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The r e l a t i o n  between a i r  i n f i l t r a t i o n  r a t e  and indoor 
concentra t ions  of radon gas ,  radon daughters, and formaldehyde has  
been inves t iga ted  f o r  both summer and winter condit ions i n  a 
number of Toronto houses w i t h  low r a t e s  of n a t u r a l  v e n t i l a t i o n .  
Air i n f i l t r a t i o n  r a t e s  obtained by t h e  fan depressur iza t ion method 
and t h e  s u l f u r  hexafluoride t r a c e r  gas  d i l u t i o n  method a r e  
compared, Formaldehyde l e v e l s  were monitored using both t h e  
revised NIOSH impinger sampling method and badge dosimeters. 
Levels of radon gas and daughters were determined by a grab 
sampling technique and by f i l m  dosimeter as w e l l  f o r  radon 
daughters. 

Average a i r  change rates i n  air-conditioned houses were lower over 
t h e  summer months (0.12 - 0.40 ach) than over t h e  winter  period 
(0.21 - 0.66 ach). The average summer indoor formaldehyde 
concentra t ion f o r  air-conditioned houses was 0.076 ppm a s  compared 
with an average of 0.038 ppm i n  winter.  The average radon and 
radon daughter concentrat ions f o r  air-conditioned houses were 
higher by 44% and 32%, respect ively ,  during the  summer months than 
during t h e  winter  months . 

INTRODUCTION 

Prolonged exposure t o  low concentrat ions of indoor a i r  
contaminants can under c e r t a i n  circumstances be a s e r i o u s  t h r e a t  
t o  the  h e a l t h  of building occupants. I n  recent  years  considerable 
a t t e n t i o n  has  been focussed on formaldehyde g a s  emissions from 
urea formaldehyde foam insu la t ion  and, i n  a reas  of high n a t u r a l  
r a d i o a c t i v i t y ,  on p a r t i c u l a t e  a i rborne  r a d i o a c t i v i t y  (radon 
daughters) r e s u l t i n g  from rad ioac t ive  decay of radon gas,  With 
the  inc reas ing  demand f o r  improvement i n  a i r t i g h t n e s s  of t h e  
bullding envelope a s  an energy conservation measure, t h e  p o t e n t i a l  
f o r  such contaminants t o  be present  a t  an unacceptable l e v e l ,  even 
i n  the  absence of s i g n i f i c a n t  sources, has increased. 
Formaldehyde gas ,  f o r  example, can be t raced t o  sources such a s  
s y n t h e t i c  f a b r i c s ,  wood products, and products of combustion. 
Radon gas ,  a decay product of natural ly-occurring nuc l ide  radium- 
226, can be found t o  some ex ten t  i n  most s o i l s  throughout t h e  
world. Radon emanates from earth-derived bui ld ing mate r i a l s  and 
can e n t e r  a building by t ranspor t  from surrounding s o i l  through 
cracks and openings i n  foundations. 

This paper presents  a summary of the  r e s u l t s  of a monitoring 
program designed t o  examine t h e  r e l a t i o n  between i n f i l t r a t i o n  r a t e  
and indoor concentrat ions of radon, radon daughters and 
formaldehyde i n  houses having r e l a t i v e l y  low r a t e s  of n a t u r a l  
v e n t i l a t i o n .  It a l s o  compares a i r  i n f i l t r a t i o n  d a t a  obtained by 
the  f a n  depressur iza t ion and t r a c e r  gas  d i l u t i o n  methods. Twelve 
houses i n  Metropolitan Toronto were t e s t e d  weekly during t h e  
winter  heat ing season from November t o  March 1982. Ten of them 



were t e s t e d  a l s o  dur ing t h e  summer from Ju ly  t o  September 1982; 
e igh t  of t h e  ten  used t h e i r  c e n t r a l  air-condit ioning systems 
extens ively .  

DESCRIPTION OF TEST HOUSES 

E l e c t r i c a l l y  heated houses with forced warm-air systems w e r e  
s e l e c t e d  f o r  t h e  test program because t h e i r  a i r  exchange i s  n o t  
augmented by a furnace chimney. Two-storey, single-family 
dwellings wi th  basements and no  u r e a  formaldehyde foam i n s u l a t i o n  
were s tudied;  t h e i r  volumes, including basements, ranged from 555 
t o  948 m3. A l l  were frame const ruct ion wi th  b r i ck  s id ing ,  t e n  
years o l d  or  l e s s ,  with c e n t r a l  air-condit ioning and f i r e p l a c e s .  

