concent rat i on and  energy use  i n  res i dences . Resu l t s of the  st udy , 
wh i ch i nc l u ded four dwe l l i ngs , s howed that the  amount of vent i l at i on p rov i ded 
by the fan s was detectab l e .  Th i s  i s  con s i stent wi th th e i r  ro l e  o f  supp l y i ng 
" f i l l  vent i l at i on , " a m i n i mum amount of vent i l at i on when the  i n f i l trat i on 
d rops near zero , due to weather cond i t i on s . 

Pas s i ve po l l utant s amp l ers i n  the  dwe l l i ng demon strated that a i r qua l i ty was 
not advers e l y  affected by exhaust fan s .  Con verse l y ,  the measurements  d i d  not 
demonstrate a s i g n i f i cant i mp rovement i n  I AQ when exh aust fan s were used . 
Resu l t s from rea l -t i me radon s amp l ers demonstrated t h at the  source strength 
of the  radon was not i nc reased when exh aust fans were used . Th i s  demonstrates 
that depres s u r i z at i on i n  the dwe l l i ng  due to the operat i on of the exhaust fan 
was m i n i ma l  and d i d  n ot i nc rease the radon concentrat i on .  

The  d a i l y  i nc rease i n  energy use  for the  four houses  from exh aust fan use  was 
1 . 5 kWh . Th i s  ass umes an average i ndoor-outdoor temperatu re d i fference of 10 
C .  The energy i n crease rep resents approx imate l y  3% of the  d a i l y  energy use  
i n  t hese  h omes . 

M . 2 . 4  Po l l utant Spec i f i c  Reduct i on Tec h n i ques 

Add i t i on a l  i n format i on was found  on m i t i gat i on of radon , o rgan i c  compounds , 
and  a l l ergen s and  p athogens i n  E PA ( 1 986)  and Muel l er ( 1 987 ) . The E PA report 
Radon Red uct i on Tec h n i ques for Detached Houses ( 1 986)  p resents  a comprehen s i ve 
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rev i ew of  m i t i g at i on methods  app l i c ab l e  to detac hed houses . A summary of  the  
EPA radon red uc t i on tech n i ques  p resented in  t hat doc ument i s  g i ven i n  Tab l e  
M . 3 . I n  the  tab l e ,  the  est i mated percentage o f  an n u a l  average concent rat i on 
red uct i on i s  l i sted for the  m i t i gat i on techno l og i es .  Methods  wh i ch h ave been 
s hown to red uce radon concentrat i on s  by 90% or  more are summari zed i n  Tab l e  
M . 4 .  

The E PA report a l so i n c l udes est i mated i n sta l l at i on costs and a n n ua l  operat i n g 
costs for the  m i t i gat i on tech no l og i es . I n sta l l at i on costs ran ge from under  
$ 1 00 to $ 5 , 000 depen d i n g  upon the  comp l ex i ty of the  req u i red mod i f i c at i on s ;  
wh i l e  operat i n g costs are m i n i ma l  - - usua l l y  $ 1 5  for fan energy and  u p  to 
$ 1 25  for supp l ementa l  heat i n g ,  i f  req u i red . 

Cons umer awareness  i s  the  best method to red uce hea l th  ri s k s  from expos ure to 
organ i c  compounds . Attent i on to warn i ng l abe l s and i n struct i on s  for storage 
and use are i mportant , especi a l l y  regard i ng vent i l at i o n con d i t i o n s . 
Subst i t ut i on of l es s  h az ardous  forms of p roducts i s  a l so suggested such  as 
u s i ng  a l i qu i d  o r  d ry form i n stead of an aeroso l  s p ray (Mue l l er 1 987 ) . 

Because  many a l l ergens and p athogen s ori g i n ate outdoors , attempts  to red uce 
the  vent i l at i on rate may l ower i n door po l l utant concentrat i on s . Reduct i on i n  
fresh  a i r exch ange shou l d  be sup p l emented by a carefu l l y  f i l tered a i r source . 
U l trav i o l et l i g ht  h as been used to i n act i v ate v i ruses i n  a i r (Mue l l er 1 987 ) . 

