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particulale p=l I~ ian!s frcm inao3r 
cornbss:ion prccesses (scch as 
cooKinG, heating, tobacco s i - ick!~gj .  
toxic cnemicais ar,C odors f : ~ i f i  

cleaning ac!ifi:ies, odars a c d  illa5ie 
r;crca!canisrl-is from nl;r?ars, odor- 
?-,ssk'ng c?emlcais cs fd  i r i  severs! 
aci!v!t!es, and a i\iiae assortiiient cf 
cnen ica ls  released from indoor 
cons l r~c t i o r !  ~ z t e r i a l s  anii fur- 
nis?!n;s. Ta>::e l Ls;s sorxe of Ine 
inajor irlaoor air poliurai7ts and iheir 
scurces ~n resiaental bu.la;ngs 
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The ,a;ldorn iniroduct,on of out- 
door air by intiltration (through cracks 
In :he build ng enveloce) or its 
recjuiated iriroauction by iatural vim- 
tilatlon (opeqilg doors and w~ndovds) 
or mechan~cal ventilation (fan and duct 
s y s t e ~ s  of varying complex~ty), IS the 
usual way in which occupants are pro- 
tected f r ~ ~  the accumulation of unde- 
sirable indoor air contaminants The 
primary engineering control for the 
maintenance of indoor air quality IS 
,nechan cal velltrlai on I e the use of 
c o ~ r r o i ~ e d  flov,s of air to lower the 
l e ~ e l s  oi air conlamrnants by l )  dilution 
with fresh o ~ t s i d e  alr 2) the use of 
rec rcJ ation systems incorporating 
cherrical a r~a  phys~cal contaminant 
control debices or 3) a comb~nation 
system employing both d~lution and 
rec - cu la t i o~  

Vent11a:icn standards for burld- 
irr;s \vi!h d,fferent furictional uses 
have been , n  existence f 3 r  ove: half a 
cerltury ticinever because these stdn- 
dardz i l a v O b e s r 8  estab ished by a 

C : ) !  cf 3 1 0 ~ ~ s  they frequently vary 
tor lhe same application A com- 
pre '?e~sive effcrt is now underway by 
sederal laboraiories in me U S and 
Europe to estabiisi? a screntiiic bajts 
for ventl al ion requirements to 



measure the actual levels of indoor air 
contaminants in several classes of 
buildings, and to prov~de a se! 31 

recommendations for energy ei:~cierlt 
ventilation standards in res~dent~al .  in- 
stitutional and commercia! buildings 
which are consistent w ~ t h  h l~ r ran  
health. safety and corrfort criterra. 

Most studies of indoor air pollu- 
tion have assumed that indoor pollu- 
tion arises from and is directly related 
to outdoor sources. Such siudies have 

, - been concerned mainly with SOa, 0 3 ,  
CO, and total suspendeo' particulates. 
They have found, in generai, that the 
concentrations of these species in is?- 
door air are lower than in cutdoor air. 
Surprisingly little work has been con- 
cerned with othe~potential ly important 
indoor air pollutant species, such as 
NO,, organics, and the respirable irac- 
tion of the particu!ate matter. Furthei- 
more, a number of air contaminant 
sources exist within buildings which 
can be traced to :he built environment 
itself. These sources and their emis- 
sions have, until quite recently, been 
neglected in most indoor air pollution 
studies. 

The following discussion high- 
lights three indoor- generated con- 
taminants of particular concern in 
residential buildings: nitrogen dioxide 
(NO,), formaldehyde (HCHO), and 
radon (Fin).* Wealth risks posed by ex- 
posure to these contaminants in con- 
ventional residential buildings, as well 
as the added risks engendered by pur- 
suing various strategies of reduced in- 
filtration and ventilation are discussed. 

DlSCUSSlON 
Gas Stove Emissions: Ni t rogen Di- 
oxide and Carbon Monoxide- Sev- 
eral recent field and laboratcry studies 
have focused on air contaminants 
from gas stoves and heating systems 
in residential buildings. Field studies 
have shown that levels of carbon 
monoxide (CO) and nitrogen dioxide 
(NO,) approach or exceed existing 
U.S. ambient outside air quality stan- 
dards in some residential buildings 
with gas appliances.' Nitrogen dioxide 
levels in kitchens of houses with gas 
stoves were observed to be as high as 
0.5 ppm with one top burner operating 
for less than 30 minutes and as high as 
0.8 ppm with the oven operating for 20 
minutes. These NO, concentrations 
can be compared with the short-term 
U.S. and foreign NO, ambient outside 
air quality standards o i  ~ 0 . 2 - 0 . 4  ppm 
for 1 hour.' 