Select ion of the  twelve test houses from a pool of e ighteen was 
based on low n a t u r a l  v e n t i l a t i o n  r a t e ,  character ized by t h e  
overa l l  air leakage p roper t i e s  assessed by t h e  fan  
depressur iza t ion method (CGSB Inter im Standard 149-GP-10, 
"Determination of A i r  Tightness of Buildings by t h e  Fan 
Depressurizat ion Method"). It g ives  t h e  t i g h t n e s s  of a bui ld ing 
enclosure by exhausting a i r  from t h e  s t r u c t u r e  and measuring t h e  
a i r f low r a t e  and corresponding pressure  d i f fe rence  a c r o s s  t h e  
enclosure. A por table  commercial exhaust fan  u n i t  developed by 
Orr and Figleyl  was used. 

3.  MONITORING AND ANALYTICAL TECHNIQUES 

Weekly air sampling consisted of taking grab samples f o r  
r adon/r adon daughters and formaldehyde ana lys i s  and concurrent  
measurements of a i r  exchange r a t e  using the  t r a c e r  gas  d i l u t i o n  
method. Thermohygrographs w e r e  i n s t a l l e d  i n  t h e  l i v i n g  room t o  
measure indoor temperature and r e l a t i v e  humidity. Outdoor 
environmental condit ions,  inc luding temperature, r e l a t i v e  
humidity, wind speed and d i rec t ion ,  and atmospheric pressure  were 
recorded a t  t h e  t i m e  of sampling. Door and window openings and 
occupant a c t i v i t i e s  (vacuuming, smoking, e t c . )  were noted f o r  each 
sampling period. 

3.1 A i r  I n f i l t r a t i o n  

In the t r a c e r  gas d i l u t i o n  method t h e  i n f i l t r a t i o n  r a t e  can be 
determined from t h e  exponential  decay r a t e  of t h e  t r a c e r  g a s  
concentrat ion with respect  t o  t i m e .  I f  the  n a t u r a l  logari thm of 
t h e  concentra t ion i s  p lo t t ed  aga ins t  t i m e ,  t h e  measurements should 
f a l l  on a s t r a i g h t  l i n e  provided the a i r  change r a t e  remains 
constant .  A s c a t t e r  of po in t s  i s  expected and a s t r a i g h t  l i n e  
bes t  f i t  can be ca lcula ted  using the  l e a s t  squares method. 



The a i r  change r a t e  i s  given by 

where 

C1 = concentrat ion of t r a c e r  gas a t  t i m e  t l  
C2 = concentra t ion  of tracer gas  a t  t i m e  t 2  
S = a i r  change rate per u n i t  t i m e .  

I n  each of the  test houses 50 cc  of SF6 ( a s  a t r a c e r  gas)  was 
i n j e c t e d  upstream of t h e  f a n  i n t o  t h e  r e t u r r r a i r  plenum of t h e  
forced-air  heat ing  system. Samples were drawn a t  t h e  same 
l o c a t i o n  f o r  subsequent a n a l y s i s  of SF6 concentrat ion 30, 45, 60 
and 75 min a f t e r  in jec t ion .  During the  sampling period t h e  
furnace  f a n  w a s  switched t o  manual mode i n  order  t o  achieve 
thorough and continuous mixing of air wi th in  t h e  s t r u c t u r e .  
Connecting doors,  c l o s e t  doors,  r e g i s t e r s ,  e t c .  , w e r e  opened t o  
allow f r e e  c i r c u l a t i o n  of a i r .  Windows, e x t e r i o r  doors and 
f i r e p l a c e  dampers were closed. 