M . 2 . 5 .  Non-heat Recovery Mechan i ca l  Vent i l at i on Systems 

I n  the i mp l emen t at i on of i ts Super Good Cents Prog ram , B PA h as deve l oped a 
non- heat recovery vent i l at i on opt i on wh i c h i s  capab l e  of prov i d i ng a m i n i mum 
rate of vent i l at i on a i r to the  who l e- house and an i n creased vent i l at i on rate , 
on an i nterm i ttent bas i s ,  for ex h aust i n g i n door contami n ants  i n  k i tchen s an d 
b at hrooms ( spot ven t i l at i on ) , when requ i red . These opt i on s  are not app l i cab l e  
to b u i l d i n g s  us i n g  advanced a i r l eakage contro l . These systems wi l l  not h ave 
a d ramat i c  effect on radon , but wi l l  h ave a benefi c i a l  effect on genera l i z ed 
i n door po l l utants such as  humi d i ty ,  odors , an d househo l d  dust . 

The Super  Good Cents Reference Man ua l  ( B PA 1 986)  descri bes four genera l 
des i gn s  for ach i ev i ng th i s  who l e -house  and spot vent i l at i on capac i ty :  

1 )  I n tegrated Spot and  Who l e  House Des i gn :  Th i s  system uses  one  or  
more of the  s pot vent i l at i on fan s to  prov i de who l e  house vent i l at i on 
when neces sary .  Examp l e :  The b ath fan i s  contro l l ed by both a c rank  
t i mer i n  t he  b ath room and  a dehum i d i stat i n  the  l i v i ng room to p rov i de 
both s pot vent i l at i on needs i n  the  b ath room an d the  who l e  house  
vent i l at i on needs when ca l l ed for  by the  dehum i d i stat i n  t he  l i v i ng room . 
Fresh  a i r  i n l ets  i n  the  bedrooms and un dercut doors prov i de the  necessary 
a i r c i rc u l at i on of fresh  a i r th rough the  house to the  bath  fan ( F i g ure 
M .  2 )  • 

2 )  Ducted Centra l  Exh aust Des i gn : Th i s  system uses  a s i n g l e  l arge 
mu l t i - speed exhaust fan ducted to bedrooms , b ath s , k i tchen and  l i v i n g 
areas to p rov i de both who l e -house and s pot vent i l at i on . Examp l e :  A 
l arge 200 cfm fan l ocated i n  the  att i c  h as exhaust ducts con nected to 
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each  bedroom , b ath room and  the k i tchen . The fan i s  contro l l ed to prov i de 
a h i gh speed , h i gh f l ow exhaust when n eeded for spot vent i l at i on i n  the  
k i tchen or  b ath rooms . The  fan  a l so operates at a l ower f l ow rate when 
contro l l ed to p rov i de who l e  house  vent i l at i on ( F i gure M . 3 ) . 

3 )  D i screte Spot and  Who l e-House Des ign : Th i s  system uses  separate 
fan s and contro l  systems to prov i de spot an d who l e house  vent i l at i on .  
Examp l e :  The  system con s i sts of standard b ath  fans contro l l ed by cran k 
t i mers , a k i tchen ran ge  hood , and  a s i ng l e  50 cfm exhaust  fan l ocated i n  
a centra l h a l l way near the  bedrooms con nected to a dehum i d i stat i n  the  
l i v i n g  room ( F i g ure M . 4 ) . 