Stljdies have characterized the 
emissions from a new gas stove 
operating in an experimental room 
with air exchange raies from to 10 
air changes per hour ( a ~ h ) . ~  These 
laboratory studies have shown that 
gas stoves generate extremely high 

' See article on p. 30 
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T2biz 1 
Indoor .p Air Pollution in Residenlial Buildings 

Sources P a i l ~ i t a ~ t  Types  
C3TCOOR 

ArnSic-ni Air 

blotor Vehlcies 
INDO04 

. , 

Buiidrng Constrr~clion Materials 
C3ncrete. stor:e 
PariicIeSoard 
lnsulat Ion 
Fiie Retardant 
Adhesives 
Pair.: 

Bu~lding Contents 
tieatin5 and cooking 

cornbustier: appliances 
F~rnishings 
Water service: natural gas 

Human Occuparts 
Metabolic activity 

kiurna? Ac::vi:ies 
Tcbacco smoke 
Aerosol Spray devices 
Cleaning and cooking products 
Hobbies and crafts 

SO;IdO, NG,. O,, Hydrocarbons, 
CS, Part~cuiales 

CO. Ob 

Rad 0 n 
Formaidehyde 
Formaldehyde. Fiberglass 
Asbestos 
Crganics 
Rleicury, Organics 

CO SO,. NO. NO,, Pariicula?es 
Orsanics, Odors 
Rador; 

CO,! Nb!,, Organics, Odors 

CO. N3,. HCN, Organics. Odors 
Fluorocarbons, Vinyl Ci-loride 
Hydrocarbons, Odors, NH, 
Organics 

emissions of such species as CO, NO. 
NO,, and respirable aerosols (size 
< 2.5 urn), and that the concentrations 
of these species become significant 
when the air excharlge rate is con- 
trolled to less thari 1 ach. Fig. l and 2 
iilcisirate the levels of CO and NO, 
observed in the experinieniai room a: 
ventilation rates ranging from 0 24 to 
7.0 ach. with the oven of the gas stove 
operated at 350°F (h) 180°C) for one 
hour. The CO co;lcentra;ion exceeds 
the l-hour ambient outside air quality 
standard only under "tight" conditions 
(0.24 achj: but the NO, concen'c~aiion 
exceeds the recommended l-hour 
standard, even with an air exchange 
rate as high as 2.5 ac'?. With a ventila- 
tion rate of 50 cfm (the upper limit ol 
the recommended kiicken ventilation , 
:ate given in ASHRAE Standard 
62-73)3, the :JO, concentration is ap- 
proximately 0.4 ppmlhour, a vaiue con- 
siderabiy higher ihan the promuigaled 
slandards. L o l ~ e r  ventilation rates 
(corresponding to the minimum valucs 
given in ASHRAE Standard 62-73) 
result in even higher NO2 concentra- 
tions. 

A recent study in England has 
reported that 2554 chiidren living in 
homes in which natural gas was used 
for cooking had a greater incidence of 
respiiaiory illness tban did 3204 
children from homes in which electric 
stoves were used.VThe investigators 
concluded that elevated levels of 
nitrogen dloxide from gas stoves might 
have caused the increased levels o i  
respiratory ~l lness. 

Formaldehyde- F o r r n a : d e h y d e  
(HCYO) 1s an Inexpenswe, nigh volume 
chem~ca which IS used throdghout the 
world in a varlety of prcoJcts, na8n i y  
in urea ~heno i i c ,  ve lam ne 2nd acetal 
reslns Tnese res,ns d ie  Lsec in large 
quan t~ l~es  In bu~ldlng maieilals such as 
~ r ~ s u l a ? ~ c n ,  particleboard, z~Iywood, tex- 
tiles, adhesives, etc 

