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ABSTRACT
Rising energy prices, azong other factors, have generatad an iocentive to raduce
ventilation rates and thereby reduce the cost of heating and cooling buildings.
Reduced imfiltration arnd ventilation in buildings. may significanctly incraase expo—

sure to indoor contaminants and perhaps have adverse effects on occupant health and
comfort. Four indoor air contazminants -— carbonr monoxide and nitrogen dioxide from
gas appliances; formaldehyde fyem particlaboard, plywoeed, urea-formaldshyde foam

insulation, and gas appliances; and radon from building materials, soil, and ground
water -— are currently raceiving copsiderable atteqt-on in the contaxt of potenrzial
nealth risks asscciated with reduced imfiltrztion znd wentilarzicon rates. We have

measurad and analyzed thaese air contanminsats in conventional and ensvgy efficienc

buildings with a view to assessing their potsntial health risks and various control
stratagies capable of lowering pecllutant concentrations. Preliminary £
gest that further intensive studies are nesded in ovder to davelop crit
maintzining acceptable indoor air quality without compromising suergy =

icdings sug-
ia for

-
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iciency.
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INTRQDUCTION

Out of national concerm about the avallability of conventioval emergy resourcas,

a major effort is currentiy underway in the United Statas to make buildings more
‘energy—a2ffiftlentl " Various energy-todseriiy maisures == tighfening the building’
envelope to reduce exfiltraticn and infiltration, improving iansulation, and Te—
ducing ventilatioan = are being devised to reduce heating and cooling requiremants.

Unfortunately, reducing infiltration and vencilation rates in buildings can lead
to elevated levels of indoor-generated air contaminants which, in excessive con-
centrations, may impair the fealth, safety and/or comfort of the occupants. Indcor
" . contamipants include gaseous and particulate chemicals from iadoor combustion pro-
—zesses (such as cooking, heating, tobacco szoktng), toxtc chemicals and- odors from
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cocking and cleaning activities, odors and viable microorganisms from occupants and
a wide asscrtment of chemicals releasad from indoor construction matarials and Fur-—
nishings. Table L lists the major indeoor pollutants and their sources.

TABLE 1 Madior Indoor Pollutants aund Sources

BUILDING MATERIALS
o Formaldehyde and other organics
# Asbsastos
. & Radon

GAS APPLIANCES
., ® Carbon monoxids
¢ Nitrogen dioxides
o Formaldehyde

» Respirabla particulatas

TOBACCO SMOKE
e Carbon monoxids

[ 2

Nitrogen dioxide
* QOrganics

o

Respirable particulates

In conventional buildings, occupants are protacted from undesirable indeoor air con-
taminants in two ways: Irvash air enters through cracks in the building eavelope
{uncontrolled) or by the opening of deors and windows or via mechanical ventilation
systems (controlled), allowing contamimants. to be dilutad or to escape.

As infiltration is reduced, criteria must be devaloped for determining ventilation
requirements that will assurs acceptable ipdoor air quality without sacrificing
energy efficisncy. At present, there is little agreemeng in the Unized Statas, or
elsewhers, on the amount of ventilation air required for the health, safety and
comfort of building occupants. This information gap is due in large measura to the
caomplex biological, chemical and physical wmix of indoor air pollutants, Furthar—
mora, earlier studies of indoor air pollution have assumad that indoor pollurion
arises from and is directly related to outdoor sources, whereas it is now recog-
nized that numerocus indoor air contaminants have their scurces in the built en-
vironment. itself.

Four indoor-generzted gas-phase contaminants are of particular concern in residen-
tial buildings: carbon monoxide (CO), mitrogen dioxide (NO9), formaldenyde (HCHO),
and radon (Rn). The health risks posed by exposure to these contzaminants in
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conventicnzl houses, as well as the added risks engendered by reducing infiltration
and ventilation in new construction and in retrofitted nouses are discussad bhelow.

DISCUSSION

Gas Appliance Emissions: Carbou Monoxide, Nitrogen Dicxide and Formaldehvde

Several recent field and laboratory studies conducted at Lawrence Berkeley Labora—
tory (LBL) have focused on ccombustion-generated indeoor air pollution in convention—
al residential buildings -— namaly, air contaminants from gas stoves and heasing
systems. We have demonstrated that levels of several gasecus air pollutants (CO,
N0, NO2 and HCHO) and respirable particulates are elevatad in indoor envirommenrts
where gas appliances are used (Hollecwell, 1875, 1977). In the case of CO, NO2 and
HCHO, these lavels often approach or exczad aubient alr-quality standards adopted
or proposed in the U.S. and other countries and, in the case of respirable partic—
ulaces, the levels we have measured are oftaen comparable to those present outdoors
on a very smoggy davy. Such high levels ars clearly
healch, safety and comfort, and ara of particular
dential strucrurzs where Infiltration is reduced.