4 )  Forced A i r Heat i ng/Coo l i ng System I n tegrated Des i gn : I n  t h i s  system 
spot vent i l at i on i s  p rov i ded t hrough bath an d k i tc hen exhaust fan s but  
who l e- house  vent i l at i on and makeup  a i r  are prov i ded t hrough  i ntegrat i on 
w i t h  the  forced a i r heat i ng/coo l i ng system . Examp l e :  The  b ath  fan i s  
connected to a dehum i d i stat i n  t he  l i v i n g room to p rov i de who l e- house  
exhaust  i n  a house  wi th  a forced a i r  heat i ng/coo l i n g  system . The  forced 
a i r  system fan h as a l ow speed sett i n g t h at i s  contro l l ed to come on 
when the  dehumi d i stat c a l l s  for the  bath fan to run . A motori z ed d amper 
i s  contro l l ed by the dehum i d i stat to open a d uct t h at p rov i des the  
n eces sary amount of makeup a i r i nto the  return a i r  p l en um at the  forced 
a i r  h eat i n g/coo l i n g  system . When the bath fan i s  turned  on by the  
dehum i d i stat , the  forced a i r  heat i n g/coo l i ng system fan  i s  turned on at  
l ow speed and  the  motor i zed d amper open s to a l l ow fresh a i r to be p u l l ed 
i nto the  c i rcu l at i ng a i r  i n  t he  h eat i ng/coo l i ng system , t hus  p rov i d i n g 
fresh a i r  t h roughout the  h ouse ( F i gure M . 5 ) . 
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F i gure M . 2 .  I n tegrated Spot and Who l e  House  System 
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F i gure M . 3 .  Ducted Centra l  Ex h aust  System 
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F i gure M . 4 .  D i screte Spot/Who l e House  System 
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F i gure M . S .  W ho l e House Vent i l at i on I n tegrated wi t h  Cen tra l  Forced A i r 
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Tab l e M . 3 .  Summary of Radon Reduct i on Techn i ques  ( EPA 1 986 )  

Conf i -
House Est imated dence Operat ing  Est imated 

Pr inc ip le  Types A n n u al Avg. i n  Cond i t ions  I n sta l lat ion Sou rces 

of App l l - Concentrat ion Ef fec- and and Annua l  of  

Method Operation cable Red uct lon . o o  t iveness App l icab i l i ty  Operat i n g  costs I n format ion 
- _ . .  _- - -- ----- ----- -�--- ------

-�- -.-----

Natura l  A i r  exc hange A l ia 90t) Mod erate O pen w i ndows No insta l lat ion 8e84, 

ven t i l ation caus ing re- and a i r  vents cost ASH RAE85, 

p lacement u n i formly Operat i n g  costs for DOC82 

and d i l u t ion a ro u n d  house add i t iona l  heat ing  
of i n d oor A i r  exchange are est imated to 
a i r  w i t h  rates u p  to 2 range u p  to a 3.4-
outdoor a i r  ach may be fold i n c rease from 
by u n i formly attai ned normal (0.25 ac h )  
open i n g  M ay req u i re vent i lat ion  cond i -
w indows and energy and t lonsL 
vents comfort penalt ies 

a n d/or l o s s  of 
l i v i n g  space u s e  

Fo rced a i r  A i r  exc h a n g e  A l l  90b M o derate Co n t i n u o u s  op- I n s t a l l a t i o n  costs 8e84,  

ven t i l a t i o n  c a u s i n g  re- e rat ion  o f  a range u p  to $ 1 50 G083, 
p lacement centra l  f a n  w i t h  O perat i n g  costs  

ASH RAE85, 

and d i l u t io n  f r e s h  ai r DOC82 

of  i n d o o r  makeu p,  w i n -
range u p  to $ 1 00 

a i r  w i t h  dow f a n s ,  o r  
f o r  f a n  e n e r g y  a n d  

o u t d o o r  a i r  l o c a l  e x h a u s t  
u p  to a 3 . 4 - f o l d  

by t h e  u s e  f a n s  
I n c rease I n  
normal  (0.25 ach)  

of  fans  Forced a i r  ven t i - heat i n g  e n e rg y  
l o c a t e d  i n  l a t i o n  c a n  be costsC 
w i n d ow s  o r  u sed t o  i n -
vent o p e n - c rease a i r  
i n g s  e x c h ange rates 

rates up to 2 ach 

M ay req u i re 
energy and 
com fort pena l -
t i e s  and/or  
l o s s  of  l i v i n g  
space u s e  

