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Introduction

pproximately 38% of the energy consumed in the United States is usecl in buildings. Because
hunlans spend an average of 85%to 90% of their time indoors, energy usage by the buildings sector

can have a significant impact on lauman comfort, health and productivity, To advance energy
conservation teclantHogies while maintaining indoor air quality, research in the Indoor Environment Prograna
(IEI') is directed toward understanding relations b&ween building energy (usage and techr|ologies), indoor air
quality, and hurnan health, comfort and productivity.

Tl'w 1t7,1'addresses the issue of optimizing the health, comfort and productivity of a building's occupants
while maintaining the building's energy efficiency, The Energy Performance of Building!; Group within the
lEP investigates energy flow througl| elements of the building's shell. This group rneasures and models air
infiltratior| and ventilation rates and studies thermal characteristics of the structural elements. Reduction of

infiltration holds great potential for saving energy: the heat load associated with natural infiltration is a about
2.5 quads per year, costing about $15 billion dollars armually, Thus, a 25% reduction of infiltration energy
losses cot|ld save a|most $4 billion dollars annually,

I Im,veve|', because ventilation is the domir|ar|t mecl'_anisna for removing pollutants with indoor sources,
reduced ventilation may produce undesirable effects on indoor air quality and on the health, cornfort, and
productivity ofa building's occupants, This issue is an important thenm for the research ttf other research
gl'oups and projects vvithir_ IF'P, These groups and projects 1) characterize the emissions of various
pollutant classes from their respective sources; 2) study the effectiveness of ventilation in removing
pollutants h'orn indoor atmospheres; 3) examine the nature and importance of the chemical reactions
and physical removal mechanisms that affect the type and concer|tration of airborne pollutants; 4)
evalt|ate teclmiques and strategies for controlling indoor pollutant concentrations; and 5) evaluate the
causes of occupant health complaints in office buildings, l)evelopment of new measurement
tecl'miques is integral to many of these research efforts. The l'rogram has focused on three major
pollutant classes: radon and its progeny arising from radiurn in soils and from buildir_g materials
(Indoor Radtm Group); Combustion products arising from indoor heaters and from combustion
appliances (Indoor Air Quality Studies Project); and organic pollutants arising from building
materials, consumer products, furnisl'tings, and st)ii gases (Indoor Organic Cl'wmistry Group).

To understarld the relations between these pollutants (i.e. their sources and dynarnics) and
build ing energy usage, the lEP is developing models ttf builcting energy use and losses, transport
of pollutants into and within buildings, exposure to indoor air pollutants, and health risks
incident to this exposure. The exposure modeling and analysis integrates much l'rogram
researcll and provides a bread overview of indoor air quality as well as a perspective on
associated health risks.

-- i -
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Measurement of Vapor-Phase Polycyclic

Aromatic Hydrocarbons in Indoor Air:
A Pilot Study ,,3,,,

A.T. Hody, son, ].M. Daisey, F.]. Offermanlz,* alut
S.A, Loiselh'*

Volatile polycyclic aromatic hydrocarbons (PAH) have seldom been mea-

sured in indoor environments, although there are many known indoor sources

of these compounds, including tobacco smoke, wood-burning stoves, and gas
stoves. Efforts to measure PAH in indoor environments have been hampered by

the lack of sensitive, validated sampling and analysis methods and lack of

appropriate sampling equiprnel_t. For indoorair, the sampling rate must be
substantially lower than the air-exchange rate of the building so that the act of

sampling has a minimal imDacton the measurements. In this pilot study, a

sampler and analytical method suitable for vapor-phase PAH in indoor air were

developed and validated.
The new sampler was designed and constructed to collect a 25-m 3air sample

over a 12-hour period. The sarnpler is contained in an acoustically shielded, fan-

cooled enclosure. The sampling train consists of a 47-mm diameter filter (to

remove particles) followed by a cartridge containing two 2.5-gin beds of XAD-

4 resin to collect the vapor-phase PAl I. Before use, the resin beds were spiked

with three perdeuterated PAH as internal standards for recovery. After sampling,
the front and back sections of XAD-4 resin were ultrasonically extracted with

dichloromethane. The extract was filtered, solvent exchanged to benzene and

reduced to 500 ml by rotary evaporation. Sample extracts were analyzed by

capillary gas chromatography/electron-impact mass spectrometry (GC-MS).
Each sample (front and back sections) was analy>:ed first for naphthalene, its l-

and 2-methyl derivatives, biphenyl, acenapl'ltlmlene, acenaphthene and fluorene.
The extract is then concentrated tenfold and analyzed for phenanthrene, anthra-

cene, 2- and 0-methyl anthracene, fltloranthene, pyrene, and chrysene. Com-

pounds were identified from their GC retention times and molecular ions and

were quantified based on comparison of their integrated ion-current responses
to those of internal standards.

The performance of the analytical method was evaluated ft'ore the results of

the pilot field study. Recoveries of the perdeuterated internal standards aver-

aged 70 to 77%. Breakthrough Hf the most volatile compounds from the front to
the back section of the XAD-4 resin bed was low and generally insignificant.

Lower limits of detection were about 0.06 ng/m _. Analytical precision was

estimated to range from about 3 to 24%, depending upon the compound.

*Indoor Environmental Engineering, San Francisco, CA.
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Genotoxic Polar Organic Compounds in characterize particulate polar organic matter, develop meth-
ods for its fractionation, and to identify sub-fractions and

Airborne Particles I, 3,_ cornpounds responsible for its genotoxicity.
The polar organic fraction is acidic in nature and has a

L.A. Gttmiel, ].M. Daisey, amt K.R,R, Mahalmnta, lower percentage of carbon and hydrogen than does the non-
Liliau R,F. de Carvalho,* NortltaH Y, Kado, f alld polar ft'action. Ammonittrrt, nitrate, and several other ions
Delulis Schuetzle$ account for about one quarter of the mass. Fourier-transform

infi'ared spectra indicate the presence of carboxylic acids,
carbonyl compounds, sulfones and phenols in the acetone

Polar organic rnatter accounts for 30 to 60% of the or- extract, and no evidence for anhydrides, peroxides, or esters.
ganic- solvent extractable mass of airborne particles and 30% Sorne unique high-ntolecular-weight compounds (MW > 800
to 50% of the direct-acting mutagenic activity irt the Ames arnu) have been found in the polar organic fraction at levels
bioassay with TA-q8. More significantly, this fraction has of a few percent. Their infi'ared spectra resembled those of
been sl'town to transform mammalian cells in vitro. Thus, degraded polyesters,
there is reason to suspect that this fraction may be of signifi- We have also developed a milligram-scale method for
cance to human health, fractionating particulate polar organics. The challenge has

Very little work has been done to chemically character- been to fractionate the extract based on polarity while obtain-
ize the polar organic fraction of airborne particles or to ing reproducibly good recovery and avoiding addition of
identify the stlbfractions and conlpourtds responsible for its water or salts to the fractions, l_il,,, salt removal, evaporation
genotoxic activity. The polar properties of this fraction have of water to concentrate samples fur bioassay is difficult. A
been a major impediment to their separation and chemical second objective was to find an alternative to repeatedly
characterizatior_. Because of its polarity, this fraction cannot collecting fractions as required in prepare, five-scale lql_LC.
be analyzed by gas cl'tromatograpl_y/rnass spectrometry The fractionation method employs open-colun'm chro-
(GC-MS) without derivatization. Preparation of derivatives, matography with cyanopropyl solid-phase extractions col-
however, requires some knowledge of the classes of corn- umns. The sample is loaded onto the co!umrr in a mixture of
pounds present. The purpose of this research is tocl'_emically solvents and is eluted with a series of organic solvent rnix-

tures of increasing polarity. The mass distribution and

*Instituto de Quimica, Universidade de Sao l'aulo, Sao Paulo, recovery are shown for triplicate sarnples (Figure). Total
Brazil. mass recovery, with blank correction, averaged 96% + 5%--

tDepartrnent of Environmental l'oxicology, University of the highest recovery of particulate polar organic matter re-
California, Davis, CA. ported to date for a fractionation of this type of material. The

SAnalytical Sciences Department, Scientific Research Laboratories, procedure will next be scaled up to provide sufficient mate-
Ford Motor Company, Dearborn, MI. rial for bioassay and chemical characterization of fractions.

50'
mm#7

I_t #8

4O D #9

D NBS 1649

30 K1 NEW
Figure, Mass distribution

20 _ i and recovery for triplicatenlg

_'k samples of particulate
organics (nos. 7, 8, 9), an

10 reference urban particles

(NBS 1649),and scaled-up,_ fractionation of 80 of
0 ..... ..... particulate polar organics

A B C D E F G H I d (NEW),
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Model Estimates of the Contributions

of Environmental Tobacco Smoke to tions based on the VOC content of ETS and on a time-

Volatile Organic Compound dependent mass-balance model. Four different ventilation-
infiltration scenarios were modeled for a typical office build-

Exposures in Office Buildings ,,3 ing.

