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& contaminant levels inside buildings are often higher than ambient out-
<coof levels. Interest in conserving energy has motivated property owners
end builders to reduce infiltration rates in residential buildings and to
ecuce ventilation rates in institutional and commercial buildings.
=owever, the resulting decrease of indoorloutdoor air exchange will tend
taincrease the concentration of many indoor air pollutants. It is likely that
some increased health risk will accompany an increase in indoor contami-
7t exposure; hence, it is desirable not to allow these concentrations to
&bove human tolerance levels. There are several possible ways of cir-
cumventing increased health risks without compromising energy conser-
«3t'onconsiderations.

particulate pollutants  from indoor
combustion processes (such as
cooking, heating, tobacco smoking),
~{oxic chemicals and odors from
cleaning activities, odors and viable
microorganisms from humans, odor-
masking chemicals used in several
activities, and a wide assortment of
chemicals released from indoor
construction materials and fur-
nishings. Table 1 lists some of the
major indoor air poliutants and their
sources in residential buildings.

CRAIGD. HOLLOWELL ‘ S
Wemser ASHRAE :
JAMESV.BERK

SREGORY W.TRAYNOR

g::’% ZDUCED infiltration and ventila-
% ueon rates in tuildings, proposed
i3 smportant  energy conservation
zures, can lead to elevated levels
2T mzoof-generated alr contaminants
may impair the health, safety, or
1 of occupants. Typical indoor
aminants  include gaseous and

: z.mmers are Staff Scienusts, Energy and Environment Dwvisien, Lawrence Berkelzy Laboratory,
Urnversity of Californig a: Berkaley.

work described in this report was funded by the Office of Buildings and Community
s, Assistant Secretary for Ceonservation and Solar Applications and the Office of Health
vironmental Research, Assistant Secretary for Environment of the U.S. Department of
¢y undercontract No. W-7405-ENG-48.
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The random introduction of out-
door air by infiltration (through cracks
in the building envelope), or its
regulated introduction by natural ven-
tilation (opening doors and windows)
or mechanical ventilation (fan and duct
systems of varying complexity), is the
usual way in which occupants are pro-
tected from the accumulation of unde-
sirable indoor air contamingnts. The
primary engineering control for the
maintenance of indoor air quality is
mechanical ventilation, j.e., the use of
controlled flows of air to lower the
levels of air contaminants by 1) dilution
with fresh outside.air; 2) the use of
recirculation systems incorporating
chemical and physical contaminant
controt devices; or 3). a combination
system employing both dilution an
recirculation. : T

Ventilation - standards for build-
ings with different functional uses
have been in existence:for over.half. a
century:; however, because these:stan-
dards have been established by a
vanety of groups, they frequently vary
for the same application. A com-
prehensive effort is now.underway by
several laboratories in*the U.S. and

"Europe to establish a scientific basis
for ventiiation requirements, to
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measure the actual fevels of indoor air
contaminants in several classes of
buildings, and to provide a set of
recommendations for energy efficient
ventilation standards in residential, in-
stitutional and commercia! buildings
which are consistent with human
health, safety and comfort criteria.

Most studies ot indoor air poliu-
tion have assumed that indoor pollu-
tion arises from and is directly related
to outdoor sources. Such studies have
. been concerned mainly with SO,, 03,
CO, and total suspended particulates.
They have found, in general, that the
concentrations of these species in in-
door air are lower than in outdoor air.
Surprisingly little work has been con-
cerned with other potentially important
indoor air pollutant species, such as
NO,, organics, and the respirable frac-
tion of the particulate matter. Further-
more, a number of air contaminant
sources exist within buildings which
can be traced to the 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 (Rn).* Health 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.

DISCUSSION

Gas Stove Emissions: Nitrogen Di-
oxide and Carbon Monoxide— Sev-
eral recent field and laboratory 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 of ~0.2-0.4 ppm
for 1 hour.?

Studies have characterized the
emissions from a new gas stove
operating in an experimental room
with air exchange rates from ¥a to 10
air changes per hour (ach).?2 These
laboratory studies have shown that
gas stoves generate extremely high

* See article on p. 30
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Table 1
Indoor Air Pollution in Residential Buildings.