Forced a i r  A i r  exc h a n g e  A l l  96d Mode rate Cont i n u o u s  op- I n s t a l l a t i o n  costs 8e84,  

ven t i l a t i o n  c a u s i n g  re- to h ig h  erat ion  o f  u n i t s  range f rom $400 t o  CR86,  

wi th  heat  p lacement rated at 25-240 $ 1 500 for  25-240 N Y SERDA85, 

recovery and d i l u t i o n  c u b i c  feet p e r  elm u n i t s  N a 8 1 , 

of i n d o o r  a i r  m i n u te (c fm)  O perat i n g  costs We86b 
with o u t door  A i r  e x c h ange i n - range u p  to $ 1 00 
a i r  by t h e  c reased f rom for  fan energy 
use of  a fan 0 .25 to 2 ach p l u s  u p  to 1 . 4 -
powe red ven- fo ld  i n c rease i n  
t i l a t i o n  I n  c o l d  c l i m ates heat i n g  costs 
system u n i t s  c a n  re- ass u m i n g  a 70% 

cover up to 70 % e f f i c i e n t  h eat 
of  h eat t h a t  recovery" 
wou ld  be lost  
t h ro u g h  h o u s e  
v e n t i l a t i o n  
w i t h o u t  h eat 
recovery 

Active Provide A l l  0 _ l Oe Moderatei P rOVide outs ide I nsta l lat ion costs N a85 

avoidance c lean makeup air to of small d am pered 

of house makeup a i r  a p p l i ances Such duct work  shou ld  

depressuri - to hou se- as fu  rnaces, be m i n i mal 

zat ion ho ld app l i - f i replaces, Operat ing benef i ts 
ances which c lothes d ryers. may resu l t  from 
exhaust or and room ex- u S i ng outdoor a i r  
consume h a u st fans for combust ion 
indoor a i r  sources 
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Tab l e  M . 3 .  (Cont . )  

Con f l  
House Es t lm il t e(J dence Operat i n g  E s t i m a t e d  

Pri n C i p le Types A n n u il l  Avq In Cond i t i ons I n s t a l l a t i on Sources 
of A p p l i- Con cen t ril t lon E l fec- ano a n d  A n n l J a l  o f  

Met hod Operat ion cable R(�riur; t l o n .  ' t l veness Aprl lcabd i ty  Opera t l n q  c o s t s  I n formation 
�---� ---- --- �� --- -

Seal ing  Use gas- A l l  Loc a l  ex- Ex t remely Areas of  major Most JotlS could be Scil5b, 

major proof bam- haust  of t h e  case s O l l q a s  e n t ry accom p l l s he() for N a85.  

radon ers to close sou rce may s pec i f iC such as cold less t han S 1 00 N Y S E R OA85 
sources off and produce s lq  rooms.  ex posed O peratmg costs for 

ex haust  n i f lcant  eart h .  sumps .  or  a smal l fan w o u l d  
ven t i late hou se-w ide basement be m i n imal  
sources of reduct ions  dra ins  may be 
sO I I -gas- sealed and 
borne radon vent i lated by 

e x haust i n g  
col lected a i r  
to t h e  out Side 

Seal ing Use gas- A l l  30-90 E x t remely All  not iceable I n sta l lat ion costs N Y S E ROA85, 

radon proof case I n terior cracks, range between Sc83 
entry sea lants  to Specif ic cold Jo in ts ,  S300 and S500 
routes prevent soi l - open i n g s  

gas-borne around 
radon ent ry services. and 

pores in  base-
ment  wal ls and 
f loors shou ld  
be sealed wi th  
a pp ropr iate 
mater ia ls  

Drain t i le Con t i n uous ly  B B  U p  to 98 M oderateQ Con t i n uous col- I nsta l lat ion cost He86 
soil ven- col lect ,  PCB lect [on of sod- I S  S 1 200 by con-
tilation d i l u te. and S gas-borne t ractor 

exhaust so i l - radon us ing O pera t i n g  costs  
gas-borne a 1 60 cfm fan to are S15 for  f a n  
r a d o n  from e x h a u s t a energy a n d  u p  to 
the foo t i n g  per imeter  d r a i n  $ 1 25 for  s u p p l e-
per imeter  o f  t i le men t a l  heat i n g  
h ouses A pp l ic a b l e  to 

houses  wi th  a 
c o m p l ete per im-
eter  foo t i n g 
level  d r a i n  
t i l e  s y s t em 
a n d  w i t h  no 
i n t e r i o r  b lock 
wal ls  rest i n g  o n  
s u b- s l a b  foot-
I n g s  