],M. Daisey, A.J. Gadgil, ami A.T, Hodgsolt Our results indicate that, even under moderate ventila-
tion conditions, ETS can contribute significantly to total
indoor levels of VOC irl office buildings. Concentration

Volatile organic compounds (VOCs) in office buildings ranges for three of the four modeled scenarios substantially
originate ft'ore multiple sources such as outdoor air, building overlapped measured ranges of the compounds in office

materials, occupants, office supplies, and office equipment, buildings, Average daytime concentrations of benzene from

Environmental tobacco smoke (ETS) in office buildings con- ETS ranged fronl 2,7 to 6,2 nag m 3, compared to reported

tains many VOCs, e.g., benzene, toluene, and forrnaldehyde, measurements of 1.4 to 8.1 mg 211.3 for four office buildings,

Measurements made to date in office buildings have been Under a "worst reasonable case" scenario, the average
interpreted by some to imply only small contributions of ETS rnodeled ETS-contributed concentration of benzene was 33.9

to VOC exposures in office buildings. We have made a first mg m-3 for a 40-hour work week. [.,evels_ff other VOC from
order estimate of the contributions of ETS to VOC concentra- ETS were similar.

Potential for Ion-Induced Nucleation of Volatile

Organic Compounds by Radon Decay in Indoor
Environments _

loan M. Daisey

Considerable interest has been shown in the "unattached" fraction of

radon progeny in indoor air bec0use of its significance in estimating the

risks of radon exposure. Because of its high mobility in air, the unattached

fraction--about 0.5 to 3 nm in diameter--is efficiently deposited in the
respiratory tract, Variations in the fraction's diameter and in its diffusion

coefficient are attributable to clustering of other atmospheric species

arouncl the 218poO2+ ion.

The purpose of this study was to investigate the potential for cluster

formation induced by the radon decay in indoor air containing vapor-

phase organic compounds and to deterrnine which compounds were most

likely to fornl clusters around the PoO2 + ion forrned by radon decay. The
classical Thomson equation was used to estirnate the Gibbs free energy of

ion-induced nucleation and to provide an indication of the relative potential

of various indoor organic compounds to undergo ion-induced nucleation.
Our results indicate considerable potential for fornaation of ion-

induced clusters of organic compounds around the 218poO2 + ion. Com-
pounds with the greatest potential for cluster fornlation were largely
found in the oxidized hydrocarbon (e.g., n-butanol, phenol, hexanal,
nonanal, benzaldehyde, the ketones and the acetates) and in the semi-
volatile (pentachlorophenol, nicotine, chlordane, chlorpyrifos) classes.
The Thornsor_ theory estimates an average of one VOC molecule per
218poO2 + ion and cluster diarneters of 0.6 to 0.8 nrn. Estinlated diameters

overlap with the measured diameters for the "unattaclled" fraction.

-3-



Indoor f"nvironn_c, nl l'rogranl Applied Sciem'c I_ivisiou 1991_Ilmtu_d Repo,'l

li ....

Radium Regionalization in California ._,_
is the National Aerial Radiornc, tric l_econrlaissar_cc, (NAI4R)

H,A, Wolh'lll_crg* and K,L, l,h'vzaIt database, based on country-wide aerial surveys conducted

by the U,S. Department of Energy in the mid-to-late 1970's,

primarily to evaluate urarliurn resources.
°l'he amount of 222Rn that enters a house depends t:o a

large extent on the conccmtrations of the radon parent 22%_a Assuming that radiurn is in radioactive equilibrium
in the soil, Surface radiurn concentratior_s are one indicator with its ultirnate pal ent, 238U, we have used the NARR data

and a databasc, covering the concerltratiorl and distribution of
of the local or regional radon potential of soil, One source of

uranium in California rocks to estimate the regional distribu-
rad iu m d a ta covert ng rnt_st of' the con terrn i nou s United Sta res

tion of radiurn, A no)trh-to-south increase in radium concen-

tralion occurs between 42<'N and 36°N, then the cor_centration

_t'h rth Sc'iences 1)Nision, l.,aWl't.,llCt, ]lc,l'kC,lt,y l,aboratorv, decreases further south ward (l;igu re),

0.36 _+ 020
O.18 _+O.14 Klamalh i I F i i I i i i

Medford Falls
• 42'

0.25 + 0.17 0,25 _ 0,19 _ O Ra estimated from lithology
Weed Alturas i Ra estimated from NARR survey

- 41•
0,32 + 0,25

0.34 _+0.19 Westwood
Redding (Susanville)

- 40"

0,42 + 0.19 0.35 _+ 0,24
Ukiah Chico

118" - 39"

064 _+029 0.76 +_0.36 ",34 + 0,45 : vA ,
Sanla Rosa Sacramento Walker Lake

0.86 _+ 0._ 1.52 + 0,88
San Francisco San Jose Martposa _ • t116"

124" ' - 37=
1,30 ± 0.75 1,12 4"0,44 0,87 _ 0,68

t 0 • I
Santa Cruz Fresno Death Valley 114"

36"

1,07 ± 0,37 1,07 4- 0,35 ,10 ± 0,49
San Luls Oblspo Bakersfield Trona _ = :
I - 35"%

_22, 1,00 ± 0,41 1,07 ± 0,31 1,11 ± 0,47
Angeles ian Bernardlnc ' " _"

34"

Long Beach 0,82 ± 0,L:)9 : _ ,,iSanta Ana Salton Sea
%

- 33o
120= i v. ;

San Diego "-'" El Centr, 1 I i i l i I i _ ;
lie' ii6" 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0

226Ra(pCl g-f)

Figure. A rnap uf California showirlg the rlleilrl alld standard deviation of the quad-wide 22(G4acorlcentration for eacl_ I_'+ 2"

quadrangle, determined fl't}lll the NAI,U4 data, The adjacent plot shows the same data, as a solid circle and t)l'l'(}l' bill °,compared
with Ra COllct,ntratioll t'stinlates based on lithology (()pen circles), These data are based on a 4" Iongitucle-wide band between
4Y'N aim 33"N, Below 35<'N, tilt, Ra-lithologic database is not Sllfficienl for c,stinlating tilt, Ra concel_tratioll,
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The pattern i,_,explained by the distribution oii rock in a region where the NARR data show considerable varia-
types. The overall mean raditlrn concerltrations estimated tion. Tllese measurenkents suggest that the radium values
frorn the aeroradiometric and lithologic data are similar, but from the NAI,TR measurements in that area are erroneously
there is a significant discrepancy between aeroradiometric high, pointing out the necessity of verifying radium esti-
and lithohGic-estin'lated radium concentration in central mates based on aeroradiometric data before they are usc,d as
California. We have made additional ground measurements indicators of radon potential.

I i

Modeling Unattached Radon Progeny ized (i.e., divided) by the concentration of the pollutant at a
Deposition Under Natural Convection far enough distance away from the surface. We irwestigated

• ,.) .)

in Enclosures _,s, ,_ numerically the deposition velocities ot unattached - IHlo and
212pb to the surfaces of square and rectangular two-dimen-

A,]. Gadgil, W. W, Nazaroff, mat D, Kong sional enclosures under laminar nattlral convection flow
with Grashof rltlrnbers ill the range 7 ± 107 to 8 + 10 III, The
predictions are based on an existing finite difference model of

Airborne radon progeny is often classified according to fluid flow that has been extended to simulate the behavior of
whether the atoms are attached to pre-existing airborne indoor radon decay products.
particles. Unattached radon decay products possess a much [;'or the cases considered, the deposition velocity aver-
larger health hazard, per atom inhaled, than tile attached aged over the er_closure surface was found to be in the range
species. Although radiological dose assessment from expo- (2-4) + 10.4 m/s for 218Po and (1-3) ± 10-4 ITI/S for 212pb. In
stlre to radon is often based on radon concentration measure- each simulation the deposition velocity varied with position
ments, the rate of deposition of unattached decay products by an order of rnagrfitude and was found to be a sensitive
onto surfaces is an important factor governing relationship function of position (Figure). We can explain the variations
between exposure to indoor radon and radiological dose to in the deposition velocity in terrns of the fluid entrainment (or
tissues in the respiratorytract. Detailed understandingofthe its absence) that brings fluid frorn the core of the space
mass transport aspects of radon decay products'is needed as bearing fresh supply of decay products, into the boundary
a basis for evaluating the effect on hUhmn exposure that layers lining the surfaces of the enclosure.
Would result from changes in buiMing design and operation, Our careful calculations undertaken from first prin-
including the use of filtering devices and other control mea- ciples yield values of average deposition velocities that are
sures, about a factor of 6 smaller than the deposition velocities

The rate of deposition to a surface of a pollutant is often suggested on the basis of experiments. The source of this
described in terms of a deposition velocity. The deposition persistent discrepancy should be investigated further. New
velocity equals the flux of the pollutant to t l'lesurface normal- experimental work and more theoretical work witl be needed

to resolve this issue.

1.6 ........... , ........ i

L Figure, l)eposition velocity as a function_, 1. of position for tile two radionuclides of
._ interest, The model assumptitms include
"_ _ a twt_-dimensional square enclosure (3 m

•-.,ca 8 on a sitte), differentially heated verticalsides (AT = 4° K), allcl adiabatic top arid

g .'6 218 bottom, The initial differencein lilt,deposition velocities for these two species
"m 1")0 is due to the dit:ferences in the radioactive

half-lives with tile characteristic114 conlpared

time required for air within the bour_dary

•2 _._...__.._ layer to travel the length of tilt, enclosure,
The initial reference corner (0)is the

0 - • " • ............. • - • - _ bottom of the hot ,,.villi,Airflow proceeds
0 .2 .4 .6 .8 1 1.2 1.4 1.6 1.8 2 tlp the hot wall, across the top of the

enclosure, down the cold wall, and across

Normalized distance from reference comer the bottom of the enclosure, so that
position 1 in the figure is the top of tlm hot
wall and position 2 is the top of the cold
wall,

-5-
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I Indoor Radon: implementation of the El"A/CDC recommendations in the

A Critique of U.S. Federal Policy ._,._ current housing stock would cost $20 billion (net present
value), reduce tile population exposure _o radon by an esti-

W. W, Nazaroff mated 17%, and lead to an ultimate avoidance of 2500 lung
cancer cases per year. Compared witll the costs of controlling
exposures to other environmental carcinogens, radon miti-

Exposure to the radioactive decay products of radon in gation appears attractive for the population as a whole. But,
homes is thought to be a leading cause of lung cancer. Risk because of the apparent synergism between smoking and
estimates suggest that radon exposure contributes to the radon as causes of lung cancer, the EPA/CDC guidelines
incidence of 16,000 cases annually in the United States. The may not be attractive to most individuals,
average lifetime risk of lung cancer from radon exposure is of The cost of attaining the TSCA long-term goal in the
the order of 0.001. Furtl'lermore, radon concentrations vary present housing stock is estimated at $1 trillion. If achieved,
over a wide range; many individuals receive exposures that population exposure to radon in the United States, and the
are an order of magnitude or more larger than the average, corresponding health risk, would be 75% less than current

In tile United States, the Erv¢ironmental Protection values.