¥ unaccaptable in ferms of human
cancern in energy-efficienz resi-—

Using an experimental room (simulating a kitchen) with a volume of 27 w3 (950 £e3)
and. an air~exchange rate varying from 0.25 to 10 air changes per hour (zch), we
have characterized the emissions from a new gas stove (Traynor, 19280). Our results
indicate that gas stovas genarate high emissions of carbon momoxide (CO), nitric
oxide (NQ), vitrogen dicwuide (N0q), formaldshyds (HCEO), a2nd respirsble zeroszols
(size <2.5 um), and that the concentrations of thzse specilss become significant
when the air-exchange rate i1s less than 1 ach. The results for CO, ¥Ndg and HCHQ
are summarizad in Table 2. Particularly noteworthy are the observaticnsethat with
mechanical ventilation at 85 m3/hr (50 cfn) [the upper limit recormendad by ASHRAE
Standard 62-73] (ASHRAE, 1973), (0 concentrations are maintained at acceptabla lev-
els; NOg and BCHO concentrations, however, excead air-quality health standards
(Hollowell, 1979) at this vemtilation rate. At the lower ventilation rates recom-—
mended by ASHRAE Standard $0-75 (ASHRAE, 1975), even higher NOp and ECHO concentra-—
tion result. Ta keep NOg and HCHO concentrations to lavels within the established
air quality limits, a kitchen ventilaticn rate of at laast 170 m3/h: (100 cfm) is
required. : ,

Turthar studies of CO and ¥Oy emissions from gas appliznces were conducted at an
energy-afficient research house maintained by LBL im Walnut Creek, California,
where we measurad the air quality in the kitchen, the living room, a2 bedroom, and
one outdcor location over a 24~hour period. Gas stovea aoperation was based on con-
sumption patterns determived as typical in the United States by the American Gas
Association (DeWerth, 1974). Infiltration varied between 0.33 and 0.45 air changes
. per hour (ach) during the course of the study. The natural gas consumption was
0.170 m3 (6 £t3) for both the breakfast and luach meals and 0.425 m3 (15 f&d) for
the dinner meal. As expected, the peak pollutant concentrations (averaged over
one hour) occurred during the dimnar meal. Tha ambient ailr-quality standard pro-
posad by the Environmental Protection Agency (EPA) for a one—hour exposura to NO2
is expected to be 470 g/m°. As shown im Table 3, NOp levels in both the kitchen
and living room exzceed this standard aund in the bedrooam, NOj levels are just under
this limit. The one-hour EPA standard for CO is 40 mg/m3, and this standard was
not exceeded anywhere in the house.

A recent study ia Erngland (Melia, 1977) has comparad the incidernce rates of respir—
atory illness in two groups of children: those living in homes in which natural gas
stoves were used azd those where electric stoves were used. The Iavestigators con-
cluded that the increased levels of respiratory illness found among children
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TABLE 2 Contaminant Concantraticns in a Tesc Kitchen

Contaminant Concentrations3

Mechanical ‘ co MOy  HCHO®

Ventilation Air Exchange
Ventilation Canditions Rate (ma.’hr) Rate (ach) (mg.r'rri3) (pg/m3) (ug/'m3)
No stova vent or hood . G235 43 2500 480
Hood vent (with no fan) above stove 1.0 25 1800 280
Hoced vant with fan at low sgpeed 85 {30 cfmi 25 ] 14 800 150
Hocd vent withy fanat high speed 240 {148 cfm) 7.0 4 200 4G

Typical Quitianr
Conecantrations During Test 1.5 Z0 5
Air Quality Concentration | 40° 470d 1200
Haaith

Standards Averaging Tim2! 1 hour 1 hour  maximum

ASHRAE 51:85 m3/hr (30-50 cfm)

Standarcs for {Standard £82-73)

Ventilation

Requirements 34 m3/hr (20 cfm)

in Kitchans {Standard 0.75)

a. 1 hour averaga concentration in center of kitchen in which gas overr is operated at 180°C, {350°F.}
b Caiculatad from mmasured ermission rata Tor gas stovess

¢ EPA promulgated standard (1)

d EPA recommended standard (1)

e Europsan standard (1)

TABLE 3 NOz and CO Concentrations in EEB Research House

NO, caQ
(rg/m) (mg/m?)
Peak 1-hour average
Kitchen - 850 27.8
Living Room 75C . 24.1
Bedroom 440 17.8
Qutside 130 0.5
24-hour averags
Kitchen 140 5.9
Living Room - 1490 5.8
Bedroom ' 85 4.7
Qutside ‘ 86 0.5

Air exchange rates (air changes per hour-ach)

morning 0.43
mid-day 0.33
evening 0.34



living in homes using gas stoves might be associated with the elevataed levels of
nitrogen dioxide emitted by these appliances. A study in progress in six cities in
the Uniced Staces has released its praliminary analyses which raport similar con-—
clusions (Speizexr, 1379).

