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The levels of air contaminants inside buildings are often higher than outdoor 
ambient levels. Interest in conserving energy has been motivating home-owners and 
builders to reduce infiltration and ventilation in buildings. However, the 
resulting decrease of indoor/outdoor air exchange may increase the concentrations 
of many contaminants having indoor sources. Four indoor contaminants - carbon 
monoxide and nitrogen dioxide from gas stoves; formaldehyde from gas stoves, par
ticleboard, plywood and urea-formaldehyde foam insulation; and radon from various 
building materials - are currently receiving considerable attention in the context 
of the potential health risks that are associated with reduced infiltration and 
ventilation rates. It is likely that some increased health risk will accompany an 
increase in indoor contaminant exposure; hence, it is desirable not to allow these 
concentrations to rise above human tolerance levels. There are several possible 
ways of circumventing increased health risks without compromising energy conserva
tion considerations. 

Keywords: air pollution, carbon monoxide, energy conservation, 
formaldehyde, health, indoor air quality, nitrogen dioxide, radon 

INTRODUCTION 

Reduced infiltration and ventilation rates in buildings can lead to elevated lev
els of indoor generated air contaminants (l]. Chemical and biological contam
inants released into indoor environments are undesirable but often unavoidable 
by-products of human activity, building materials and/or furnishings within 
enclosed spaces. Indoor contaminants include a wide spectrum of gaseous, particu
late, and even radioactive pollutants. Indoor contaminants and their sources 
include gaseous and particulate chemicals from indoor combustion processes (such 
as cooking, heating, tobacco smoking), toxic chemicals and odors from cooking and 
cleaning activities, odors and viable microorganisms from occupants (including 
pets), odor-masking chemicals used in several activities, and a wide assortment of 
chemicals released from indoor construction materials and furnishings. 

When these contaminants are generated in indoor environments in excessive concen
trations, they may impair the health, safety, or comfort of the occupants. Build
ing occupants are normally protected from the accumulation of undesirable indoor 
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air contaminants in two ways: the random introduction of outdoor air by infiltra
tion (thro ugh cracks in the bu ilding envelope); And regulated introduction by 
natural ventil ation (opening w ndows and doors) or mechani cal ventilation (fan and 
duct systems of varying complexity). 

Ventilation with outside air or recirculated air serves a variety of purposes. 
Among these are: 

1) Removal of excessive heat and moisture generated by internal sources. 

2) Establishment of a satisfactory ba l anc e between the metabolic gases (oxygen 
and carbon dioxide) in the occupied environment. 

3) Dilution of human and nonhuman odors to levels below an acceptable olfactory 
threshold. 

4) Dilution of contaminating toxic chemicals and viable microorganisms from 
indoor sources. 

The United States has begun to examine its energy use because of rising concern 
about the availability1 of conventional energy resources. Because of the increased 
interest in energy conservation, measures are being taken to make buildings more 
energy-efficient. These include measu res to con serve the energy used in the 
heating and cooling of buildings su c h as tighten i ng the building envelope to 
reduce exfil tration and infiltration, improving insulation, and reducing ventila
tion. As these measures are implemented and less fresh air is introduced into 
buildings, the quality of the indoor air may deteriorate. Unfortunately, there is 
little agreement in the United States or elsewhere, on the amount of ventilation 
air required for the health, safety and comfort of building occupants. 

Ventilation standards for buildings with different functional uses have been in 
existence for over a half century. In general, they do not take energy conserva
tion requirements into consideration and, since they have been established by a 
variety of groups, they frequently vary for the same application. A comprehensive 
effort is now underway at several institutions in the United States and Europe to 
establish a scientific basis for existing standards, to measure the actual levels 
of. indoor air contaminants in several categories of buildings, and to provide a 
consistent set of recommendations for the establishment of energy-efficient venti
lation standards in residential, institutional and commercial buildings. 

Currently, there is incomplete information for determining the indoor air quality 
criteria required for establishing ventilation requirements in buildings. This 
information gap is due in large measure to the complex nature of indoor air pollu
tion. In particular, the complex biological, chemical and physical mix of indoor 
air pollutants has been recognized only recently. Most studies of indoor air pol
lution to date have largely assumed that indoor pollution arises from and is 
directly related to outdoor sources. It is now recognized that a number of indoor 
air contaminants sources can be traced to the built environment itself. 