Agency and the Centers for Disease Control (CDC) have Achieving the EPA/CDC recommendations, or the long-
issued recomn'_endations for citizens to undertake monitor- term national goal, will require that corrective measures be
ing and remediation to limit radon concentrations below 4 applied in millions of homes. In a small fraction of these, the
pCi/l in their residences. An amendment to the Toxic Sub- radon concentrations are extraordinarily high. The objective
stances Control Act (TSCA) establishes a long-term national of reducing radon-related health risks at reasonable cost is
goal of reducing indoor radon cor_centrations to outdoor rnore likely to succeed if tile prirnary short-term goal is to
levels (approximately 0.25 pCi/l), identify and apply remedial measures in houses having

The best available information suggests that successful unusually high indoor concentrations.

i

iIL mpe a ame' rM°  ling°'Bom'Radon Entry Dynamics _,_

C.E. A_aiers(m, A.]. Gadgil, mid R.G. Sextro

Indoor radon concentrations have been predicted and measured under
a range of static conditions and for a variety of relevant pararneters, How-
ever, the driving forces for radon entry, such as tile indoor-outdoor pressure
difference or the atmospheric pressure, and parameters such as the soil
permeability and emanating fraction of radon, change with time. We have
developed a simple lumped parameter model tlmt describes the basic
physical behavior of the soil gas and radon entry dynamics into basements
of houses. Tile model is mainly based on analytical solutions to the transport
equations under simplified boundary conditions, and is formulated in terms
of electrical circuit analogs.

The model has two parts. The first deals with the soil gas entry dynamics
in response to driving forces that vary sinusoidally in time, The dynamics
arise due to the structure of the porous medium and the compressibility of
soil gas. This gives rise to a pressure diffusion equation in the soil, in
response to changes in the pressure at soil boundaries (i.e., the basement or
the atmosphere). The second part of the model, whicll deals with radon
dynamics, is coupled to the first but has its own electrical circuit analog. Here
the dynamics arise because of the interplay between the finite rate of radon
generation in the soil, and the variable time of travel for air-parcels that get
transported under basement depressurization from the atmosphere to tile
basemen t.

A lumped parameter model that couples soil gas and radon entry
permits additional insights into the physical processes irwolved in radon
transport. A model that is based on simple set of nleasurernents, or easily-
inferred parameters, can also be applied to the design and application of new
diagnostic tecllniques or more efficient mitigation techniques for reducing
radon entry into houses.

-6-
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Modeling Radon Entry into Florida
2) through gaps between tile stem wall and slab, and between

Houses Built with Concrete Slabs and the stem wall and footer; and 3) through the permeable stem

Concrete-Block Stem Walls',_5,_ wall. We use the model to examine the influence of a number
of parameters on radon and soil gas entry, including variable

K.L. RevzaH, W.]. Fisk rout R.G. Sextro soil, backfill, and stem wall permeability, slab opening width
and position, soil radium content, and water table depth. We
also consider the effect of a gap that restricts the passage of

Entry of soil gas and radon into structures depends upon soil gas from the interior of the stem wall into the house.
a number of variables, including driving pressures, the air Under base case conditions, approximately 98% of the
permeability and geometry of thebuilding substructure and soil gas entry occurs through the stem wall and only 2%
any adjacent soil or gravel layers, and the radon generation through an interior slab opening. In contrast, 77% of the
rate in the soil. Residential building substructures in many radon entry rate occurs through the stem wall and 22%
areas of Florida often consist of a perimeter stem wall con- througla the interior slab opening. This reflects the fact that
strutted of hollow-core concrete blocks and an above-grade the soil-gas radon concentrations are higher below the slab
floor slab resting on backfill. When the build ing is depressur- than at the edge of the slab and in the region of the stem wall.
ized with respect to the ambient pressure, radon-bearing soil The model further predicts that radon entry is relatively
air tlows through various combinations of soil, backfill and low unless the soil or backfill permeability or radium content
blockwall conaponents, entering the laouse through perim- is high. Apart from soil characteristics, the backfill perme-
eter slab-stem wall gaps or interior cracks or openings in the ability is the major rad'or determining radon entry rates.
floor slab. Stem wall permeabilily is a relatively unimportant factor in

We have modeled convective radon entry through soil radon entry when small openings through the slab into the
into a house whose ct)nfiguratior_ is typical of these Florida house are also present. Radon entry through the stern wall
construction practices. The Laplace equation, based on Darcy's may be controlled by ensuring that the pressure in the inte-
law and the continuity equation, and the mass-transport rior is very nearly atmosplaeric, but entry through slab open-
equation are soh,ed using a steady-state finite-differenct ings increases when this is done, so that the net reduction in
model to determine the pressure and radon concentration radon may be only a factor of 2-3. Some of these results are
fields in the soil. The house and soil are represented as illustrated in the Figure, which shows that the largest reduc-
cylindrically-symmetric in order to increase resolution and tions in radon entry rate occur when the backfill permeability
computing efficiency without significant lo_;s of generality, is reduced. On the other hand, changes in the stem wall
From the pressure and concentration fields, we determine permeability show little overall effect.
soil gas and radon entry rates I ) througl_ openings in the slab;

20 ---'_--r-rrrml"' ' .... ml ........ I ........ I ' " ' '''"'1 ' ' ''rT'r]
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Reduction of Indoor Particle and Particle removal rates were found to be negligible for
Radon Progeny Concentrations with two types of panel-filters, and one type of electrostatic pre-

Ducted Air-Cleaning Systems 3,._.7,,_ cipitator. Similarly, low removal rates were ot: served for air
circulation through the duct and furnace system without a

R,G, Sextro and F.J. Offermami* filter device. Significant particle removal rates were mea-
......... sured for a second type of electrostatic precipitator and for

two types of extended surface filters: a bag filter and a HEPA
Four categories of in-duct air-cleaning devices have filter, These results are summarized in the figure. This

been evaluated for control of indoor concentrations of respi- evaluation of radon progeny control produced similar results;
rable particles and radon progeny. Changes in particle and the air cleaners which were effective in removing particles
radon progeny concentrations were measured with and were also effective in removing radon progeny, At low
without air cleaner operation in a three-room experimental particle concentrations deposition of the unattached radon
facility. Respirable particle concentrations were measured progeny on room surfaces is an important removal mecha-
for total number concentration and for number concentration nism, although the fraction of airborne radon progeny that

by particle size. are not attached to particles increases.

*Indoor Environmental Engineering, San Francisco, CA

2000
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1800 - P7;] Airflow rate

1600 I_ " t 90% confidence limits
to

1400 Y-, _ Y] __"0

- " ° - iE 1200 /"
---" p,,, ;," _ I-, _ _ o_ cn_ r-

ld") r/" 1

L_ ,,,,,,,,,

800 .;-_i -/_ _, _, ;,
,ii-600 """ /,-, IT.o/./,4,,., "-"

,,, _ _ -1.0 E//,4,//7, /_ /,-t
400 /./,4, //, , - _ '-///_ rl

200 _, ,, , /-
//,4, _/_ "" /-- - 4.0

o _ '_ ' , [_ -8,o
CF I PF5 PF6 I EP3 EP4 IES3 ES' ICHI

2,3,4 Panelfilters Electrostatic Extended Charcoal
Fan precipitators surface filter

filters
XCG 8412-13531

Figure. Effective air cleaning and 0ir flow rates measured for several types of ducted air
cleaning systems. The right axis indicates the time required for a 98% reduction in

particle concentration for each device when operated in the 140-m3 test space.



Api,lied ScienceDivision 1990Annual I,h,p(_r/ Indu_."Environnlent I'rogram
I I iii iii i i

Experimental and Theoretical Investigations of

Radon Entry Into Basements TM

W,]. Fisk, R.G. Sextro, H.A. Wolh, llberg*, T.N. Narasimhal1,*

K. Garbesi, A.]. Gadgil, K.L. Revzan, Y.T, Tsallg*, S. Fh'xser*,
alui A.R. Smith f

....

Radon concentrations in houses vary widely, primarily because of
variations in the rate of radon entry from the surrounding soils. We are
undertaking experimental and theoretical research to improve our under-
stand ing of the mechanisms of radon en try into basements and the depen-
dence of radon entry rates on climatic conditions, steady and time varying
indoor-outdoor pressure differences, and characteristics of the soil and
structure.