Active ven- Cont inua l l y  BB U p t0 99 +  M od erate Cont inuous col - I n sta l la t [on costs H e86 
!itation of col lect ,  to h i g h  lect[on o f  soi l - for a S i ng le sue-
hollow- d i l u te. and gas-borne radon tion and exhaust  
block exhaust soi l - using one 250 pOint  system i s  
basement gas·borne cfm fan to ex- $2500 (con tractor 
walls radon from h a u st al l  hol- i n stal led in u n -

h o l l ow-b lock lOW-b lock penm- f l n l srled basement )  
basement  eter  basement  
w a l l s  w a l l s  I n st a l l a t i o n  c o s t  

Baseboard w a l l  for  a baseboard 
w a l l  c o l l e c t i o n  

c o l l e c t i o n  a n d  s y s t e m  i s  $5000 e x h a u s t  system (con t ractor  i n -
u sed i n  h o uses s t a l l ed in  u n -
w i t h  French f [ n l shed basement )  
(c h a n n e l )  d r a i n s  

O pera t i n g  c o s t s  
are $ 1 5  for  f a n  

M . 1 4 energy a n d  u r  t o  
$ 1 25 for  s u p p le· 
m e n t a l  heat i n g  



Method 

S u b - s l a b  
s o i l  
ven t i l a t i o n  

Pr inc i p le 
of  

O pera t i o n  

Con t i n u a l l y  
c o l lect  a n d  
e x h a u s t  
s o i l - g a s­
bo r n e  radon 
f rom the 
a g g regate  o r  
s o i l  u n d e r  
t h e  c o n c rete 
s l a b  

H ou se 
Types 
App l l '  
cable 

B B  
P C B  
S 

Tab l e  M . 3 . (Cont . )  

Conf l '  
Est i m ated dence 

A n n u a l  Avg. In 
Concen t rat ion Effec; . 
Red u c t lon o," t i veness 

80-90 . M od e r a t e  
a s  h i g h  to h i g h  
a s  99 
in some 
cases 

Opera t i n g  
Condi t ions 

and 
Appl icab i l i t y  

Co n t i n u o u S  c o l ·  
lect l o n  of  5 0 1 1 ·  
g J s - u u rn e r d Cj ,:�n 
u S i n g  one f a n  
( - 1 00 c f m .  
oe: 0 .4  i n  . .  H20 
s u c t i on )  to e x ­
h a u s t  a g g regate  
o r  s O i l  u n d e r  
s l a b  

F o r  I n d i v i d u a l  
s u c t i o n  p o i n t  
a p p roach ,  
ro u g h l y  one 
s u c t i o n  po in t  
p e r  500  sq f t  
o f  s l a b  area 

P i p i n g  network  
under  s l a b  i s  
a n o t her  a p ­
proa c h .  m i g h t  
p e r m i t  adequate  
v e n t i l a t i o n  
w i t h o u t  power­
d r iven fan 

Est imated 
Ins ta l la t ion 
and A n n ual  

Operat i n g  costs 

I n s t a l l a t i o n  cost  
fnr  I n d i v i d u a l  suc­
i ! O II pClnt  J p  
proach I S  a b o u t  
52000 (cont ractor  
i n s t a l le d )  

I n s t a l l a t i o n  c o s t s  
for  retro f i t  s u b­
s l a b  p i p i n g  net ­
work wou I d  be 
over 55000 
(cont ractor  
I n st a l l e d )  

O perat i n g  c o s t s  
a r e  $ 1 5  f o r  fan  
energy ( i f  u sed)  
a n d u p t o S 1 25 
f o r  su p p l e m e n t a t  
h ea t i n g  