The following discussion highlights four indoor-generated contaminants of particu
lar concern in residential buildings: carbon monoxide (CO), nitrogen dioxide 
(NOz), onnald ehyde (HCHO), and radon (Rn). The health risks posed by exposure to 
these contaminant s in conventional res i dential buildings, as well as the added 
risks engendered by pursuing various strategies of reduced infiltration and venti
lation are discussed. 
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DISCUSSION 

Gas Stove Emissions: Carbon Monoxide, Nitrogen Dioxide and Formaldehyde 

Several recent field and laboratory studies have focused on combustion-generated 
indoor air pollution, namely air contaminants from gas stoves and heating systems 
in residential buildings. Field studies have shown that levels of carbon monoxide 
(CO) and nitrogen dioxide (N0 2 ) approach or exceed existing U.S. ambient outside 
air quality standarids in some residential buildings with gas appliances [2]. 
Nitrogen dioxide levels in kitchens of houses with gas stoves were observed to be 
as high as O. 5 ppm (-95 0 pg/m 3 ) with one top burner operating for less than 30 
minutes and as high as Q. 8 ppm (-150't1g/m 3) with the oven operating for 20 
minute s . Concentrations of N0 2 were observed to be as high as 0.6 ppm 
(-1200pg/m 3) for 8 hours in the bedroom of a house with a forced-air gas-fi red 
heating system operating under normal conditions. These N0 2 concentrations can be 
compared with the short-term u. 8. and foreign N0 2 ambient outside air quality 
standards [approximately 0.25 ppm (-470pg/m 3) for 1 hour] [3-6). 

a volume of BOO ft3 (27 m3) have charac
stove operating in this room with air 

air changes per hour (ach) [7). These 

Studies using an experimental room with 
teriied the emissions from a new gas 
exchange rates varying from O. 25 to 10 
laboratory studies have shown that gas 
such species as carbon monoxide (CO), 

stoves generate extremely high emissions of 
nitric oxide (NO), nitrogen dioxide (N0 2), 

Table I Contaminant Concentrations in a Test Kitchen 

Contaminant Concentrations 
a 

Mechanical 
co 

Ventilation Air Exchan2e 
(ug/m

3) Ventilation 'Conditions Rate ( cfm) Rate (ach) 

No stove vent or hood 0.25 35 

Hood vent (with no fan) above stove 1.0 25 

Hood vent with fan at low speed 50 2.5 13 

Hood vent with - fan at high speed 140 7.0 3 

Typical Outdoor Concentrations 1. 5 
Durinp: Test 

Air Qualitv Concentration 40c 
Health 

Standards Averaging Time 1 hour 

30-50 cfm 
ASH RAE (Standard 62-73) 

Standards for 
Ventilation 20 cfm 
Requirements (Standard 90-75) 
in Kitchens 

a 1 hour average concentration in center of kitchen in which gas oven is operated at 3S0°F . 

b Calculated from measured emission rate for gas stoves 

c EPA promulgated standard (1) 

d EPA recommended standard (1) 

e European standard (1) 

N0
2 

llC!IOb 

(u·2/m
3) (u2/m

3l 

2M)O 400 

1600 260 

800 140 

200 35 

so 10 

4 70d 120e 

1 hour maximum 
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formaldehyde (HCHO), and respirable aerosols (size < 2-Sfim), and that the concen
trations of these species become significant whe n the air exchange rate is con
trolled to less than l ac h . Tab l e I gives the one-hour average CO, N0 2 and HCHO 
concentrations in the e xperimental room. The AS HRAE ventilation requirements [ 8) 
for residential buildings are also given. Particularly noteworthy is the observa
tion that a kitchen ventilation rate of 50 cfm (the upper limit as recommended by 
ASHRAE Standard 62-73) appears to maintain CO concentrations at acceptable levels, 
but results in N0 2 and HCHO co n c en t rations whi ch excee d ai r qualit y he a l th stan
dards [l]. Lower ventila tion rates (recommended by ASHRA E Stand ard 90-75) result 
in ev en hi gh e r N0 2 a nd HCHO c once nt r a t ions. A ventil ati on ra te of at l ea st 100 
cfm is r e qu i red to keep N0 2 and HCHO c oncentrations to levels within the limits 
establishe d by ai r qu alit y heal t h s t a nd ar d s . 