Tracer gas  i n j e c t i o n  and sample ex t rac t ion  from t h e  re turn-a i r  
pleneum was achieved us ing a hypodermic syringe.  The t r a n s f e r  of 
SF6 from a gas cyl inder  t o  the  50-cc syr inge  w a s  accomplished 
ou t s ide  and downwind of t h e  test house. A c lean  50-cc sy r inge  and 
needle w e r e  used t o  draw sample a i r  from the  re tu rn -a i r  plenum f o r  
i n j e c t i o n  i n t o  a 20-mL evacuated g l a s s  tube f o r  temporary s to rage  
and subsequent a n a l y s i s  i n  the  labora tory  wi th  an electron-capture 
dectector/chromatograph. 

Formaldehyde 

Formaldehyde l e v e l s  were monitored following t h e  r ev i sed  NIOSH 
(National  I n s t i t u t e  f o r  Occupational Sa fe ty  and Health) impinger 
sampling method developed by R.R. Miksch a t  the  Universi ty of 
Ca l i fo rn ia ,  and us ing a 1-h sampling period. Samples were taken 
i n  the  l i v i n g  room or  dining room of each house, wi th  the  sampling 
t r a i n  l o c a t e d  approximately 1 m above f l o o r  l eve l .  A c a l i b r a t e d  
constant-flow pump was used t o  draw air a t  1 L/min through a 
midget impinger conta in ing sodium b i su l f  i t e  absorbing s o l u t i o n  f o r  
subsequent ana lys i s  i n  a spectrophotometer. 

For comparison, formaldehyde badge dosimeters containing sodium 
b i s u l f i t e  s o l u t i o n  were used t o  c o l l e c t  samples over a seven-day 
period. Badges were suspended approximately 1 m above t h e  f l o o r  
i n  t h e  l t v i n g  room and i n  one of t h e  bedrooms i n  each house. 



3.3 Radon /Radon Daughter s 

Simultaneous radonlradon daughter samples were c o l l e c t e d  from t h e  
basement a r e a  of each house us ing a g rab  sampling technique. A l l  
measurements were taken approximately 1 m above t h e  f l o o r .  For 
radon g a s  sampling, s e v e r a l  changes of basement room a i r  were 
drawn through a z inc  sulphide-coated flow-through s c i n t i l l a t i o n  
c e l l  a f t e r  pass ing a g l a s s  f i b r e  f i l t e r  t o  exclude daughter  
p a r t i c l e s .  The radon gas co l l ec ted  i n s i d e  t h e  cel l  was allowed t o  
decay f o r  approximately 4 h (seven ha l f - l ives  of short-1 ived 
daughter chain) ,  a t  which t i m e  the  daughters were v i r t u a l l y  a t  
equi l ibr ium wi th  t h e  parent  radon. The c e l l  w a s  then placed 
i n s i d e  a l i g h t - t i g h t  c a s t l e  containing a photomult ipl ier  tube 
connected t o  a sca ler /counter .  The a lpha  p a r t i c l e s  r e s u l t i n g  from 
rad ioac t ive  decay i n t e r a c t  with the  z i n c  sulphide coa t ing  of the  
c e l l  t o  produce t h e  s c i n t i l l a t i o n s  observed by t h e  counting 
system, Cal ibra t ion  of each cell  counter system aga ins t  a known 
radon source  y i e l d s  a count per  minute t o  p ic0  c u r i e  per  l i t r e  
(pCi/L) conversion a f t e r  sub t rac t ing  the  predetermined background 
count f o r  t h e  c e l l .  

Radon daughter concentrat ions were determined by means of t h e  
modified Kusnetz method. A high-volume a i r  pump w i t h  a capac i ty  
of 30 L/min w a s  used t o  draw a i r  through a g l a s s  f i b r e  f i l t e r  f o r  
10 min. The p a r t i c u l a t e  radon daughters  c o l l e c t e d  on t h e  f i l t e r  
were then counted with a por tab le  alpha counter incorpora t ing  a 
photomult ipl ier  tube  detec tor .  

For comparison with grab sampling da ta ,  t h r e e  radon dosimeters  
were exposed i n  each house (two i n  t h e  basement, one on t h e  main 
f l o o r )  over a four-month sampling period. Alpha p a r t i c l e s  from 
the  decay of radon gas  and daughters  bombarding an a lpha-sens i t ive  
plast-ic f i l m  de tec to r  (mounted on a card)  l eave  r a d i a t i o n  t racks .  
Analysis  of t h e  dosimeters w a s  c a r r i e d  o u t  by t h e  manufacturer. 