Formaldehyde has a piingent 
odor w'lich ca-1 be detected at levels 
well bclow i pprr~ by mosi hkmans 
Formaldehyde Iox,clty IS evidenced on 
contact w ~ t h  the skln and the mucoLs 
membranes of :he eyes, nose a ~ d  
throat Erposure to formaldehyde may 
c a x e  burnlng of the eyes, weeping 
and 1r:llat on of the J p p r  respiratory 
pascages l l lgh concential~ons (> few 
ppm) may procli;ce ccYghlrg, ccristrlc- 
t ~ o r  I? the chest, and a sense of 
pressure In the head Several studies 
reported In the literature ~rldicate that 
swelling of the mucous n e ~ b r a n c e s  
begins 111 ihe rarge of 0 C5 to 0 i ppm, 
uepenalng on individual scns~tivlty and 
env~ronmental condit~onc, (:ernoera- 
ture humldi'y, stc ) Rev~ews cf t?e 
disease effects at fcrmaldehyde are 
glven In a receni E P A  report5 and work 
reoorted in Denmark Euiopean coL!n- 
tries are moding rapidly '9 esta5lrsh 
formaldehyde staidards In July, 1978, 
Thc Notherlanas established a stan- 
dard of G 1 ppm (120 @/m7) as the 
maximum pervlsslble concentration 
Derlmark, Sweden and West Germany 
arc all cons~der~ng cstabllsh ng a sta i -  
dard at approxlmaie y tbe sdme ~ a l u e  
(0 1 PP?) ' 
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Particleboard is a commonly ussd 
const r~~ct ion  material made of wood- 
s3avings held together with a urea- 
formaldehyde (UF) resin, and may ernit 
forrnaldehyde for a long period of tirr~e. 
In dwellings where II is used for f ~ ~ r -  
niture, partition walls, etc., the emis- 
slor: may reach significant levels and 
even exceed the Threshold Lirnit 
Value.' The emission rate varies as a 
function of several parameters, such 
as the original marlufacturing process, 
qual!ty contfol of fabrication, porosity, 
humidity, cutting of the board for firial 
use, etc , as well as the infiltration and 
ventilation rates. 

Recently, considerable concern 
has been raised regarding the use of 
UF based foam insulation materi:ils 
because of the high emanation rate of 
formalcehyde gas. There are no well 
documented studies in the United 
States on formaldehyde emissions 
from UF foam; however, indoor for- 
maldehyde coneentratlons exceeding 
1 ppm have occasionally been re- 
ported for houses retrofit with IJF 
foam. Detailed examination of the 
emission of forrrialdehyde from IJF 
foam is currently underway. 

In the case of forrnaldehyde emis- 
sions from particleaoard, limited 
measuremenis, taken in residential 
bui1:lings ar,d mobile homes, in Den- 
mark, Sweden, \Vest Germany and the 
U.S. have shown that indoor concc?n- 
trations often exceed the recommer!d- 
ed ambleni and indoor standards of 
0.1 pprn, and, in several cases, even 
exceed the TLV standards for work- 
room air. In twenty-three Danish 
houses, the average formaldehyde 
concentration was 0.5 ppm (0.62 
mg/m2) and the range was 0.07-'1.9 
ppm (0.08-2.24 m g l m 3 ) . V o r -  
maldehyde measurements in more 
than 200 mo51le homes in the U.S. 
ra?ging from 0.03 to 2.4 ppm have 
5e3n reported in cases where oc- 
cupants have complained abqut indoor 
air quaIi!y.l0 

For comparison, ambient outdoor 
formaldenyde measurements have 
been reported in a number of 
studies l .  Average forrnaldehyde con- 
centraiions in Los Angeles have been 
observed to be 0.04 ppm or lower. The 
pezk one-hour formaldehyde concc?n- 
:rations in Los Angeles have been 
observed to be as high as 0.16 ppm 
wn~ le  the ma:iimum concentrations at 
f o ~ ~ r  cites in NEW Jersey are reported 
to be in the range o i  from 0.014 to 
0.C20 ?pm. 
Radon- Radon-222 is an inc?rt, 
ra8iioactive, naiurally cccurring gas 

-- 
' A  ThresClold L i rn~t  Value refers t o  an airborne 
c3~cen1 ra :on  of e subsrznce and represents a 
level  under ~ n i c h  !t I S  believed that nearly all 
v~o:kers ms.y be repee!edly exposed day 2.fter 
oay w! tnout  adverse e f f e ~ t . ~  
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\ ~ h i c h  is part of the uranium-238 decay 
chain. Any substance that contains 
radium-226, the precursor of radon, is 
i 3  potential emanation source. Since 
radium-226 IS a trace element in most 
rock and soil, indoor radon sources in- 
clude concrete, brick, and other 
I~ui lding materials Radium-226 has a 
half life of 1602 years, so its presence 
in building materials results in a con- 
liinuous source of radon for the life of 
lhe building. Another potentially signifi- 
cant source o f  radon in buildings is the 
soil beneath the foundation and tap 
water, especially i f  the water is taken 
l'rom certain wells or underground 
springs. Fig. 3 illustrates major 
sources of radiation exposure In 
I~uildings. 