A recent study in England [9) has compared respiratory illness of children living 
in homes in which natural gas and electric stoves were used. The investigators 
concluded that e l evat ed lev e ls of nitrogen dioxide from gas stoves might have 
caused the incre a sed level s of respiratory illness found to be associated with 
homes using gas stoves. A study in progress in six cities in the United States 
has reached similar conclusions in its preliminary analysis [10). 

The work to date indicates that combustion-generated indoor air pollution may 
affect human health in buildings, and if borne out by further work, it may ulti
mately have a large impact on energy conservation strategies for buildings and on 
the need for more stringent control of air pollution from indoor combustion 
sources. 

Formaldehyde 

Formaldehyde (HCHO) is an inexpensive, high volume chemical which is used 
throughout the world in a variety of products, mainly in urea, phenolic, melamine 
and acetal resins. These resins are used in large quantities in building materi
als such as insulation, particleboard, plywood, textiles, adhesives, etc. 

Formald e h yd e has a pun gen t and charac teris tic odor which can be detec t e d at levels 
well below 0.5 ppm ( - 60 0 pg/m3 ) by most humans. Formald e hyde toxicity is evi
denced o n contact with the skin an d the mu cous membranes of the eyes, nose and 
throat. Exposure to formaldehyde may cause burning of the eyes, weeping, and 
irritation of the upper respiratory passages. High concentrations (>few ppm) may 
produce coughing, constriction in the chest, and a sense of pressure in the head. 
Several studies reported in the literature indicate that swelling of the mucous 
membranes begins in the range of 0.05 to O.l ppm, depending on individual sensi
tivity and environmental conditions (temperature, humidity, etc.). Formaldehyde 
may also have serious long te'rm health effects which are currently not well under
stood. Reviews of the disease effects of formaldehyde are given in a recent EPA 
report (11), work reported in Denmark [12), and recent studies carried out in 
Sweden (13, 14]. European countries are moving rapidly to establish formaldehyde 
standards. In July 1978, t h e Neth er l a nds estab lish e d a s tand a rd of O. l ppm (120 
pg/m 3) as the maximum permis s ibl e co n cent rat i on [15). Denmark, Swede n, and West 
Germany are all considerin g est ab lishi ng a st anda rd at approximately the same 
value (O.l ppm). 

Indoor sources of formaldehyde include combustion processes (gas cooking and heat
ing appliances, tobacco smoking) and various building materials. Particleboard 
and urea-formaldehyde foam insulation have recently received the most attention, 
although many other building materials which contain formaldehyde through the use 
of phenolic- and urea-formaldehyde resins and are also potential indoor formal
dehyde sources. 
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In the case of formaldehyde emissions from particleboard, limited measurements in 
Denmark [16], Sweden [13,14,17), West Germany [18,19,20] and the U.S.A. (21) have 
shown that indoor concentrations often exceed the recommended ambient and indoor 
standards of O. l ppm and in several cases even exceed the Threshold Limit Value 
(-2 ppm) for workroom air (l). In 1wenty-three Danish houses, the average forma13 
dehyde concentration was 0.62 pg/m (-0.S ppm) and the range was 0.08-2.24 pg/m 
(-0-07-1.9 ppm) [16). Formaldehyde measurements in mor e than 200 mobile homes in 
the u.s. ranging from 0.03 to 2.4 ppm (-0 .08-2.9 pg/m 3 ) have been reported in 
cases where occupants have complained about indoor air quality [21] · 

Formaldehyde and total aliphatic aldehydes (formaldehyde plus other aliphatic 
aldehydes) have been measured by Lawrence .Berkeley Laboratory at several energy-

1 efficient research houses at various geographic locations in the u.s. It has been 
found that at low ventilation rates (<Q.3 ach), the indoor formaldehyde and 
aldehyde concentrations often exceeded the promulgated European indoor formal
dehyde standard of O.l ppm. The outdoor concentrations during these studies were 
typically o. 016 ppm (20µg/m 3 ) or less . Figure l shows a histo'gram of frequ nc ' of 
occurrence of concentrations of forma Jehyde and total aliphatic aldehyd es measured 
at an energy-efficient house with an air ex~hange rate of 0.2 ach . 