Sources 
of 

I n formation 

Er84 . 
Bril6b 
N Y :: E � � J I:" S 5 .  
Sa84 . 
He86.  
Sc86 

--------�------------------ - --- ------

a B B  ( B l o c k  basement )  h o u ses w i t h  h o l low-b lock ( c o n c rete b lock  o r  c i n d e r  b l o c k )  baseme n t  or p a r t i a l  basemen t .  f i n ished or u n f i n ­
ished 
PCB (Pou red c o n crete basement )  h o u ses wi th  f u l l  o r  p a r t i a l .  f i n i shed o r  u n f i n i s h ed pou red-concrete w a l l s  
C (Crawl space) h o u ses b u i l t  o n  a c r a w l  s pace 
S (S l a b ,  or  s l ab-on-grade)  h o uses b u i l t  o n  c o nc rete s labs . 

b F ie ld  s tud ies  h ave va l ida ted t h e  c a l c u l at e d  effect iveness of f o u r f o l d  to e i g h t fo l d  i n c reases i n  a i r  exchange rates to p rod uce u p  t o  
9 0  percent  red u c t i o n s  i n  i nd o o r  radon .  

COperat i n g  costs  are ascr i bed t o  i n c reases in  heat i n g  c o s t s  based o n  ven t i l a t i n g  a t  2 ach the  r a n d o n  s o u rce leve l :  a s  a n  examp le .  
t h e  basement  w i th  1 )  n o  s u p p le m e n t ary h ea t i n g  o r  2 )  s u p p leme n t a ry h ea t i n g  t o  t h e  comfor t  range .  I t  i s  a s s u med t h e  basement  re­
q u i res 40 percent  of  t h e  h ea t i n g  l o ad a n d  if not heated w o u l d  t h ro u g h  leakage s t i l l  i n c rease whole h o u se energy  req u i rements  bv 
20 perce n t .  O perat i n g  c o s t s  are b ased o n  f a n  s i zes n eeded t o  p ro d u c e  u p  t o  2 ach o f  a 30x30x8 f t  (7200 cu ft) basement  o r  a n  e i g h t ­
fo ld  i n c rease i n  ven t i la t i o n  rate_  

d Rec e n t  radon m i t i g a t i o n  s t u d ies o f  10 i n le t /o u t l et b a l a n ced mecha n i c a l  ve n t i la t ion systems h a ve reported radon red u c t i o n  up to 
96 percent  in  baseme n t s _  These s t u d ies I n d ic a t e  a i r  e x c h a n g e  rates were I n c reased f rom 0.25 to 1 .3 a c h .  

eTh i s  est i m ate  a s s u m e s  t ha t  d e p r es s u r i z i n g  E. p p l i a nces l i e  . .  l o c a l  ex h a u st f a n s .  c l o t hes d r y e r s .  f u rnaces .  a n d  f i r e p l aces)  a r e  u sed 
n o  m o re t h a n  20 perce n t  of  the t i me over a year.  Th i s  s u g g es t s  t h at d u ri n g  t h e  hea t i n g  season u s e  of  f u r n aces and f i re p l aces W i t h  
prov is ion of  m a k e u p  a i r  may red u c e  i n do o r  r a d o n  leve l s  b y  u p  t o  50 p erce n t .  

'S t u d ies i n d i c a t e  t h a t  s i g n i f i c a n t  e n t ry o f  so i l -gas-borne r a d o n  i s  I n d u ced by p ress u re d i f ferences between t h e  s o i l  and I ndoor e n v I ­
ro n m e n t .  S pec i f i c  r a d o n  e n t ry e f f e c t s  of  s pe c i f i c  press u r i z a t i o n  a n d  d e p re s s u r i za t ion  are  a l so d e p e n d e n t  on sou rce st ren g t hs.  s o i l  
c o n d i t ions ,  t h e  c o m p l e t e n e s s  of  h o u se s ea l i n g  a g a i n s t  r a d o n .  a n d  base l i n e  h o u se ve n t i l at i o n  rates.  