For the experimental component of this project, we are constructing
room-size basements at sites with different soil characteristics and cli-

mates. The unique structures have adjustable-size Openings to the soil, are
otherwise very airtight, and are mechanically ventilated using a system
that also con trois the ind oor-ou td oor pressu re difference. Core samples of
soil are analyzed to determine porosity, permeability, radium content,
r_don emanatit_n coefficient, and the microscopic sites of emanating ra-
dium. Numerous probes are installed in the soil around the structures to
permit multipoint periodic monitoring of soil moisture, soil temperature,
soil permeability, soil gas pressure, and soil gas radon concentration.
Structure ventilation rate, indoor radon concentration, the concentration of

radon in the entering soil gas, and meteorologic parameters are also}
measured. We have constructed two structures at the first site and com-

pleted numerous experiments with steady and time-varying indoor-out-
door pressure differences.

Two current modeling efforts are coupled to the experimental re-
search. In the first approach, a steady- state finite difference model is used
to study steady-state radon entry, the impact of soil and structural charac-
teristics on entry rates, and the impact of buoyancy forces (caused by heat
loss from the basement) on entry rates. The second approach, is an
investigation of transient soil gas and radon entry driven by time varying
pressure differences such as those associated with atmosplaeric pressure.
An integrated finite difference model is used.

The most significant findings and accomplislaments are as follows:
• Modeling indicates thata layer of high permeal: ility aggregate or soil

adjacent to a substructural surface containing cracks or holes can
increase radon entry rates by a factor of five.

• Modeling indicates that buoyancy forces can increase entry rates by
approximately 40%.

• Transient modeling indicates that transient radon entry, driven by
, atmospheric pressure fluctuations, may be a dominant process of

radon entry into basements surrounded by low permeability soil
and an important process with soil permeabilities as high as 1011
lll 2 ,

• The experiments have yielded detailed, high-quality steady state
and transient data suitable for model walidation. Previously, such
data have not been available.

• The first comparisons between measured and predicted steady-state
radon entry rates indicate that the model uladerpredicts by
approximately a factor of five. Investigations of the causes of the
underprediction should substantially advance our
understanding of radon entry.

*Earth Sciences Division, Lawrence Berkeley Laboratt}ry.
iEngineering Division, Lawrence Berkeley Laboratory.
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[ --- Energy Performance of Buildings --- ]
iii

.

International Studies in Ventilation _,2"22 four-and-a-half year period, 'Fo reach these c_bjectives, the
project is structured in three subtasks:

t1,t', I-'cllstN, M, Grvss(_, M, t-h'rrliJl, W, Kcilh(flz,

amt 1. Divris • System dv_,l'h_lnnvnt(sulJhtsk 1):
A multizone air flow and pollutant transport model
is being developed on the basis of the CC)M IS model

The COMIS workshop held at I.BL has been using a by developing flexible expert routines, incorporat-
rnultinational team of experts to developa multizoneairflow ing additional modules (e.g., results from Annex
model on a mc_dular basis. During the seccmd year of the XX), and developing user-friendly interfaces for
workshop, we saw., special emphasis to the output routines input and output, The coupling with thermal build-
in order lo maximize the final program's ease of use, The ing simulation model will be demonstrated,
program hasbeen linked to a spreadsheet prograrn tc,use the
graphics capabilities available for l'C-type computers. Mac- • l-)ahtm'quisilivn (sul_lask2):
ros were cieveloped which allow Llse (.ffthe available output Data sets are being obtained for evaluation pur-
options without the ulser having to learn a spreadsheet pro- poses and as input for the rnociel. Sensitivity of the
gram, model to the quality of input data will be deter-

Within the fi'amework of an annex adopted by the En- mined.
ergy Conservation in I]uildings and Cornmunity Systems
program of the lnterna_.ional Energy Agency, we have been • Sysh'n/e_allmli(m (sul_task 3)
studying physical phenonlerm causing airflow and pollutant The model will be evaluated using data obtained
transFx_rt (e,g,_ moisture) in multizone buildings, Special l:rorn subtask 2,
ernphasis is given to providing data necessary to use the
C(.)MIS model (e,g,, wind pressure distributiorb default val- Results of these subtasks are addressed to researchers and
ues l:or leakage of building cornponerlts, rnaterial properties consultants and will promote an energy-et:ficient design,
like absorption and desorption), An important part o1: this Close cooperation is envisioned, mainly with regard to
annex is the comparison between model results and results state-of-the art reviews, data collection, coordination of work,
from in-situ tests, l]efore these data sets can be used for model e,g,, defining cases for evaluation purposes with eHher perti-
evaluation, however, internal model conlF_arisons based _m nent projects, As part of its ongoing work plan, the Air
benchmark buildings must be pert:orrned, Infiltration and Ventilation Centre (AIVC) will disseminate

'Fhe (..'.OMIS participants have undertaken this task- the results of this particular Annex, A database for evaluation
sharing project involving model deveh_pmenl, data acquisi- purposes will be prepared by AIVC, which has already
tion and analytical studies, The annex is scheduled to span a started to collect data on wind pressure and air leakage,

Codes and Standards Support' airtightness measurement using l:an pressurization, At this
M,It, S]I('I'IIIIll11111(1M,P, MOdCl'n writing, current versions of these standards are E741-83

(Standard Test Method for l)etermining Air I.eakage by
Tracer Dilution), and E770-87 (Standard Test Method for

Consensus standards play an important role in technol- l)etermining Air Leakage Rate by t;an I'ressuri/,atitm), Since
ogy transfer, By incorporating research results into such these fundamental standards were completed, ancillary
standards, we can transfer the techniques and practices de- standards have been written: EI 18{_-87 (Standard I'ractice for
veloped at I,BI_. to practitioners and can thus incorporate Air LeakageSite I)etection in Ih.,ilcting Envehq_es),and 1(1258-
thern iilt()st,lr_clard engineering practice, From inception to H8 (Standard Test Method for Airfh_w Calibration of Fan
acceptance o1: a standard the process takes many years; lh'essurization Devices), 'l'he c_msensus process in this area is
several standards are at various stages of progress, continuing, and a revision of E741 is currently ur_derway.

Through its Committee on Infiltration l-'erformance o1: ASTM has actively supported tecl_nical efforts surrounding
Build ing Constructions (E6,41), the American Society of Test- its standards by sporlsoring symposia on air infiltration and
ing and Materials (ASTM) has set several relevant standards by publishing a book based on the Symposia,
for air infiltration. In November 1975, ASTM decided to Relewlnt ASTM standards in process include standards
develop standard practices relating to air infiltration: one for for determining leakage in residential air-distribution sys-
infiltration measurernent Llsirlg tracer gases, and one for terns (i,e,, duct leakage) and standards lk_rdetermining leak-
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age between zones of a building. Both of these standards use Relevant ASI--II,_AEstandards in progress involve venti-
blower-door teclanology and the E779 standard, lation efficiency and the estimation of infiltration (for use in

Tile International Standards Organization (ISO) is using indoor air-quality calculations), Tlae latter standard, 136P,
some of these ASTM standards as a basis for sirnilar interna- involves use of the LBL infiltration model to c,stimate effec-

tional standards. Standards for air tightness and tracer dtlu- tive ventilation rates appropriate io indoor tait"quality con-
tion rneasurement techniques are under development, cerns.

Tlie American Society tfr Heating, Refrigerating, and Air In addition to interacting with these societies, we have
Conditioning Engineers (ASI-II_,AE)is concerned with prac- been using our experience to help regional agencies to set
rices acceptable for the HVAC engineering community, Two building standards. We have advised the State of I_lorida
relevant standards have been approved: ASHRAE 62-1989 tlareugh the Florida Radon Research Program (FI_,RP), and
("Ventilation for Acceptable Indoor Air Quality") and tile State t_l"California thrt)tlgh tile California Institute of
ASHRAE 119-1988 ("Air Leakage l"erformar_ce for l.-)etacl'_ed Energy Efficiency (CI EE); and tlae Pacific Northwest through
Single-Family Residential Buildings"). agencies such as the 13tmneville I'ower Adrninistratitm (13PA)

and the Waslaingtor_ State llnergy Office (WSEO).

I II ii I

]l_' Existing Buildings Efficiency Research'

IIR,C, Di,'_,_uoltd,M,H, S/termaJI, aJsd M,P, Modt'ra

As new buildings, both residential and commercial, respond to higher energy
prices and stricter energy codes by becoming more energy efficient, the existing
stock represents a large untapped area for energy conservation activity, The Existing
Building Efficiency Researcla Program was initiated to address these problems in tall
three building sectors: single-family, multifamily, and commercial, The U,S,
Departnaent of Energy has designated LI3Las the primary laboratory for conducting
research in the multifamily sector, and while the emphasis in the past years has been
on coordinating research in this sector, we continue to work in single-family and
com m ercial buil din gs.

We have reviewed more than 100 proposals submitted to the DOE conapetitive
solicitation for improving energy efficiency in existing buildings. Two proposals
will receive technical assistance from LBL in projects design and evaluation.

The first project is the retrofit of 350 units of rnultifanaily housing in I:lurlington,
Vermont. The project was conceived and is being carried out by a local nonprofit
housing organization (Northgate Hotlsing) and the local electric utility (Burlington
Electric Department). The apartments have been converted from electric-baseboard
heating to gas-fired hydronic systems, with additional retrofits to the building shell
and equiprnent.

The second project, with the New York State Energy Office, involves two retrofit
strategies in 3(1apartment buildings in New York City. Tlae retrofits will involve
replacement of central boilers alad installation of new windows. Energy consumption
will be monitored for two years to examine the persistence of savings.