4. DATA ANALYSIS 

4.1 A i r  I n f i l t r a t i o n  

Figure 1 shows t h e  average a i r  change of each house f o r  both  
winter  and summer months, obtained by t h e  t r a c e r  gas  d i l u t i o n  
method and the  a i r  change r a t e  f o r  each house; t h i s  ranged from 
3.9 t o  7.9 a i r  changes per  hour (ach), obtained by t h e  f a n  
depressur iza t ion  method a t  a pressure d i f fe rence  ac ross  t h e  
bui ld ing envelope of 50 Pa. From a b e s t  f i t  l i n e  drawn through 
the po in t s ,  t he  r a t i o  of a i r  i n f i l t r a t i o n  r a t e s  measured by the  
t r a c e r  g a s  method and f a n  depressur iza t ion  method was 1/14 f o r  
winter and 1/20 f o r  summer. 

Figure 2 shows the  average i n f i l t r a t i o n  r a t e  of each house, 
determined by t h e  SF6 t r a c e r  g a s  method f o r  both periods of  
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Figure 1 Comparison of a i r  i n f i l t r a t i o n  rates determined by t h e  
t r a c e r  g a s  d i l u t i o n  and t h e  f a n  d e p r e s s u r i z a t i o n  
methods 

H O U S E  N U M B E R  

Figure 2 Average air  i n f i l t r a t i o n  rates ( t r a c e r  gas  d i l u t i o n  
method) (w i th  range  of two s t anda rd  d e v i a t i o n s )  



tes t ing .  I n f i l t r a t i o n  r a t e s  f o r  air-conditioned houses over t h e  
summer months (0.12 - 0.40 ach) w e r e  lower than those over t h e  
winter  per iod (0.21 - 0.66 ach). In two houses i n  which a i r  
condit ioners were not  used and windows were open the  a i r  change 
r a t e s  w e r e  much higher (1.75 ach f o r  House No. 7, and 2.78 ach f o r  
House No. 4). The apparent r e l a t i v e l y  high a i r  change r a t e  i n  
House No. 10 i n  summer may be r e l a t e d  t o  a i r  c i r c u l a t i o n ,  inasmuch 
a s  only one of two furnace fans  is  used f o r  c i r c u l a t i o n  of cooling 
a i r  i n  summer. The gradual  d i f fus ion  of SF6 i n t o  unci rcula ted  
areas  would give  the  e f f e c t  of more rap id  decay of t r a c e r  gas  
concentrat ion,  r e s u l t i n g  i n  an  incor rec t ly  high apparent a i r  
exchange r a t e .  

Figure 3 presents  average a i r  changes, wind speeds, and 
heating/cooling degree-days f o r  e i g h t  air-conditioned houses i n  
the summer months and f o r  twelve houses i n  t h e  previous winter.  
A i r  change r a t e s  were s i g n i f i c a n t l y  less i n  t h e  summer months than 
i n  the winter  months when the re  a r e  g rea te r  indoor/outdoor 
temperature d i f f e r e n t i a l s .  
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It i s  expected t h a t  during t h e  summer when t h e  temperature 
d i f f e r e n t i a l s  a r e  low the  a i r  change r a t e  w i l l  be due mainly t o  
wind. There appears t o  be a p o s i t i v e  c o r r e l a t i o n  between a i r  
change r a t e  and wind speed fo r  severa l  of t h e  e i g h t  a i r -  
condit ioned houses. Increased indoor r e l a t i v e  humidity causes 
increased a i r  t igh tness  during the  summer months and may a l s o  be a 
f a c t o r  i n  t h e  decreased a i r  change ra te4 ;  winter  averages of 
r e l a t i v e  humidity ranged from 34 t o  47%, and summer averages 
ranged from 56 t o  65%. 