Q O n g o i n g  s t u d ies i n d ic a t e  t h a t  w h ere a h o u se ' s  d r a i n  t i l e  c o l l ec t i o n  system is  c o m p l et e  I i .e  . .  i t  goes a ro u n d  t h e  whole h o u se per im­
eter)  a n d  the h o use h a s  no i n te r i o r  h o l low-b lock wal ls  res t i n g  o n  s u b- s l a b  foo t i n g s ,  h i g h  radon e n t ry red u c t i o n  c a n  be ach ieved 
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TABLE  M . 4 .  Effect i veness  o f  Radon Red uct i on Techn i ques  

REFERENCES 

Techn i que 

Natura l  Vent i l at i on 

Forced A i r Vent i l at i on 

Forced A i r Vent i l at i on 
W i t h Heat Recovery 

Sea l i ng Radon Ent ry Routes 

D ra i n  T i l e  So i l  Vent i l at i on 

Act i ve Vent i l at i on of  Ho l l ow 
B l oc k  Basement  Wa l l s  
Sub-S l ab So i l  Vent i l at i on  

Reduct i on 

90% 

90% 

96% 

30- 90% 

98% 

99+% 
80 -9 1%  

BPA . 1 985 . En v i ronment and  Powe r .  
homes a n d  i n door a i r  po l l utants . 

I s sue  Bac kgrounder : energy eff i c i ent  new 
DOE/BP-467 . Bon nev i l l e Power 

Adm i n i strat i on , Port l and , O regon . 

B PA . 1 986 . The  Super Good Cents Techn i c a l  Reference Manua l . Bon n ev i l l e 
Power Adm i n i strat i on ,  Port l and , Oregon . 

E PA .  1 986 . 
G u i dance . 
and  Energy 
Caro l i n a .  

Radon Red uct i on Tec h n i ques for Detached Houses : Tec h n i c a l  
E PA!625!5 -86!0 1 9 .  U .  S .  Env i ronmenta l  P rotect i on Agency , A i r 
E ng i n eeri n g  Research  Laboratory , Research Tr i an g l e Park , North 

F i s k ,  W .  J .  1 986 . Research  Rev i ew :  I ndoor A i r Qua l i ty Contro l  Techn i ques . 
Lawrence Berke l ey Laboratory , Berke l ey ,  Ca l i forn i a .  

F i s k ,  W .  J . ,  R .  K .  S pencer , D .  T .  Gr imsrud , F .  J .  Offerman , B .  Pederson , and 
R .  Sext ro . 1 985 . I n door A i r u a l i t  Contro l  Techn i ues : A Cr i t i c a l  
Rev i ew .  DOE/BP -00098-2  a l so  LBL - 1 6493 , Bonnev i l l e Power Admi n i stat i on , 
Port l an d , Oregon . 

G r i ms rud , D .  T . , R .  F .  Szyd l ows k i , and  B .  H .  Turk . 1 986 . F i e l d St udy of  
Exh aust  Fans  for M i t i gat i on I n door A i r Qua l i ty Prob l ems . F i n a l  Report to 
Bon n ev i l l e  Power Admi n i strat i on .  LBL-2228 1 . Lawrence Berke l ey Laboratory , 
Un i vers i ty of  Ca l i forn i a ,  Berke l ey ,  Ca l i forn i a .  

Mue l l er .  1 987 . I n door A i r  ua l i t  E n v i ronmenta l  I n format i on Handboo k : 
������������������������-Bu i l d i ng System Ch aracteri s t i c s . 10450 -H 1 . U . S .  Department of Energy 

Was h i ngton , DC . 

O fferman F .  J . , R .  G .  Sext ro , W .  J .  F i s k ,  W .  W .  Naz aroff , A .  V .  Nero , K .  L .  
Revzan , and  J .  Yater . 1 985 . Contro l  of Respi rab l e  Part i c l es and  Radon 
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Progeny wi t h  Portab l e  A i r C l eaners . DOE/BP-0009S-3 ( a l so LBL- 166S9 ) , 
Bonnev i l l e Power Admi n i strat i on ,  Port l and , Oregon . 

M . l l  




	Blank Page