A New Initiative was created in 1990 between the U.S. Department of Enecgy and
the U.S. Department of Housing and Urban Development to improve the energy
efficiency in the federally-assisted housing sector. We were active in the initial
planning and development of the Initiative, and in 1990 started work on five projects
to address energy efficiency in l-lUD-owned and HUD-mortgaged multifamily
buildings. Three large multifanaily buildings in Washington DC will be retrofitted
as case studies, and a srnall sample of HUD housing for the elderly in New England
will be evaluated as part of utility-sponsored retrofit programs. We will also be
active in plarming and carrying out new projects for the remaining three years of the
Initiative.

Our most successful technology transfer has been through collaborative projects,
where information is exchanged between researchers and practitioners. In addition
to collaborative monitoring and demonstration projects, we publish our research
results in both professional and trade journals.

Our current efforts are directed at providing technical support to groups funded
under the cornpetitive solicitation, and through projects in the I_30_/1 IUD New
Initiative. We plan to rnake the results of these projects available to our wide network

of practitioners.
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Ventilation Research' As part ot'a research project sponsored by the Electric

/VI,II, Sllol'lllfllt Illld D,J, Dicker/l@ l'ov,,er Research Institute (EI'RI), 1,1:_1,has been rneasuring
• interzonal airflows in sir_gle-family hornes in the l'acific

Northwest, Results of this study have shown that the LBL
Mass transfl:u' caused by pressure-driven ai|'flow is a infiltration mt)del is a reasonably good predictor ttf the

process irnportantfl,_rdeterrrfinirlgenvironmerltalqualityas infiltration, but deviations in the wind, stack, and
well as energy requirernents of buildings, l-lent, moisture, superposition parts of the standard rnodels can be seen from
and contaminants are ali trar_sported by air movement be- the detailed tracer measurements, Tlwsemeasurementsl.)ave
tween the indoors and the outdoors as well as between showrl that an opportunity exists it) improve tl)e state ttf the
different zones within a building. Appreciation of these art ill residential verltilatior) modeling.
airflows is critical to understanding the performance oi'build- Wt, began improving tile modeling by investigating the
ings. Althougl'_ direct rneasurement of airflows can be made, interaction between stack effect, wind eft:c,ct, and mechar)ical
it is rnore practical to use diagnostic properties of the house ventilation. VariotlS models handle this superposition in
(stlch as leakage from building envelope) to calculate air- dit:ferent ways; the models were surveyed and then corn-
flows ttf interest, pared witl) all.)irnproved superposition method suitable for

Virtually ali ventilatior) measurements use dilution ot: a general use. Although motivation ftu' the imprlwement lay in
tracer gas. The majority of such measurements l.)ave been the context of the IJ31_ infiltration model, the results are
rnade for a single zone using a single tracer gas. In recent generally useful and explain rnany puzzling data seen in the
years, the need tct determiru., ventilation rates/air flows in literature.
complex buildings has becorne more acute, and rnany re- F'uture work will focus oil tile rernair_ing parts of single-
searchers have been devotir G effort to tl.)e problem. LBL rises zone modeling and on comparison of rneasured and pre-
its MultiTracer Measurernent System (MTMS) to rnake such dieted ventilation rates.
measuremen ts.

Thermal Performance of use o1:eitl.)er heat purnps with l.)igh COl _values tu"

Non-Residential Buildings', ::,:3 indirect evaporative cooling to further reduce tile
electricity pt_wer requirernents.

IJ.E. Feltshq, ]. Dieris, K. I-hiller, F, L,ltckatt, mtd • I lydrorfic cttoling systems reduce problems caused by
R. Meier/tailS duct leakage, as the ventilation air is signit:icantly

reduced and is ctmditioned to meet room tempera-
ture only rather than that of the cot)ling supply air. '

Cooling of non-residential buildings contributes signifi- Compared with cold-air distribution systerns, core

cantly to consurnptior_ ttf electrical power arid to peak power densation is less of a problem, duc, to the higl)el I
clernar)d, t:"nergy cormurnption can be reduced several ways: surface tenlpe,'atures tfr tl.)e cotHing rnediunl. "
by reducing the cooling load of the building, by reducing the
requirernents of n.)ecl.)arfical cooling, or by inlprtwing ther- A different approacl.) for reducing the energy consu nlp -i
real ctistributiorl within the building, tion ill norH'esidc.atial buildings is to use an econc.nizc;r. Ai?

A significant amour_t of electrical energy used to cool ect,aornizers decrease the requirc, nwnts of meclaanicat cool-
buildings is drawn by the fans used to transport cool air ing by using cool t_utdoor air instead ttf mechanically cooled
Hmmgh the ducts. If ventilation and thermal conditioning ttf air. If ambient-air properties are below certain limits, otlfl
buildingsareseparated, theanaountofairtransportedtlmtugl.) door air and recirculated air are mixed to maintain tile'
buildings can be reduced sigrfit:icantly. In tl.)is case, the desired supply-air temperature necessary to remove t!',e
cooling would be provided by radiation, using water as the ct,oling load. If thc, desired supply-air ternperature canr)ot !.tc
transport rnedium, and the ventilatitm must be provided by mairltained by mixing tl.)e two airstrearns, the supply air
outside air systerns without the recirculating air fraction. Not rnust be cooled mc,chanically. Outdoor airflow is reduced to
only does this irnprove comfort conditions, it increases in- its minimurn ii til(.,properties of the outside air exceed th,',se
door air quality and improves the control and zoning of the of the return air.
system, l)ue to the physical properties ttf water, radiant Our work la,assh_twn thai tile use of ill) air et?ttllt)lllJ.I',eris
cooling systems can remove a given arnount of therrnal beneficial for corwentional air har_dlingsystents that s:l_pply
energy using less than 5% of the otherwise necessary fan COllstall[ airflows; hoxxever, no econornizer control W,rategy
energy. Althtmgh tile supply air necessary for ventilation works best under ali circumstances. For dry climates, the
purposes will still be distributed through ducts, the electrical lockout ctmtrt)l should bc, based on the, temperature differ-

"1 !load for transportation can be reduced approxirnately to 25'/,. ence I:et_ vela tile rc,turn air and tile ttutdoor air, whereas

ttf the original number, hurnid climale_; call tor a differential enthalpy c(n',troller t_
Review of tile literature shows several advantages for maximize energy savings.

llydronic cooling systems: Detailed studies involving ,noderate cliraate:s show that
mechanical ct_oling rnight become _tbsolete if the envelope is

• Due to the large surfaces available for the heat ex- ilnpi-,wect, the thermal storage perf_trmance is increased, and
II change, the coolarlt temperature is orfly marginally the air-handling system is equipped with an ectHlOl.)lizel'.

t[I lower than the room temperature. This allows tilei - 12 -
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i The objectives of the field diagnostic measurement pro-

Thernlal-Energy Distribution Systems',
14

M. Modera gram are lo compile high-quality data bn" characterizing the
California residential air-distribution stock (including its
retrofit potential), to gather defensible irlput data for perfof

Thermal-energy distribution systems represent the vital mance-simulation efforts, and to refine measurement tools

link between heating and cooling equipment and condi- for use in larger-scale projects.
tioned building spaces. In the United States, approximately 'l'he two-day diagnostic rneasurernent protocol includes
4 quads of prirnary energy annually passes through thermal rneasurements of several quantities:
distribution systems in buildings. Based on an efficiency of J

75% for existing systems, a 5()% reduction in the inefficiency * supply and return-duct leakage to outside by three
¢_fthose systems represents nn annual savings of rnore than independent techniques;
0.5 quads of primary energy, oran annual cost savings of over • supply and return-duct pressures and overall building
4 billion dcfllars. Moreover, the load shape due to inefficient air infiltration with and without distribution-fan

distributicm systems is even more peaked than general cooling opera:ion;
demar_d (due t_) the increased fractional or>times of distri- * interzonal and enveh)pe pressure differences created
button systemsduring peal< periods), implying thatefficiency by di_:tribution-fan operation with interior doors
improvements can provide even hu'ger savings in peak closed,irlcludingmeasurernentsofthedrivingflows;
electricity demand. * ternperature v_!'iations between the supply plenum

In 1990, we initiated a three-year research program that and several registers to characterize the duct con-
focused on improving the efficierwy of thermal energy distri- d uction losses;

bution systerns, Co-sponsored by the California Institute for • crawlspace and attic temperature changes due to sys-
Energy Efficiency and by the Department of Energy, this tem operation;
program consistsof research projects l:ocLising on residential * documentation of house and equipment conditions,
air d istributiCm systems (summarized below), on localized including duct-system leakage sites.
distribution systems (summarized separately within this

docunlent), on direct cold-air distribution systems, and on An auturnated data-acquisitiorl system was developed to
friction-reducing additives for hyd ronic distribution systems complete these measurements within a two-day period while
in commercial buildings (the latter project being performed minimizing inst.,.'umentation- and operator-induced uncer-
ai the University of California, Santa Barbara). tainties. This protocol was successfully applied in six houses

this year and will be applied to at least 24 more houses in the
Impacts of Residential Air-Distribution Inefficiencies coming year,

In 199(/, a three-cornponent research effort was initiated To obtain credible estimates of air distribution system
to estirnate the energy-savings potential of efficiency ira- performance, an hourly simulation tool was developed. This
prcwements to thermal distribution systems in California tool is based on a multizone flow simulation (MOVECOMP)

single-family residences. The foctls 011California residences for a residential air distribution system in a typical California
is essentially a focus on crawlspace and slab-on-grade houses, house, coupled to a thermal simulatiorl of the same house
for which the distribution system typically passes through (DOE-2). The long-termobjectivesofdeveh_ping this tool are
unconditioned spaces (attics or crawlspaces), and which are to provide the capability for 1) simulating annual energy,
common througl_out rnost of the U.S. sunbelt. This year's peak-load and ventilation implications of residential air
research included three con'lponents : distributiorl; and 2) simulating theeffectivenessofalternative

distribution technologies and retrofit options. The airflow
• a telephone survey of HVAC contractors; simulation portion of this tool is operational and will be
• deveh_lgment and use of a two-day air-distribution combined with the thermal simulation model and applied in

diagnostic measurement protocol; and the coming year. The coming year will also see the initiation
• development of an integrated air-flow/thermal-per- of research to develop novel duct-sealing technologies and

forrnance sirnulation tool. complete retrofit protocols.