Concentration( ppb) 

30 J ,.. 50 100 I~ 200 
j I I } 

Q) T Outdoor 
Eur11p11111 i11tl~11r HCllO 

0 /Arts/111/tl ll111t/1rtl c: 8 v Q) Indoor t ... HCHO ... 
::> i 0 

8 6 Ou I door ! 
rr-lndoor aldehyde ! - i aldehydes 

0 I 

>. 4 
I l-1 0 n c: 

~ 2 I L._fl.-, 
O" ! I Q) _J i ... 

lJ... 
I . 

0 
0 60 120 180 240 

Concentration (µ.g/m3) XBL 79l!· 14e8A 

Fig. 1 Indoor/Outdoor Formaldehyde 
and Aldehyde Concentrations. 

At a public school in Columbus, Ohio, and a large medical center in Long Beach, 
California, indoor and outdoor formaldehyde/aldehyde concentrations were about th 
same and were well below the O. l ppm (120pg/m3 ) standard. High ventilation r ates 
in these public buildings are the most probable reason for the similar indoor and 
outdoor concentrations. 

Field tests and a mathematical model indicate the half life for formaldehyde found 
in particleboard typically used in Scandinavian home construction is about two 
years with a ventilation rate of 0.3 ach [17]. The formaldehyde problem cannot be 
solved by use of ventilation alone over a short period. However, it has been 
shown that the level of HCHO can be reduced to half of the original value by chem
ical treatment or coating with a formaldehyde absorbent paint [17). 

It is evident that indoor air, in general, has higher formaldehyde and aldehyde 
levels than outdoor air. Results show that, in particular, residential buildings, 
mobile homes and office trailers have indoor formaldehyde and aldehyde concentra
tions that can exceed known health effect thresholds. 

l 
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Radon 

Radon and its decay daughters are known to contribute a significant portion of 
natural background rad iation exposure to the population. Scattered observations 
have shown that indoor con cntrations of radon and radon daughters are typically 
higher than outdoor concentrations, presumably because the building structure 
serves to confine radon entering the indoor environment from various sources. 
Conservation measures, particularly reduced air exchange rates, may lead to 
elevated radon concentrations, resulting in increased radiation exposure of occu
pants. 

Radon-222 is an inert, radioactive, naturally occurring gas which is part of the 
uranium-238 decay chain. Any substance that contains radium-226, the precursor of 
radon, is a potential emanation source. Since radium is a trace element in most 
rock and soil, sources of indoor radon include building materials, such as con
crete or brick, and the soil under building foundations. Tap water may be an 
additional source if taken from wells or underground springs. Figure 2 illus
trates the primary pathways by which radon from soil and building materials enters 
a building. The relative importance of these pathways depends on the specific 
location, design, fabrication techniques, and construction materials used in a 
given building. 

Figure 3 summarizes observed radon concentrations in air, including measurements 
of radon outdoors and in houses. The DOE Environmental Measurements Laboratory 
measured radon concentrations in 21 homes in the New York/New Jersey area f 22] • 
The geometr ic mean of the annual average radon concenration on the first floor of 
these homes , O. 83 nCi/m 3 , was five times the comparable ambient level o f 0.18 
nCi/m3. A study in Salzburg, Austr ia , found the geometric mean radon concenra
tions to be 0.42 nCi/m3 indoors and 0.16 nC1/m3 outdoors (23). An EPA study of 
houses in Florida built on ~hosphate recla i med land found the mean indoor radon 
concentration to be 4.0 nCi/m , an order of magnitude higher than in other houses 
in the st at e [ 2 4 ] • 

c :; c :...
1 ~ r-1 r 

Fig. 2 Primary Pathways for Radon 
Entry in Buildings. 