4.2 Formaldehyde 

The mean indoor formaldehyde concentrat ions obtained from 1-h 
NIOSH measurements i n  each of t h e  houses a r e  shown on Figure  4. 
In genera l ,  there  was good agreement between the  weekly dosimeter 
( 7 d a y  exposure) and 1-h NIOSH r e s u l t s  over t h e  winter  sampling 
period, as shown graphical ly  i n  Figure 5. Agreement was poor when 
they were compared on a weekly b a s i s  f o r  each house. The higher 
indoor formaldehyde l e v e l s  i n  air-conditioned houses appear t o  be  
r e l a t e d  t o  a lower a i r  change r a t e  during t h e  summer months. The 
average indoor concentrat ion f o r  the  air-conditioned houses w a s  
0.076 ppm, which i s  twice t h e  winter  average of 0.038 ppm. The 
l e v e l s  of formaldehyde concentration indoors appear t o  be 
a f fec ted ,  a s  well ,  by those  outdoors. Measurements during t h e  
summer tests indicated  t h a t  outdoor l e v e l s  near a highway and a 
major road (d i s t ance  of 25 t o  120 m) var ied  from 0.014 t o  
0.022 ppm, and near minor roads from 0.006 t o  0.008 ppm, Outdoor 
l e v e l s  are a f fec ted  by t r a f f i c  dens i ty  s i n c e  automobile exhaust 
contains s i g n i f i c a n t  concentrat ions of formaldehyde and other  
aldehydes. 

A t  present  the  accepted indoor l e v e l  of formaldehyde i s  0.10 ppm 
(ASHRAE Standard 6 2-81, Vent i la t ion  f o r  Acceptable Indoor Air 
Quality).  In three  of the  t e s t  houses t h i s  l e v e l  w a s  exceeded i n  
70% of t h e  indoor measurements made during t h e  summer months. 
Over t h e  winter months the  same th ree  houses a l s o  had the  h ighes t  
formaldehyde concentrat ions,  bu t  t h e  maximum acceptable 
concentrat ion was exceeded i n  less than 10% of the  measurements. 

4.3 ~adon/Radon Daughters 

Figure 6 shows averaged radon concentrat ions and Figure 7 averaged 
radon daughter concentrat ions f o r  t h e  two measurement periods. 
Average radon concentrat ions over the  winter period ranged from 
0.3 t o  2.2 pCi/L; over t h e  summer per iod they ranged from 0.37 t o  
2.26 pCi/L. Average radon daughter concentrat ions over t h e  winter  
period ranged from 0.0007 t o  0.0065 working l e v e l  (WL); 
corresponding summer da ta  ranged from 0.0011 t o  0.007 WL. 
Comparison of summer and winter  d a t a  f o r  t h e  e i g h t  air-conditioned 
houses shows t h a t ,  on average, the  radon gas and radon daughter 
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Figure 4 Average 1-h NIOSH formaldehyde concentrat ions 
( i n t e r i o r )  (wi th  range of two s tandard  deviat ions)  
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Figure 5 Comparison of average 1-h NIOSH and 7 d a y  dosimeter 
formaldehyde measurements 
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Figure 6 Average d a i l y  radon concent ra t ion  (with range of two 
s tandard  dev ia t ions )  

Figure 7 Average d a i l y  radon daughter concent ra t ions  (wi th  range  
of two s t anda rd  dev ia t ions )  
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concentra t ions  were g r e a t e r  f o r  t h e  summer months than f o r  t h e  
winter months by 44 and 32%, respec t ive ly .  The acceptable  l i m i t  
f o r  radon daughters is 0.01 WL (ASHRAE Standard 62-81). The 
radonlradon daughter d a t a  showed expected v a r i a t i o n s  i n  ind iv idua l  
samples taken a t  t h e  same house on d i f f e r e n t  sampling days. It 
can be explained,  a t  l e a s t  i n  p a r t ,  by the  e f f e c t s  of var ious  
meteorological  f a c t o r s  shown i n  o the r  s t u d i e s  t o  be s t a t i s t i c a l l y  
s i g n i f i c a n t  i n  a f f e c t i n g  t h e  emission r a t e  of radon gas  from s o i l .  
These inc lude  barometric pressure ,  a i r  and s o i l  temperature, 
r e l a t i v e  humidity, and wind speed. 

