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Summary

This is a review paper addressing the current state-of-the-art, Concerns that motivate
studies of the indoor environment are reviewed in the introduction. The source and
typical diurnal variations of the concentration of several air contaminants are discussed
‘in the section on characterization. A dynamic model is described in the section on indoor
air quality modeling, Indoor air pollution control techniques are addressed in the last sec-
tion.

Introduction

Several pilot studies of the indoor air quality in residences and office
buildings show that air pollutant concentrations are often higher indoors
than outdoors. These studies also indicate that reduction of ventilation rates
in buildings, an energy conserving measure, causes increased concentrations
of pollutants that are emitted by indoor sources. Thus, energy conservation
may lead to adverse health effects of the occupants. The potential problem is
further enhanced because typical individuals spend up to 90% of the day in-
doors. Pollutants of concern include carbon monoxide (CO), nitric oxide
(NO), nitrogen dioxide (NO,), particulate matter, formaldehyde (HCHO),
‘benzo-a-pyrene (BaP), other organics, radon and radon progeny (Rn), odors,
microorganisms and-others.

Scientific ‘inquiry of the character -of indoor -air quality and related issues
is relatively recent. Research prior to the energy shortage period marks the
early attempts to characterize ‘indoor -air quality in non-industrial environ-
ments [1—3, and a few others]. This early research helped identify a poten-
tial dir quality problem in residences. It is essential to appreciate that the in-
door air quality problem may exist before any energy conservation measures
are implemented. Research between 1976 and 1979 focused on the chardcter
of indoor air quality and the relat10nsh1ps between energy and environment
-parameters. The premise is that reduction of ventilation rates may.lead to in-
‘creased ‘indoor pollutant concentrations [4—9, and many others]. The
current phase of research on indoor air quality is an intensified effort to
:mssess thre imagnitude of the problem and .todesign a long-term research pro-
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gram. Examples of this effort included the National Academy of Sciences
publication on Indoor Pollutants [10], the National Workshop on Research
Needs on Indoor Quality [11], the International Symposium on Indoor Air
Quality, Health and Energy Conservatlon 13—16 October 1981, Amherst,
Massachusetts, and forthcoming pubhcatmns on the topic by the World
Health Organization (1982), the New York Academy of Medicine (1981),
and others. Since individuals spend up to 90% of their time indoors, it is
possible that the greatest portion of the public’s exposure to pollutants
occurs indoors rather than outdoors.

The motivation for studying indoor air quality is the desire to estimate
real values of an individual’s total exposure to air contaminants and to re-
duce total exposure. Total exposure is defined as an individual’s exposure to
a contaminant over 24 h as he or she moves through his/her daily routine in
various indoor and outdoor environments: residence, vehicle, work place,
outdoors, amusement centers, and so on.

This paper presents the level of knowledge of certa.m aspects of indoor air

pollution. Sampling instruments and monitoring protocols for characterizing
indoor air quality will not be addressed but indoor air quality will be charac-
terized. The dynamic relationships between source and indoor pollutant
levels will be discussed by reviewing one dynamic model. Health effects as-
sociated with indoor air pollution will not be evaluated but a brief discussion
of the control technologies for indoor residential environments will be pre-
sented.

eire

Characterization.

Two classes of residential environments have been identified by the
collected data base: (1) residences with major pollutant emitting sources;
and (2) residences without such sources. Note that this division is pollutant
dependent. There are several classes of major pollution sources, i.e., indoor
pollutant emitters, see Table 1. An additional source of pollution in resi-
dences is, of course, outdoor pollution. Only two pollutants are principally
generated outdoors: O, and SO,. Owing to their high chemical reactivity,

TABLE1

Pollutant sources inside residences

Source N A * Pollutant

Combustion . CO, NO, NO,, HCHO, organic vapors, BaP .

Building materials " Rn and Rn progeny, HCHO, asbestos, o
st =7 mineral and synthetic fibers " i

Indoor occupant activity *~~*’:'<.,  Respirable particles, sulfates, o St

(smoking, cleaning, hobbies) CO,, total suspended particles, O,, v1able LA

organisms, odors




these pollutants absorb on indoor surfaces and the concentrations of the
pollutants do not reach high levels indoors. In addition to the outdoor pollu-
tion level, the magnitude of indoor pollutant concentrations depends on
three factors: (1) the indoor source strength, i.e., the pollutant emission rate;
| (2) the frequency of emissions from the indoor source; and (3) the ventila-
tion rate of a residence.

Incomplete combustion

Unvented gas appliances are one of the two prmc1pa]f indoor emitters- of
CO, NO, and NO,. Smoking is the other major source. The complex mter—
relatlonshlps between indoor generation, outdoor pollutlon leVels and
meteorology are illustrated in Fig. 1. The outdoor 1mpacts on mdoor levels

- - IN . * . -
- ———— OUuT o B 0
— WIND DIRECT. ATy
— o VARIABLE !
2 BURNER
= OVEN

,PPb
£
o D
| 1

N

o

o
I

o
N

CONCENTRATIO
» >

e AN ! o
SN f
0 = ale _JI ' 3 5
(&) ] ' ¥
0 2 4 6 8 10 12 14 16 8 20 22 24 &
Time, hour = » i

Fig. 1. Companson of indoor—outdoor mtnc oxide (NO) concenttatlous fora gl.w.-n house

near a hlghway asa functlon of. Wmd direction andrange use., ' e A o o7
W LA e = ey i S o '--.."...p_i,--'i'.-

- e

6 T C— ouT ¢ Sie e LT s
n:5 - X G - >
ga- - by
= ' G
< ” ! =
a3 ‘ i : b
& £ 4
ui 2 24
U LA
4 .
ol
“ N o o

(o] OLL “ L = 2. .