Formaldehvde

Formaldahyde (HCHO) is an inexpensive, high-volume chemical used throughout the
world in a variety of prcducts, mainly in urea, phenolic, melamine and acetal ras—
ins. These resins arz present in insulation materials, particleboard, plywoocd,
textiles, adhesives, etc., used in large quantitiss by the building trades. Al-
theugh particleboard and ureas~formaldehyde foam insulatilon have raceivad the wos
attention, formaldshyde also emunates from combustican processes (gas cookinz and
heating, tobacco smoking). The pungeat and charactaristic odor of formaldsh
can be detected by most humans at levels bslow 100 ug/m3. Several studiss t
in the literaturs indicate that concentraticns in the range of 100 to 200 u
be sufficient to cause swelling of the mucous membranes, depending on individual

sensitivity and enviroumental conditions (temperature, humidity, sce.). Burning of
the eyes, weeping, and irrication of 'the upper respiratorv passagas can also ressult
from exposure to relatively low conca2ntrations. High concentrations (>> 1000 ug/m3)

may produce coughing, constriction in the chest, and a sense of prassure in the
head. There is concern that formaldehyde may have serious lomg-tarm health affecrs.
Sevaral countries are moving rapidly to establish standazds for formaldehyda con-
centrations ir indoor aivr. In July 1978, the Naetharlands established a stand

120 ug/m3 as the maximum permissible indoor ceacenzrarion (Baars, 1979) and Den-
marzk, Swaden, the United Statas and West Germany ere considering similar acti
Indoor measuremsats of formaldeuyde levels reported from Demmark, Swaden, Wast
Germany and the U.S. were frequently found in excess of the recommended iandoor stan-
dards of 120 ug/wm” and, in several cases, exceeded the Thrashold Limit Valus (2400
ug/m3) for workroom air (Hollow=ll, 1979). 1In general, these studias showsd that
several recently constructad residential buildings and mobile homes with air ex-
change rates less than 0.3 ach exhibited high formaldehyde concentraticns (>120

ug/m,g) .

Formaldehyde and total aliphatic aldehydes (formaldehyde plus other aliphatic al-
dehydes) hava been measured by L3L at several ensrgy-efficient research housas at
various geographic locations in the U.S. Figure 1 shows a histegram of freguancy
of occurrence of concentrations of formaldahvdse and total aliphatic aldehvdes

measured at an energy-=2£ficient house with an air exchangz rate of 0.2 zch. Data
taken at an energy-efiicient house in Mission Viajo, California, are shown in
Table 4. As shown, when the house did not contain furniture, formaldehvda levels
ware below the 120 ug/m3; whan furnitura was added, formaldahyde lavels rosa to
almost twice ths 120 ug/m3 level. A further increase was noted when the house was
occupied, vaery likely because of such activities as cooking with gas. When oc-
cupants opened windows to increass ventilacien, the formaldshyde levels dropp=4
substantially. -

Radon -

Radon and its decay daughters are known to comprise a significant portion of nat-
ural background radiaction to which the general populaticn is exposed. Radon-222 is
an inert, radicactive, naturally occurring gas which is part of the uranium-238
decay chain. Any substance that contains radium-226, the precursor of radoa, is a
potential emanaticn source. Since radium is a trace element in most rock and soil,
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Fig. 1. Bistogram of indoor and outdoor formaldenydes sand
total aliphatic aldehvds concentrations measured at an e~
ergy research housa in Maryland during March and April 1379.