Some o1:the rnore salient indications for California from the

1IVAC-contractor su rvey were that

.' * the vast majority of new duct systems are installed in
attics;

• the vast majority of ducts installed are R-4 insulated
flexible plastic;

• approximately three quarters of the ducts are sealed
with cloth duct-tape only; and

• more than half of the contractors said they would be
interested in being paid to make post-installation
performance checks, and are capable of installing
water/refrigerant distribution or conditioned-space
air distribution systems.

-13-
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I! Advanced Techniques for Measuring distribution tightness;and 2)experimental examination of

Airtightness' an envelope tightness measurement technique based on a
building's response to an impulsive change in pressure

M. Modem (pulse pressurization).
Because fan pressurization involves measurement of

the fan flows that maintain measured indoor-outdoor pres-

The process of air flowing through unintentional aper- stlre differences, wind-induced pressure variations add un-
tures is called air leakage. In buildings, air leakage occurs certainty to the measurement.
through apertures in the building envelope, in mechanical The pulse pressurization technique determines leakage
systems, and between building zones. Air leakage depends characteristics of a building envelope by determining the
both on the airtightness of the building component and on the decay of its pressure from an elevated value down to its
pressures driving the flow. For building envelopes, the steady-state value. 19uring 1990. we conducted an experi-
technique used for measuring and characterizing air tight- nlental exarnir_ation of a pulse-initiating device designed to
hess (the fan pressurization technique, i.e., blower-door tech- implement this technique. The device tested consists of a
nique) has evolved over the past ten years. The airtightness standard compressed-air cylinder that exhausts to the build-
of residential-building rnecl'mnical systems (e.g., central fur- ing via a pneumatically actuated valve whose opening time
nace ducts) and the airtightness of internal partitions between can be adjusted (this device was loaned by Professor Gren
zones (e,g. in multi-farnily buildings) have only recently Yuill of l_ennsylvania State University), This study had two
begun to be examined. For ali three types of air leakage, the principal findings : 1) Joule-Tlu}mson heating or cooling of
measurement and study of airtightness allows us to charac- the expanding gas can play an irnpurtant role in the mea-
terize buiMings, iu better understand ventilation and space sured pressure response of the structure; and 2) successful
conditioning, to evaluate the performance of mechanical implementation in a single-family residence with typical
systems, and to estimate the effectiveness of air-tightness doorways will require either multi-point injection of the
retrofits, /expanding gas flow or significantly extended injection times

Our advanced airtightness measuren_ent research in the J, (and subsequently larger cylinder volumes), in the coming
past year was focused in two areas: 1) higher-accuracy fan- 5,ear, these findings will be published and a new prototype
pressurization measurementsofresidentialenvelopeand air- _ corLstructecl,

--- Ventilation & Indoor Air Quality Control-- ]
I

Indoor Airflow and Pollutant Removal
using task ventilation. Improved indoor air quality is an-

in a Room with Task Ventilation', ,4 other potential benefit: freshest (i.e., least polluted) aircan be

W.]. Fisk, D. Faulkner, D. Pih, P,]. McNeel, F.S, supplied directly to the region surrounding the occupant.
To study indoor airflow patterns and check for en-

Bglllllall', alld E.A. Al'ellS' hanced ventilation at the occupant's location, we used the
tracer gas stepup procedure to measure the ase of air at
multiple indoor locations. (The age of air is the time elapsed

Using an experimental facility consisting three worksta- since the air entered the building, the reciprocal of the age of
tions enclosed by partitions, we studied the performance of air can be considered a local ventilation rate.) To study the
a ta sk yen tila tion system designed for use in office build ings. transport of tobacco-smoke pa rticles between workstations,
With this system, occupants can use floor-motmted supply we measured particle concentrations at multiple indoor
grills to adjust the wHurne and direction of air supplied to locations after a cigarette was smoked in one workstation.
their workspace. Air typically leaves the building through Test variables included furnishings in the chamber, location(s)
ceiling-mounted return grills. Because occupants can to of air supply, supply flow rates, temperatures, directions,
some extent adjust their local thermal envirormler_t, the po- and internal heat loads. During most tests, the air supplied
tential for improved thermal comfort, is a major impetus for by the task ventilation system was 100% outside air.

'University of California Berkeley, Center for Environmental Design
Research.
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Our maim" findings were as follows:

• In most tests, we found less tlmn 30% deviation frorn air that was 15 to 25% lower where occupants
uniform age of air and ft'ore uniform particle con- breathe, compared to the age at other indoor loca-
centration. We suspect that entrainment of room air tions. Consequently, this mode of operation results
in the high-vdocity supply jets was a major source in an increased local ventilation rateat theoccupant's
of rnixing of the indoor air. breathing level.

• Some supply air short circuits to the return grill when * With low supply velocities and air directed toward the
the air is directed tru,yard the return grill with a high occtlpant, concentrations of tobacco smoke par-
velocity. This type of flow pattern is generally . tides in a ventilated, nonsmoking workstation were
undesirable, 5()% of the chamber-average concentration. This

tentative finding, based tm only tree test, suggests
• Low supply velocities resulted in a floor-to-ceiling that task ventilation may be effective in reducing

displacemen t (i,e. piston-like) flow pattern. Stlch a occupant exposure to tobacco smoke generated in
pattern is generally desirable because the oldest nearby workstations.
(usually the most polluted) and warmest air leaves

the room thrt_ugh the ceiling-mounted return grills. In summary, our research indicates that this type of task
ventilation system can result in significantly enhanced yen-

• Directing the supply air either tmvard the occupant or tilation around the occupant, but only during some operating
in an outward direction typically yielded an age of conditions. The direction and velocity of air supply seem to

be the most importar_t operating parameters,

I

Air Movement, Comfort, and sizes and furniture configurations contained sources of heat
Ventilation in Workstations _,_ and air motion--i.e., Overhead lights, task lights, and a per-

sonal computer--typical of real offices. One or two of the

I9. Fattlkm'r, F.S. Bait,ro Jt*, W.]. Fisk, altd workstations was occupied by a heated, seated manncNuin.
P,], McNee[ IV With steady-state temperatures and ventilation flow

rates, a tracer gas was injected into the supply air and
multipoint measuremer_ts were rnade inside the chamber.

} , Factors measured inchlded: tracer-gas concentrations, airIn t¢day s typical open-.plan office building, the design
and layout of workstation furnittlre and partitions can play velocity, and air temperature. From the air velocity and
an important role in determining many environmental con- temperature values, comfo]t indices were calculated and

' ditions, including tenlperature, airflow, noise, spatial pri- compared to standardssuchas those published by ASI tRAE
(Amt,rican Association of Ileating, Refrigeratil_g,and Air-Condi-

vacy, and the functionality of the workplace. Some people titming Engineers). Local ages of air (i.e., timeclapsed since air
have been concerned that partitioned workstations may entered the chamber) were computed from the tracer con-
restrict the flow of air so that the workstations themseh, es are centrations, indicating the spatial unifi_rmity of ventilation.
not well ventilated. In tests in the heating mode (supply air used for heating),

A series of experiments were carried out in the Univer- we noted a slight tendency for supply air to short-circuit frorn
sity of Califorr_ia's Controlled Environment Chamber (CEC) the su pply diffuser directly to the return grill and thus bypass
to study the effects of office partitions on ventilation effi- the occupied region. Based on previous experiments, the
ciency and thermal comfort. Types of partitions tested

partitions may not have caused the short-circuiting. Short-
inchlded a new prototype "airflow" partition with a 15-inch- circuiting was not evident in the cooling mode--the mode in
high gap at the base, as well as partitions 42, 65, and 75 inches which buildings usually operate.
high. Each partition configuration was subjected to ventila-

Ex peri men ta l results sh owed tha t in gen era I, yen tjla tion
tion changes such as: supply air volume, differences in in the chamber was uniform within 20%, and thus not sub-

mona/supply air temperatures, supply diffuser location, stantially preferential to any location. In particular, the
heat load density (heat output per workstation area), and measurements did not indicate that the partitionscaused anyworkstation size.

decreased or poor ventilation within the wtn'kstations. Com-
The CE(" was designed to emulate an interior region of fort indices were within acceptable standards for most of the

a typicM open-plan office. Three workstations of different test conditions. The only effect of the "airflow" partitions
was to increase the air velocity slightly near the floor, but this

*University of California 13erkeley,Center for Environmental increase was not enough to bring conditions beyond the
Design Research, comfort range,
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Concentrations of Indoor Pollutants

(CIP) Database', "', ,7 search has been conducted on tilt, subject (it'incioor air polh.i-
tion, and with it a large base ttf literature has been generated,