Sources

OUTDOCR
Ambient Air

Motor Vehicles
INDOOR o
Building Construction Materials
Concrete, stone
Particleboard
Insulation
Fire Retardant
Adhesives
Paint
Building Contents
Heating and cooking
combustion appliances
Furnishings
Water service; natural gas
Human Occupants
Metabolic activity
Human Activities
Tobacco smoke
Aerosol Spray devices
Cleaning and cooking products
Hobbies and crafts

emissions of such species as CO, NO,
NO,, and respirable aerosols (size
< 2.5vm), and that the concentrations
of these species become significant
when the air exchange rate is con-
trolled to less than 1 ach. Fig. 1 and 2
illustrate the levels of CO and NO,
observed in the experimental room at
ventilation rates ranging from 0.24 to
7.0 ach, with the oven of the gas stove
operated at 350°F (~ 180°C) for one
hour. The CO concentration exceeds
the 1-hour ambient outside air quality
standard only under ''tight"" conditions
(0.24 achy); but the NC, concentration
exceeds the recommended 1-hour
standard, even with an air exchange
rate as high as 2.5 ach. With a ventila-
tion rate of 50 cfm (the upper limit of
the recommended kitchen ventilation
rate given
62-73)°, the NO, concentration is ap-
proximately 0.4 pprm/hour, a value con-
siderably higher than the promulgated
standards. Lower ventilation rates
(corresponding to the minimum values
given in ASHRAE Standard 62-73)
result in even higher NO, concentra-
tions.

A recent study in England has
reported that 2554 children living in
homes in which natural gas was used
for cooking had a greater incidence of
respiratory iliness than did 3204
children from homes in which electric
stoves were used.* The investigators
concluded that elevated levels of
nitrogen dioxide from gas stoves might
have caused the increased levels of
respiratory iliness.

in ASHRAE Standard’

Pollutant Types

SO,NO, NO,, O4, Hydrocarbons,
CQG, Particulates
CO.Pb ‘

Radaon

Formaldehyde
Formaldehyde, Fiberglass
Asbestos

QOrganics

Mercury, Organics

C0,80,.NO, NO,, Particulates
Qrganics, Odors
Radon

CO,, NHj3, Organics, Odors

CO,NO,, HCN, Organics, Odors
Fluorocarbons, Vinyl Chloride
Hydrocarbons, Odors, NH,
Organics

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 materials such as
insulation, particleboard, plywood, tex-
tiles, adhesives, etc.

Formaldehyde has a pungent
odor which can be detected at levels
well below 1 ppm by most humans.
Formaldehyde toxicity is evidenced on
contact with the skin and the mucous
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, constric-
tion in the' chest, and a sense of
pressure in the head. Several studies
reported in the literature indicate that
swelling of the mucous membrances
begins in the range of 0.05 to 0.1 ppm,
depending on individual sensitivity and
environmental conditions (tempera-
ture, humidity, etc.). Reviews cf the
disease effects of formaldehyde are
given in a recent EPA report® and work

- reported in Denmark.® European coun-

tries are moving rapidly to establish
formaldehyde standards. In July, 1978,
The Netherlands established a stan-
dard of 0.1 ppm (120 ug/m?) as the
maximum permissible concentration.
Denmark, Sweden, and West Germany
are all considering establishing a stan-
dard at approximately the same value
(0.1 ppm).’
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Particleboard is a commonly used
construction material made of wood-
shavings held together with a urea-
formaldehyde (UF) resin, and may ernit
formaldehyde for a long period of time.
In dwellings where it is used for fur-
niture, partition walls, etc., the emis-
sion 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 manufacturing process,
quality control of fabrication, porosity,
humidity, cutting of the board for final
use, etc., as well as the infiltration and
ventilation rates.

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

In the case of formaldehyde emis-
sions from particleboard, limited
measurements, taken in residential
buildings and mobile homes, in Den-
mark, Sweden, West Germany and the
U.S. have shown that indoor concen-
trations often exceed the recommend-
ed ambient and indoor standards of
0.1 ppm, and, in several cases, even
exceed the TLV standards for work-
twenty-three Danish
houses, the average formaldehyde
concentration was 0.5 ppm (0.62
mg/m?) and the range was 0.07-1.9
ppm (0.08-2.24 mg/m?3).° For-
maldehyde measurements in more
than 200 mobile homes in the U.S.
ranging from 0.03 to 2.4 ppm have
been reported in cases where oc-
cupants have complained about indoor
air quality.'0

For comparison, ambient outdoor
formaldehyde measurements have
been reported in a number of
studies.”. Average formaldehyde con-
centrations in Los Angeles have been
observed to be 0.04 ppm or lower. The
peak one-hour formaldehyde concen-
trations in Los Angeles have been
observed to be as high as 0.16 ppm
while the maximum concentrations at
four sites in New Jersey are reported
to be in the range of from 0.014 to
0.020 ppm.