The air axchange rate of

TABLE 4 Indoor/Qutdoor Formal

the houss

is zbout 0.2 ach.

dehyde and Aliphatic Aldehydas

Concentrations Measured at The MED-IT Residence, August 1979

<10 /.Lg/m

Number of Sampling  Formaidzahygse Aliphatic
Candition Measurements Tima (#g/m:i)a Aldehvydes (u:l/m"!
Urnccecupied,
without furniturs 3 12 20 % g0 = 18%
Uroccupied,
with furniturz 3 24 223 7% 2894+ 4%

A
Qcecupied,
day® ] 12 281 = 10% 277 = 15%
Qccupied,
nightd 9 12 140 = 31% 178 £ 29%
' a Determined usmg pararcgmlme mathed (120 ;m/rr-3 = {00 ppb}. All outside concantrations

b Dererminad using MBTH method, expressed as equivalents of formalidshyde. All outside
concentrations < 20 ug/ m3,

¢ Air exchange rate ™ 0.4 ach.

d Windows opan part of time; air exchange rata significantly greater than 0.4 ach and variable.



sources of indoor radon include building materials, such as concrete or brick, and
the soil under building foundations. Tap watar mav be an additional scurce i
tzken from walls or undergrocund springs. Sc
doorxcorc=n rations of radoun and radon daugh
concen:ratlona, presumably because the buildin c
entering the indoor eunviromment from various sources. Conservacion =msasuras, par-
ticularly reduced air exchange rates, may exacerbate this situarion.

Figure 2 summarizes and compares radon concantrations in outdoor ard indaar air at
different geographic sites. What beccmes evident frcam this figure is that indoor
levels exceed outdoor levels in each case prasanted, and that houses buils on phos-
phate-reclaimed land in Florida show radom levels above health guidelines (Environ-
mental Protaction Agency, 1979).

A simple populations-at-risk model based on the "lin ear~hvpoth gis’ that risk is
directly proportioral to dose suggests an addad annual risk of 30 to 110 cases of
lung cancer per million based on an average concentration of L nCi/m3 of radon
(Budnitz, 1980). Based on the above estimatas of risk, life-tinma exposurss to a
few nCi/m~, which might be the case with low air exchange rates (<0.3 ach), could
yield inmcreased lung cancer incidence equal to the observed ratza for male non-smok-

ers.,

Since we do not yet know cnough zbout the actual dose-r snonse characteristics of
low-level radiation exposure, we caunot say with certalngy whether there is any

added risk from a life~tima exposure to a few nli/m?, H0"°ver, use of a liasar
hypothesis model 1s counsidered prudent for radiationm protzction purposes uniil we
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Fig. 2. Radon concentrations in air. The number for New

York, Salzburg, and Florida are geometwic means cf the aver-
age for each site sampled. The value gziven as the uranium
nines standard is calculated (assuming an equilibrium frac-—
tion of 0.5) from the annual dose limit for occupational
exposures of & WLM. The health guidelines apply to houses
built on land reclaimad from phosphate strip mining ia Flor-
ida, and houses in four communities zssociated with uranium
mining and processing in Canada (Buduitz, 1983).
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do have a better understanding of the dose-~response characteristics of. radiation
axposura.

c f radon lave .
threughout the United States. or these stu sa 2ll
doors and windows closed, in order to simulaze worst-case condictioms. Resulcs in-
dicate that houses wich low air exchange rates (<0.3 air changes per hour) often
haveshigher radon concentrations than conventional houses (v0.75 air changes per
hour).

L3L has conducted measursments
- -

.t O

Figure 3 is a scatter ploc of radon concentrations vs. venrilation rate in a num—
ber of energy-efficiant houses. While the data show cousiderable scatter, a cor-
relaticn batwe=n radon concentration and air change rata is appareat. An air-ex—
change rate of approximatsly 0.5 ach is required in order to maintain radon con-
centrations below 4 nCi/m3, the maximum permissihle concentration allowed by pras-—
ent U.S. health gunidelines. Integrated measuraments of large numbers of grab sam-
ples nasd to be made under typical living conditicns and varieus climatic condi-
tions before we can reasoaably estimate average exposures of building occupants.
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Fig. 3. Radon concentration vs. venrtilation in
enargy efficient housas

CONCLUSIQNS

Indcor air contaminaut levels are strongly affected by human activitias and the
manner in which materials are incorporated into buildings, as well as other as-
pects of building design, particularly the infiltration or ventilation rates.

Qur work to date indicates that indoor air pollution may affect human health and,
if this assumption i1s borme out by further studiss, it may ultimately have a large
impact on emnergy consarvation strategies for buildings and on the nesd for more
stringent control of air pollution from indoor sources. There are several meas—
ures that might be adopted to limit increases in indoor air pollutiom in both con-
ventional and energy-efficient buildings. Options imclude an informed selection
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of building materials; ccating of various building materials with sealants to re-
duce emissions of potentially harmful pollutants; the use of mechanical ventilation/
heat exchanger systems; and the use of contaminant controcl devices.
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