M,G. AIJI(', C.A. C(uw'adi, S.P. F('lix, We started tile "Concentrations of Indoor l-_olh.ltants Data-
}'l "

G, W, Tra l/Jt(n', ¢lltd A.I.,. Woods Lase (CII' l)atabase) iri 1983 as a bibliographic rrlarlagemerlt
teel to track the ra pidly ex I.-,and ing arrlou nt of literature beirlg
generated iri this field. The CIP Database contains references

Iii lilt, lasl decade, air pollution iii the indotu' ellvh'tln- to articles expli,qtly reptlrting concentratituls of pollutants
ment has emerged as an imptwtant environmental isstle, measured i_lcloors,
I,_esearchhas shmvn thatpeople spend h(l-HO'Y<0t: their time ,t."{ivity on this project in FYt,IOincludes the release of
indoors. In lllally cases, a significant if net dtllllillall[ ptu'titm CII > l)atabase Version 4.0, which includes literature refer-
(_1"people's exposurc_ to air pollution is likely to occur while ences current tip to March 199() and contairls 443 references
they are indoors, especially when nrl indoor pollutant source (205 more refererlces than were contained iri Version 3.0).
exists and erlergy conservatiorl rrleasures have been taken The database was providc, d ai rio cost to the 239 risers ttf
which redtlce building ventilation. A prtlliferation of re- Version 3.0 wl'lo requested thc, software,

i i

Mechanism-Based Risk Assessment for
We have successfully linked a physiolttgically-based

Indoor Air Exposure pharmacokinetic (PBPK) model and a simple cancer model
into an integrated model for benzene, A new method,

F. I'i(Us, R. Sp('ar, M.T. Smilh, 1, Compt(u#, and en'lplttying global optirnizatiorl arid Morlte Carlo simula-
].M. Daisey tions, was used to inct,'pora te distribu tions ttf input variables

rather tharl a sirlgle value for eacl.i of tile 29 parameters of the
coupled physiological pllarmacokirletic and rrlultistage cancer

Current methods f(ir determinirlg risks t:rtlm exposure to rrlodel. This new approach inctn'porates biological variability
toxic chemicals ,it levels found in indoor air are scientifically iDto PBPK rrlodeling for the first tirrleand allows a distributicm
flawed and may over- ttr urlderestirnate risk by orders of of probabilities to be estirrlated for low-level exposures. The
rrlagrlitude, t lumarl Ilealtl.i risk assessmerlt would be rrluch results of tlle rrlodelirlg demorlstrate the limited value of the
improved if mechanism-based models, based on fundamental common arlimal cancer experiments for quantitative ox-
biology, could be used to extrapolate data from exp(tsures to trapolations to l'lumarls arid indicate tile need for n'lore bio-
toxic cl'lemicals at high corlcentrations or data frt)n'l labia'a- logical irlfttrrnatiorl releval.it to the identificaton of tl'le pa-
tt;ry experiments to predict adverse health effects at tile low rameters of the n'lultistage models of carcinogenesis.
concerltratitms typically encountered ill hldoor en vironrrlerlts. Work is now iri progress to incorporate benzene rnetabo-
An interdisciplinary and UC inter-institutional research lites into the model, to modify the pharmacokinetic part ttf
project has been initiated for tl'lis purpose as a joint project of the model for hurrlarls, and to irlcorporate a biologically-
the Indotlr Environment Pr(igralll at LBl.,arid the Bitnnedical based cancer model. For tlle cancer (leukemia) part of the
and Environmental Health Sciences l)epartment at UC. model, we will apply a new human, somatic mutation assay,

The specific objective of the expltlratory research in the I--II_A-Aassay on white blood cells, to provide input data
progress is to develop arl integrated pharmacokirletic-cancer for the model. The assay can be usecl for morlitoring exposed
model to predict cancer risk frtnrl human exposure to ben- Ilurnan populatituls and can also be used in vitro to provide
zene, The rnodel for benzene is being developed as a "proof mutational rates, informatitul on mechanisn.is and spectra ttf
of principle," I:lerlzene was selected as the model compound mutations for chemical carcirlogerls. We also plan to use this
for tills work because rnucll is krlmvrl about berlzerle and assay to investigate mutatiorl spectra for other impc.'tant
because it emerged as one ttf tile high-risk indoor pollutarlts indoor toxic cornpourlds,
from previous work here at I_,BL.
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The California Healthy Building tionnalres, The questionnaires also included measures of

Pilot Study 1',2, "environnaental worry" and a scale of job stress and satisfac-
tion, Indoor and outdoor concentrations of CO 2, CO, volatile

W.], Fisk, M.]. Mtndell, A,T. Hodgsolt, ].M. Dqisel/, organics (including aldehydes), fungi, and bacteria were
D,T. Fat tlloter, A.R Nt, matollaht, ].M. Macher, alld measured along with tndc)or temperatures and humidities.

],R. Girl llall *'t" We are currently analyzing the resultant data. The
analyses include rise of a new method of estimating the
irritancy of the mixture of indoor volatile organic compounds,

Developing scientifically-defensible recommendations A thermal comfort model is being used to evaluate the
for maintaining a healthy indoor erwtronment in office build- ternperature and humidity data and to estimate the fraction
hags requires a greatly improved understarldtng of the build- of occupants expected to be dissatisfied with the thermal
ing and environmental factors that result in healthy, saris- environment. The effective ventilation rate per occupant is
fled, and productive occuparlts. Prior U.S. research relevant indicated by the difference between indoor and outdoor CO 2
to this issue has focused on self-defined sick buildings, and concer_trations.
most research efforts have involved only one, or a few, Preliminary analyses of questionnaire data has been
disciplines, To determine the factors that make buildings completed; however, simultaneous adjustment for multiple
healthy and to determine background symptom levels in confounders and correlations of questionnaire data to mea-
healthy buildings requires research in heatthyand sickbuild- sured data have not been completed. Therefore, we have
ings. This research must be rnultidisciplinary if, as is cur- compiled the following tentative findings.
rently believed, occt|pant health and satisfaction depend on In our study population, the prevalence of work related
many factors, symptoms (reported as occurring often or always at work in

As a first step toward this type of research, we have the previous yea)', and improving when away from work)
conducted the California Healthy Buildings Pilot Study in ranged from 3% (for chest tightness) and 4% (for chills or
twelve San Francisco-area office buildings selected without fever) to24% (forstuffy noseand fatigue/tiredness). Women,
considering prior complaints. To assess the associations clerical workers, and those with high job dissatisfaction were
between symptom:_ and method of ventilation asindicated in associated with increased symptom prevalence. In a prelimi-
European studies, we divided thebuildings into three groups: nary analysis that does not control for con four_ders, we found
naturally ventilated; mechanically ventilated with operable that buildings with naecl'lanical ventilation, relative to build-
windows and no air conditioning; and rnechanically venti- ings with natural ventilation, were associated with stgnifi-
lated with air conditioning and sealed windows. Eight hun- cantly increased odds ratios (ORs) for sorne work-related
dred and eighty occupants reported their health symptoms symptoms (upper respiratory symptoms, OR 1.7; lower res-
and provided demographic data on self-administered ques- piratory symptoms, OR 3.3; skin symptoms, OR 4.4). We saw

no apparent differences in work-related symptoms between

*Indoor Ai)"Quality I'rogram, Air and Industrial Hygiene mechanically ventilated buildings with and without air con-
LaLoratory, California Department of Health Services, ditioning. We are currently analyzing the data in greater '
13vrkeley,CA. detail and are developing plans for additional research to

+Analysis Branch, Indoor Air Division, U.S Environmental better understand the causes of differing symptom
Protection Agency, Washington, DC. preva lences.

I I I II

Release of Ethanol to the Atmosphere Average amounts of ethanol transferred to the atmo-
During Use of Consumer Cleaning sphere per use (and the h'action of ethanol used so liberated)

Productsl,._,_. were 32 mg (0.038) for DT, 100 mg (0.049) for Dt--I, 18 mg
(0.002) for LT, and 110 mg (0.C)ll) for LH. Thus, a large

].D. Wooley, W.W. Nazaroff, and A,T. Hodgson fraction of the ethanol added tc) wash solutions with liquid
detergents is discharged to the sewer rather than transferred
to the air during use. The contribution of this source to

Liquid laundry and hand dishwashing detergents con- photochemical air pollution is, consequently, much less than
tain volatile organic compounds (VOC; the include etha- estimates based on 100 percent release to the atmosphere.
nol) that may be liberated during use. Use of these detergents Another potential concern is the irnF)act of ethanol emis-
may thus contribute to increased indoor concentrations of sions on indoor air quality. Althougl't there are no guidelines
ethanol and other VOC and to photochemical air pollutior| in for residential indoor exposures to ethanol in air, the signifi-
outdoor air. cat ::e of the exposure resulting from washing activities ap-

The purpose of this study was to measure the release of pears to be small. For the experimental protocols used in this
ethanol to the air during simulated household use of liquid study, the measured concentratior_s reflect levels that might
detergents. Three replicate experiments and a blank were be obtained during ordinary use of the products. The average
conducted in a 20-m 3environmental chamber for each of four ethanol levels measured were on the order of 1 ppm or less--

conditions: "typical" dishwasl'fing (DT), "laigh-release" i.e., 1000 times lower than the threshold limit value of 1000
dishwashing (DH), "typical" laundry (LT), and "high-re- ppm (time-weighted average, based on occupational expo-
lease" laundry (LH). sure during a 40-hour work week).