The average equil ibrium f a c t o r  ( t h e  r a t i o  of measured radon 
daughters t o  t h e  p o t e n t i a l  radon daughter concentrat ion t h a t  could 
occur when i n  complete equil ibrium with the  parent  radon) d i d  n o t  
change s i g n i f i c a n t l y  from winter  (0.33) t o  summer (0.30) i n  t h e  
e igh t  air-condit ioned houses. Figure 8 provides a comparison of 
average radon and radon daughter measurements f o r  each house, 
using a grab  sampling technique with d a t a  obtained from t h e  f i l m  
dosimeters exposed over t h e  winter  sampling period. Agreement 
between t h e  two sets of da ta  can be considered f a i r l y  good. 
Figure 9 sugges ts  t h a t  concentra t ions  of both  formaldehyde. and 
radon gas tend t o  decrease as the  a i r  change r a t e  inc reases  and 
v i c e  versa .  

G R A B  S A M P L E .  R A D O N  D A U G H T E R S , W L  

SAMPLING PERIOD 
2 NOV 1981 TO 12 MARCH 1982 
(SEASON AVERAGE FOR 
EACH TEST HOUSE) 0 . 0 0 2  t i  

0 1 2 3 

G R A B  S A M P L E ,  R A D O N  G A S ,  p C i l L  

0 RADON 
RADON DAUGHTERS 
AVERAGE EQUILIBRIUM FACTOR - 0.31 

Figure 8 Comparison of grab sample and f i lm dosimeter 
measurements of radon and radon daughter 
concentrat ions 



WINTER DATA SUMMER DATA 

FORMALDEHYDE 

O\. RADON 
u - 

,.o-.- -0 

FORMALDEHYDE 

0 7 

NOV DEC JAN FEB MARCH JULY AUG SEPT 

NOTE: HOUSES 4 AND 7 WERE EXCLUDED FROM AVERAGES 
FOR JULY, AUGUST AND SEPTEMBER BECAUSE OF 
"OPEN" SAMPLING CONDITIONS EXPERIENCED 

Figure 9 Average monthly a i r  i n f i l t r a t i o n  r a t e  and formaldehyde 
and radon concentra t ions  

5. SUMMARY 

The p o s s i b l e  c o r r e l a t i o n  between a i r  i n f i l t r a t i o n  rate and indoor 
concentra t ions  of radon, radon daughters ,  and formaldehyde i n  
houses having r e l a t i v e l y  low r a t e s  of n a t u r a l  v e n t i l a t i o n  has been 
examined. 

1. A i r  change r a t e s  measured by the  fan  depressur iza t ion  method 
v a r i e d  from 3.9 t o  7.9 a i r  changes per  hour a t  a pressure  
d i f f e r e n c e  of 5 0 P a .  Averaged i n f i l t r a t i o n  r a t e s  obtained by 
tracer gas  measurements over t h e  summer study period ( f o r  a i r  
condit ioned houses) ranged from 0.12 t o  0.40 a i r  changes per  
hour; over t h e  winter  months t h e  r a t e s  were higher a t  0.21 t o  
0.66 a i r  changes per hour. These measurements represent  1/20 
and 1/14, r e spec t ive ly ,  of t h e  a i r  change r a t e s  a s  measured by 
t h e  f an  depressur iza t ion  method a t  a  pressure d i f fe rence  of 
50 Pa. 

2. The averaged indoor concentrat ion of formaldehyde f o r  a l l  
air-condit ioned houses, a s  measured by t h e  1-h NIOSH method, 
was 0.076 ppm (ranging from 0.019 t o  0.136 ppm) during the  
summer months, and 0.038 ppm (ranging from 0.015 t o  0.059 ppm) 
f o r  the  winter months, 



3. The averaged radon gas  concentrat ions f o r  a l l  air-conditioned 
houses during the summer months ranged from 0.37 t o  
2.26 pCi/L; f o r  t h e  winter  months they ranged from 0.30 t o  
2.2 p C i / ~ .  The averaged radon daughter concentrat ions f o r  a l l  
air-conditioned houses during t h e  summer months ranged from 
0.0011 t o  0.007 WL; f o r  the  winter months they ranged from 
0.0007 t o  0.0065 WL. 

4, Measurements i n d i c a t e  t h a t  concentrat ions of formaldehyde, 
radon, and radon daughters a r e  a f f e c t e d  by i n f i l t r a t i o n  r a t e ,  
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