0 01 1 10 -HEALTH GUIDELINE 

Radon concentration (nCi/m 3 ) 

100 1000 

Xlll 79~ - 16~9 A 

Fig. 3 Radon Concentrations 
in Air. 
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The Lawrence Berkeley Laboratory has conducted measurements of radon levels in 
energy efficient buildings in Maryland, Minnesota and New Mexico. Results indi
cate that houses with low air exchange rates (<0.3 air changes per hour) seem to 
have higher radon concentrations than conventional houses (-o. 75 air changes per 
hour). Figure 4 is a scatter plot of radon concentration vs. ventilation rate in 
a number of energy efficient houses. The data shows considerable scatter; how
ever, a correlation bet wen radon concentration and air change rate is apparent. 
An air e xchange rate of approximately O. 5 ach is r e qu i r ed in order to maintain 
radon c on cent r ations below 4 nCi/m 3 , the maximum permis s i ble concentration given 
by health guidelines. The data reported here is based on grab sampl es taken on mild 
days (low wind and small indoor and outdoor temperature differences) with all doors 
and windows closed, resulting in a worst case estimate. These houses are expected 
normally to have higher ventilation rates and, therefore , lower radon concentrations. 
Integrated measurements of large numbers of grab samples under typical living condi
tions and various climatic conditions are necessary to determine average exposures 
of building occupants under various ventilation conditions. 

,.., 
E ...... 
u 
c: 
~ 

c: 
0 

"O 
0 er 

100 

• Maryland 

• New Mexico 

• • Minnesota 

0 Canada 

10 • • • 
0 

• 
• • • .. 

• 
10 • 

• 

OD1 OJ 1.0 10 
Air change rote (hr-1) XBL 796-1875 

Fig. 4 Radon Concentration vs. Ventilation 
in Energy Efficient Houses 

A simple populations-at-risk model based on a "linear hypothesis" that risk is 
directly proportiona l to dose suggests an added annual risk of 40 to 300 cases of 
lung cancer per mi llion b ased on an av erage concentration of 1 nCi/m 3 of indoor 
radon [26). In the United States, the 45-64 year age group is at highest risk to 
lung cancer. Annual incidence rates during 1969-1971 for this age group were 1200 
cases per million for white males and 300 cases per million for white females 
[27). Although precise quantification of lung cancer is difficult, tobacco smok
ing is gene r a lly thought to be causally associated with 80% or more of the male 
cases. Presumably, the same relationship holds for females. Based on the above 
estimates of risk due to exposure to 1 nCi/m3, life-time exposures to a few 
nCi/m 3 , which might be the case with low air exchange rates (<0.3 ach), could 
yield increased lung cancer incidence equal to the observed rate for male non
smokers. 
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-;ince we do not yet know enough about the actual dose-response characteristics of 
- low-level radiation exposure, · we cannot say with certainty whether there is any 

added risk from a life-time exposure to a few nCi/m 3 • However, use of a linear 
hypothesis model is considered prudent for radiation protection purposes until we 
do have a better understanding of the dose-response characterisitics of radiation 
exposure. 

CONCLUSIONS 

Rising energy prices have g enerated a finan c ial incentive to red uce ventila t ion 
rates and thereby reduce heating and cooling losses in buildings. Measures 
presently under consideration that would r educe infiltration and ventil at ion in 
buildings could significantly increase exposure to indoor contaminants and perhaps 
have adverse effects on occupant comfort and health. 

Indoor contaminant levels are strongly affected by human activities and the manner 
in which materials are incorporated into a builing, as well as other aspects of 
the building design, particularly the infiltration or ventilation rate. There are 
several building design options that might be adopted specifically to limit 
increases in indoor air pollution. Options include a careful selection of build
ing materials; the use of integrated mechanical ventilation/heat exchanger systems 
in res id en t ial buildings to allow adequate ventilation, while recovering heat 
losses from air exchange; the use of contaminant control devices; and the coating 
of various building materials with sealants to reduce emissions of potentially 
haroful pollutants. Further studies on these options are needed. 

The increase in contaminant levels, the rise in exposure of building occupants to 
indoor contaminants, and the potential health risk that could occur as a result of 
reduced ventilation demand specific attention. 
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