0O 4 8 12 16 20 24 Q. 4 B 12. yJG 20 24
3 HOUR o ! HOUR
ELECTRIC GAS : E
SITE2 . . WGITE R -5 w1 el s en o o W)L ’
Fig. 2. Comparison of a gas and electrlc house of indoor—outdoor carbon monoxufe con-'
centrations.

? .,,..-\.y-x

"’“Sf‘w‘ ’3-«*”

.|..-o




42

of NO because of the wind direction from a nearby highway. At noon, the
burner use has minimal impact; in the evening, the use of the range causes
the NO concentration to peak. Also note that the afternoon outdoor levels
are low; the traffic emissions are directed away from the test residence by
the wind directions. The impact of emissions from an unvented gas appliance
is illustrated in Fig. 2, which depicts two similar residences on a typical
weekday, one with gas sources and the other without. Typically, the indoor
concentrations of CO, NO, and NO, are low; however, occasionally they
reach high levels that may cause adverse health effects. Reduction of ventila-
tion rates has caused a justified concern regarding the short-term adverse
health aspects from elevated indoor CO, NO, and NQO, concentrations.

Products of incomplete combustion are also derived from woodburning,
which has become a popular means of conserving energy, dollars and na-
tional resources. It is, however, a source of benzo-w-pyrene, a carcinogenic
contaminant. A recent study of 20 residences [12] shows that indoor levels
of BaP emitted from fireplaces and wood stoves are much higher than out-
door levels (Fig. 3). This verified a previous measurement of BaP of about
11.0 ng m™ [13] versus an outdoor level of less than 2.0 ng m™.

(9.7)
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Bulldmg materials g . =

"Lead and asbestos were among the first pollutants that helped focus atten-
tion on the indoor air quality of residences. Recent measurements indicate
that Pb is not a widespread problem in residences as it used to be. High levels
of asbestos have not been measured in residences. The problem with asbestos
seems to be in large commercial buildings and in schools where it is used as
fire retardant. Asbestos concentrations in schools are increased ma.rkedly
when asbestos is disturbed willfully or inadvertently.

Formaldehyde is an odorous contaminant which has been recently linked
with cancer. Formaldehyde is principally emitted from plywood and particle
boards used as building materials. Formaldehyde levels in mobile homes have
been measured at high concentrations (Fig. 4). Urea-formaldehyde foam is
used for insulation of houses. Formaldehyde emissions from this foam have
led to higher indoor HCHO concentrations. Massachusetts has banned the
use of urea-formaldehyde foam and several other states have proposed indoor
HCHO standards around the 0.2 ppm level, -

Reduction of ventilation rates has helped focus attention on elevated con-
centrations of Rn and Rn progeny. Sources include soil under the residence,
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nvironments; the subject

tagion occurs primarily in indoor €
urces of microorgan-
cts, plants, fungi,

of viable organisms warrants further research. Indoor SO
to 90% of the mor-

isms include the presence of humans, pets, rodents, inse
humidifiers, and air conditioners. Scholars claim that up
biogenic con-

tality associated with indoor environments is caused DY
taminants [17 1.
The brief characterization presented here is representative of the state-of-
from studies performed by the author of this ar-
a data base of

the-art. The illustrations are
ticle. The concentrations indicated illustrate examples from
not claimed, generaliza-

fewer than 100 residences. Statistical conclusions are

tion for the American nousing stock should not be made. All indoor studies
performed are pilot studies. What is required now is a broad experimen
design to characterize the indoor air quality of the American housing stock
and to assess the magnitude of public exposures t0 indoor pellutant concen-
e e

trations.
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The study of 1érge sarﬁples .o&residenbea is
£ conditi ns "and‘?c'an-assi_stcin

The alternative approach:.is .the. formulation
models. These models can simulate a-variety'o
estimating the indoor air quality . for:a large numberi:of .conditionss The
GIOAP model is an example of suoch aftmndei:;-'T-he,principlelinnob:edimm@
GIOAP model is that of mass balance. The ‘basic equatiion"cﬁ-the--.GIOAP

model is given below.