Radon— Radon-222 is an inert,
radioactive, naturally occurring ¢as

*A Threshold Limit Value refers to an airborne
concentration of a substance and represents a
level under which it is believed that nearly all
workers may be repeatedly exposed day after
day without adverse effect.8
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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-226 is a trace element in most
rock and soil, indoor radon sources in-
clude concrete, brick, and other
building materials. Radium-226 has a
half life of 1602 years, so its presence
in building materials results in a con-
tinuous source of radon for the life of
the building. Another potentially signifi-
cant source of radon in buildings is the
s0il beneath the foundation and tap
water, especially if the water is taken
from certain wells or underground

springs. Fig. 3 illustrates major
sources of radiation exposure in
buildings.

The alpha decay of radium-226
produces a chemically inert, recoiling
radon-222 atom which has a 3.8 day
half-life. It the atom ends its recoil in
an interstitial space of the solid source
material, it may migrate to the surface
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and enter the air. Radon gas has four
short-lived daughters which rapidly at-
tach themselves by chemical or physi-
cal means to airborne particulates,
generally less than a micron in size.
These particulates, when inhaled, may

be retained in the bronchi where the .

subsequent decays to lead-210 result
in a radiation dose to the lung. The
primary hazard is due to the alpha
emissions of polonium-218 and poloni-
um-214. Since alpha particles have a
very short range (a few tens of mi-
crons), essentially all of the energy is
deposited near the surface of the lung
tissue.

Although the inert radon is not the
principal health hazard in the decay
chain, its concentration is a good in-
dicator of exposure to the biologically
important daughters. In the literature
there are numerous examples of radon
measurements showing higher indoor
than outdoor concentrations. Recent
measurements in the New York City
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Fig. 3 Major sources of natural radiation in buildings. Radon pathways into the building
include soil gas leakage through cracks in the basement floors and walls, and radon
diffusion through and emanation from sofi. concrete, and other building materials.
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area showed annual mean radon con-
centrations in 21 typical homes rang-
ing from 0.2 to 3 nCiim?* with a
geometric mean of 0.8 nCif/m3."" For
the same locations, outdoor concen-

;trations were 0.1 to 0.2 nCi/m?. Levels

in Swedish homes of various construc-
tion were found to range from 1 to 12
nCi/m3.'? However, Swedish homes,
with air exchange rates of about 0.2 to
0.8 ach'?'3 are tighter than typical
U.S. homes where air exchange rates
areonthe orderof0.5t01.5ach.™
The concentration of radon in in-
door air depends on the emanation
rate from the parent material and on
the mechanisms for remgval, including

“ventilation. Due to the fact that the

vast majority of the population spends
most of its time indoors, the total ex-
posure of the general public to radon
daughters will be largely determined
by the elevated indoor concentrations.

A simple populations-at-risk
mode! based on a "'linear hypothesis"”
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-zt risk is directly proportional to dose
:_zzests an added annual risk of 20 to
220 cases of lung cancer per million
d on an average concentration of
~Ciim?® of indoor radon.'® In the U.S.,
~2 45-64 year age group is at highest
"% 10 lung cancer. Annual incidence
am2s during 1969-1971 for this age
;oop were 1200 cases per million for
<~ e males and 300 cases per million
=7 white females.'® Although precise
s_antification is  difficult, tobacco
i~moking is generally thought to be
szusally associated with 80% or more
¥ the male cases. Presumably, the
zme relationship holds for females.
:2d on the above estimates of risk
1o exposure to 1 nCilm3, life-time
sosure to a few nCi/fm?, which might
the case with low air exchange

lung cancer incidence (~ 300
:s2s per million for exposure {0 3
Z/m?) equal to the observed rate for
~on-smokers.

-~

Since we do not yet know enough
zzout the actual dose-response
aracteristics of low-level radiation

ocsure, we cannot say with certain-
- whether there is any added risk from

: tatime exposure to a few nCi/m?.
=awever, use of a linear hypothesis
~zcel is considered prudent for radia-
w27 protection purposes until we do
‘,«e a better understanding of the

sz-response characteristics  of
~z2:ation exposure.
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There are several design features
that might be adopted specifically to
limit increases in indoor contaminants:

« Mechanical ventilation could be
coupled with an air-to-air heat ex-
changer to transfer heat (and not con-
taminated air) from the exhaust air to
the fresh air stream in winter and vice
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