The alpha decay of radium-226 
~ ~ r o d u c e s  a chemically inert, recoiling 
radon-222 atom which has a 3 8 day 
half-life. It the atom ends its rec011 111 
i3n interstitiai space of the soild source 
material, ~t may migrale to the surface 

and enter the air. Radon gas has four 
short-lived daughters which rapidly at- 
tach ?hemselves by cher-cical or physi- 
cal mcans to air5orne particuiates, 
generaliy less than a rn~cron in size. 
These particulates, when inha!ed, may 
be retained in the brorlchi where the 
subsequent decays to lead-210 resu!t 
in a radiation dose Ic the lung. The 
primary hazard is due to the alpha 
emiss'ons of polonium-21 8 and poloni- 
um-214. Since alpha particles have a 
very short rarge (a fev; lens cf mi- 
cronsj, essentially all of the energy is 
deposited ?.ear the surface of the lung 
tissue. 

Although the ~ner: radon is not the 
principal health ha.zacd in the decay 
chaln, its concentralion IS a good in- 
dicator of exposure to the biologically 
importarit daughters. In the liieraiure 
there are numerous exampies of radon 
measurements showing higher indoor 
than outdoor cont:entrations. Recent 
measurements In the New York City 

area showed annual mean radon con- 
centrations in 21 typical homes rang- 
ing from 0.2 to 3 riCiirn7, with a 
geometric mean of 0.6 n C ~ / m ~ . "  For 
the same locations, outdoor concen- 
trations were 0.1 to 0.2 nCllmq, Levels 
in Swedish homes 5f various constiuc- 
tion were found to ranae from 1 to 12 
nCilms.'"owever, Swedlsh homes, 
with air exchange rates of about 0.2 to 
0.8 ach''13, are tighter than typical 
U.S. homes where air exchange rates 
a le  on [lie order of 0.5 :o 1 .5  ach.  ' "  

The conceniration of radon in in- 
door air d@pends on the emanation 
rate from tile parent material and on 
the mechanisms for :em<~val, including 
ventilalicri. Cue to the fact that the 
v,2st majority of the population spends 
most of its time indoors, the total ex- 
posure of the general public to radon 
daughters will be laigeiy determined 
by the eievated inaoor concentrations. 

A siniple populations-at-risk 
model based on a "linear hypothesis" 



- :  1st is directly proportional lo  dose CONCLUSSONS 
. - C -  :4,,rsts 2n added annual risk o l  20 to Because of energy prices, - - -  --. ,:r>i-s of I~ in3  cmcer  Per n;iillon tilere ~ln: lncjal  incr:n;lvec; to  
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There are several design features 
that might be adopted specifically to 
l im~t  Increases i:? irldoor contaminants: 

0 it4eciianical ventilation could be 
coupled >njith an air-to-air heat (?X- 

changcr to transfer heat (and not con- 
tam~nated air) from the exhaust air to 
the flesh alr stream in w~nter and vice 
versa in summer. 

@ lnaoor air coilld be circulaled 
through  cont tarn in ant control devic:es 
(e.g. ,  electrostat~c prccipitators, parti- 
cle fillers, chemical adsorber~ts) 
substantiaily reducing the concentra- 
tion o i  particulate and gaseous con- 
taminants. 

a Measures could be incorpor- 
ated to seal or eliminate certain con- 
taminants at the soljrce. For exarn~ile, 
radon f icm the soil could be reduced 
by crawl space venttlation. Walls or 
floors could be sealed wtth polymers. 
Building materials could be selec~:ed 
!or low emanation rates. 

The effectiveness and advisability 
of such rneasclres depend on various 
circumstances, such as the type of 
b u ~ l d ~ n g  and the geographical location. 
A.: t%s time, however, insufficient in- 
formailon exists to provide a basis for 
a considered regulatory decision. The 
effects of elevated indoor contaminant 
levels are i i~ghly uncertain, and the Im- 
pact of bi~i ldi i ig energy conservation 
measures is not yet known In detail. 
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