46 v

~dCip Tt L e R et " 3
VF = WCoyut +8~ WCin—-VDCjy, - (1)
with

lh<t<ts
and

N Cin, = Cin (to)

“where: V.= volume of the residence (m?);.Cip =
tion (mass m™); ¢ = time of calculation (h); ¢, = initial time of calculation;
‘tg = final time of calculation; v = infiltration rate (air changes per hour,
ACH); Coyp = outdoor pollutant concentration (mass m™); § = source

strength (mass h™); D = sink strength (mass h™), A closed form solution of
eqn. (1) is given below.

indoor pollutant concentra-

Ct) = [Co -m (fﬁ) ty — (5_];_—1}) (vb+137—g+u)] exp [_'—(D+.V).(t—t0$]

1 S my- ’ u:‘ il
* (D+v) (Vb+T7—D—+v) b m(D+u)t (2)

where

m = Cout (to) = Cout (te) te=to=1h &
b = Cout (to) — mt,

The model relates the rate of change. of th.e_.indoor pollutant concentration

to the rate of introducing a pollutant indoors by ventilation ( V»Cyy,) and by
indoor generation (S), and the rate of removal by exfiltration (- Vv Ciy) and
by chemical decay (VDCjy). The GIOAP model has been tested against data
generated by’ the Moschandreas research team. It does not simulate O, in-
door concentrations well and it has not been tested against SO,. It predicts
within 20% of the observed values 80% of the time for CO, NO, and NO,. It
does not do well on predicting episodes (high release incidents from indoor
sources), but it does well characterizing the overall indoor air quality. The

deficiencies of the model are associated with th inabili
tify emission rates:and modes of operations of in '

gomplex theoretical models which incorporate
mixing rates exist; however, the input values in
and; the: models have not been validated. Stati

door emission sources. More
two.components and involve
such models are questionable.
istical models have not been

developed. for indoor environments; research is warranted in that direction.

The subject of indoor: pollution models is compli_cate‘d and warrants a full
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presentation by itself. Only the surface of the topic has been addressed here.
Modeling is a most powerful and inexpensive research tool that, when pro-
perly used, can assist in control assessment, cost-efficiency, exposure, and
health effect studies.

Control techniques )

Several techniques can be used to mitigate the elevated pollutant concen-
trations indoors (Table 2). Ventilation codes are written- on ‘the’ ‘basis ‘of com-
fort. A brief study of building ventilation’ codes- points'to" tWO défxmenmeS‘
(1) indoor air quality is not considered in formulating these' codes gnd (2)
there is no assurance that each code is properly implethented. The ‘control
efficiency of local ventilation warrants further reséarch Al;t:to-an: heat ex-
changers appear to be a powerful tool for obtammg an Optlmum }evel of' ven-
tilation rate and energy efflc:ency [18] 3

s plyen [ELEATS

TABLE 2

Control techniques - SR

Technology . gk Apglicatioﬁ a

wud

Building codes Federal, state and loca] authoﬂtles l}a\ra ‘ I3

R R L *promhlgateﬁ bu:ldmg codes o, protect, the
' ' * "+ “~-health and“Welfare of the ocen ants . ; ;
Ventilation . Local: ’nu:ldmg wide; a}r -to-air eqt exchapgers
" Sealants and barriers* - “""Building materials
Product'improvement« "** 2 .- " Reduetlbn of ‘erissions rates
(including removal) i‘h
Control devices : ~ . : Pllters adsorptmn bed, e!ectmstatlc preclpltators
Education " : = Public knowledge determmes path of least
: : : & expOsure

h‘

& |

% . ,IL R L

Sealants and barriers have been used fpr cont:rol]mg asbestos, HCHO -and.
Rn." Varying degrees of succeﬁs have been.claimed; by .many. Once. agam in-
dependent. research is required to define their! efficiency: Produét improve-
ment has been tried successfullyin various indoor-sources, ‘EXampIé%gﬁclude
manufacturing lead-free paint, fifa"; fetardants'that do. ot inelide,asbestos,
and others. Certain’sources ‘are t.q‘taily» ehmmted mth small ecenamic im-
pact, i.e., unvented gas appliances w:lthout p;lqt lights:, Productans(provement
requires assurance that the substitute product is riot. an émitter of'a’ néw con-
taminant and that it does not overburden the house oWner f‘mancially e

- Control devices include filters (widely used for ‘éontrol’ of pa:;t;cu,lgtes),
adsorbing charcoal beds (for controlling, gas conta.mmants), and,eliaét:'rbstatlc
precipitators.. The last two devices have been .used. in: ;residenges only- infre-
quently and their success in controlhng pollut;ants is notqumv‘ersally ac-
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cepted. These devices appear to be better suited for large buildings rather
than residences. A final inexpensive but promising approach to mitigate in-
door pollution is public education. By educating Americans of the potential
risks, they will follow common sense and arrange their activities so that ex-
posure to occupants will be minimal. Education is the least expensive ap-
proach of reducing indoor. pollutant concentrations by using local ventilation
i When cooking, opemng the. windows when cleaning, and venting the indoor
,,' air outdoors from major sources: such as gas apphances fireplaces, work
benches a.nd the like. . v p
Contro]lmg the qua.hty ‘of indoor air in re51dences and office buildings
““may. prove to be the least expensive avenue for reducing exposure to air
"pollut:ants'.' Cost-efficiency studies will determine the optimum control tech-
“nology that will not be too expensive, will conserve energy, and protect the
integrity of indoor air quality and, consequently, public health.
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