1
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Macromodel for Assessing Tile advantages of this method are that
Residential Concentrations of
Combustion-Generated Pollutants _,',"' • it is consistent with intuition regarding sensitivity

analyses;

G, W, Tl'ayllor, M,G, Apte, and B,V, Smith • it does not depend on linear relationships or normal
d istribu tto ns;

• its results are easily interpreted.
We have developed a simulation model (a macromodel) to

predict distributions of indoor air pollutants in specified In general, results of the sensitivity analysis demon-
homogeneous residential housing stocks. Initial research has strated the importance of indoor pcHlutant source emission
focused on predicting indoor concentrations of combustion- rates and usage rates In determining which houses have liigh
generated pollutants (CO, NO 2, and respirable suspended levels of indoor air pollutants and which populations groups
particles), This effort is part of a project to predict indoor air are therefore at greatest risk. In addition, the reactivity rate
pollutant concentrations for ali key indoor pollutantsinclud- of NO 2was identified as a very Important factor tn determin-
ing radon, volatile organic compounds, and other hydrocar- ing indoor levels of NO 2, The most critical factor for houses
bons (e.g., carcinogenic polycyclic aromatic hydrocarbons), with vented gas space heaters was the appliance venting

Research in the past, ear has 'concentrated on conduct- factor (the fraction of pollutant emissions directly injected
ing sensitivity analysis on tile macromodel, We chose a into the indoor environment), yet very little is known about
general nonparametric sensitivity analysis technique using this parameter. Many important causal parameters identi-
the Kolmogorov-Smtrnov test as the most applicable method fled in this report have been ignored in past indoor air quality
for the combustion macromodel, field studies, and this trend must be reversed,

Residential Energy Use and Indoor Air Quality in
Developing Asian Countries'"

M,G, Apte, K.R. Smith a, A, Kulkarni I', Y, Mc; c', F, G. Manegdeg '1,
alut W, Watluum _'

Indoor and outdoor exposures tc) air pollutants are much higher in dew, loping
countries than in industrialized countries, LBL's Indoor Environment Program
(lEP) is invoh, ed in an international project r_,:,asuring indoor and outdoor air
pollutants in developing Asian countries. This project is being conducted in
collaboration with the East-West Center in Horlolultb Hawaii, and with research

institutions in China, Philippines, Thailand, and India. The project is part of a stud y
examining trends in residential energy usage and is designed to assess the changes
in air pollution exposure that accompany increased urban development.

In FY90 a one-week indoor air pollution survey training workshop was taught
by staff from LBL, the East-West Center, the U.S. Environmental Protection Agency,
and WESTAT, Inc. (Rockville, MD). The workshop served to transfer essential
technical information on environmental monitoring to these institutions in devel-
oping countries. A statistical design and sampling strategy for monitoring indoor,
outdoor, and personal pollutant concentrations in 60 homes in urban centers in each
of the four Asian countries (Beijing, Manilla, Bangkok, and Pune) were developed.
Pollutants measured include respirable suspended particles (RSP), carbon monoxide
(CO), nitrogen dioxide (NO2), and sulfur dioxide (SO2). Miniaturized instrumen-
tation packages for measuring the above pollutants were assembled and provided
to the Asian research groups, lEP provided one-week of on-site training in each of
the Asian countries at tile commencement of the monitoring project.

Monitoring in all of tile countries was successfully completed by December

of 1990. We expect sample and data analysis to be completed during FY91.

aEast-West Center, Honolulu, Hl.
bSystems Research Institute, Pune, India.
CTsinghua University, Beijing, China.
d University of Philippines, Manilla, Philippines.
e Chulalongkorn University, Bangkok, Thailand.
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Behavior of Particle-Phase Environmental

Tobacco Smoke Indoors: A Comparison

of Predictions and Experiments ._,_,'._

R,G,Sextm, E, Gross, and W,W,Nazaroff

Particle size influences the behavior of particles indoors, especially
coagulation and deposition on surfaces, The distribution of particle sizes
is in turn affected by characteristics of the indoor environment, including
filtration and ventilation, Ultimately, this particle-size distribution is an
important determinant of the depnsition and retention pattern of particles
in the lung, which then affects the lung dose of the constituent chemicals,

We have used a previously developed model to examine experimen-
tal data on the size distribution of environmental tobacco smoke (ETS)
obtained as a function of time in a series of chamber studies. This model

describes the time-dependent behavior of particles in indoor air, lt explic-
itly accounts for the effects of filtration and ventilation, and predicts
deposition and coagulation rates as a function of particle size. We then
compared the model predictions and the experimental results: in general,
the model results agreed well with the experirnental data (Figure).

These comparisons have also been used to estimate the effective initial
size distribution of the ETS enfissions, Such distributions are experimen-
tally difficult to obtain becatme of mixing effects. The emissions profile
estimated on the basis of the experimental data where then used as the
initial condition for the model, The subsequent time-dependent behavior
of ETS was successfully predicted, including the case where sequential
c_garette srnoking occurred over a period of time.

3oooooli]1000 Model
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Figure, Compari,,;on of predicted and experimental size distributkms for environmental tobacco smoke,
approximately 4.5 h after smoking of one cigarette. Experimental data were obtained using an optical particle counter

(OPC) and with a differential mobility analyzer (electrostatic classifier),

-19-



indoor Environment Program Applied Sca.my Division 1tgtJOAmtttal Report

References

Apte MG, Brown SR, Corradi CA, Felix SP, Grimsrud DT, Gadgil AJ, Najita JS, Revzan KL, Harrison J, Turk BH, Fisk
Smith BV, Traynor GW, Woods AL. Concentrations of Indoor WJ. Au Experiment with Depressurizatilm Tests as Indicatm's of
Pollutants (CIP) Database User's MaHual, Versiolt 4.0. Radon Availability in 6 New Jersey Houses. Lawrence
Lawrence Berkeley Laboratory Publication No. Pub-3083, Berkeley Laboratory Report No. LBL-28690, 1990.
1990.

Gundel LA, Daisey JM, Offermann FJ. Development of an
Bots F, Smith M, Spear RC. Mechanisms of benzene indoor sampling and analysis method for particulate
carcinogenesis: Application of a physiological model of polycyclic aromatic hydrocarbons. In: Proceedings of the
benzene pharrnacokinetics and metabolism. Toxicology Fifth International Conference on Indoor Air Quality and
Letters (In press, 1990), Climate, Toronto, Canada. 1990; 2:299-304.

Bois F, Spear RC. Analysis of Parametric I_htcertainty in Hodgson AT, Daisey JM, Offermann FJ. A sampling and
Physiological Pharmacokim'tic and Multistage Cancer Models. analytical method for gas-phase polycyclic aromatic
Lawrence Berkeley Laboratory Report No. LBL-28631, hydrocarbons in indoor air. In: Proceedings of the Fifth
1990. International Conference on Indoor Air Quality and Climate,

Toronto, Canada. 1990; 2: 719-724.

Bois F, Woodruff TJ, Spear RC. Comparison of three
physiologically-based pharmacokinetic models of benzene Loureiro CO, Abriola LM, Martin JE, Sextro RG. Three-
disposition. Toxicology Letters (In press, 1990). (Also dimensional simulation of radon transport into houses
published as Lawrence Berkeley Laboratory Report No. with basements under constant negative pressure. EJtviron-
LBL-29970, 1990.) mental Science & Technology 1990; 24:1338-1348.

Boone PM, Rossman TG, Daisey JM. The genotoxic Miguel AG, Daisey JM, Sousa JA. Comparative study of
contribution of woodsmoke to indoor respirable sus- the mutagenic and genotoxic activity associated with
pended particles. Euviromnent International 1990; 15: 361- inhalable particulate matter in Rio de Janeiro air. Ellviron-
368. mental Moh,cular Mutageneses 1990; 15: 35-43.

Daisey JM, Fisk WJ, Hodgson AT, Mendell MJ, Faulkner D, Narasimhan TN, Tsang YW, Holman HY. Ota the potential
Nematollahi M, Macher JM. The California Healthy Building importance of transient air flow in advective radon entry
PihJt Study. 1. Study Design and Protocols. Lawrence Berke- into buildings. Geophysical Research Letters 1990; 17: 821-
ley Laboratory Report No. LBL-29851, 1990. 824.

Daisey JM, Hodgson AT, Grt_t RA. Sources and source Nazaroff WW, Cass GR. Protecting museum collections
strengths of w_latile organic compounds in a new office from soiling due to the deposition of airborne particles.
building. Journal of the Air and Waste Management Associa- Atmospheric Enviromnent (In press, 1990).
tion (In press, 1991 ).

Nazaroff WW, Ligocki MP, Ma T, Cass GR. Particle
Feustel l-lE. The COMIS Air Flow Model: A tool for deposition in museums: Comparison of modeling and
multizone applications. In: Proceedings of the F(flh htterna- measurement results. Aerosol Science and 7h'chni)h)gy 1990;
tional Conference on Indoor Air Quality and Climate, Toronto, 13: 332-348.
Canada. 1990; 4:121-126.

Nazaroff WW, Salmon LG, Cass GR. Concentration and

Feustel HE, Allard F, Dorer VB, Garcia ER, Grosso M, fate of airborne particles in museul'rls. Enviromllental
Herrlin MK, Mingsheng L, Phaff HC, Utsumi Y, Yoshino Science & Technoh_y,y 1990; 24: 66-77.
H. COMIS Fundamentals. Lawrence Berkeley Laboratory
Report No. LBL-28560, 1990. Nazaroff WW, Teichman KY. Indoor radon: Exploring U.S.

federal policy for controlling human exposures. Environ-
Fisk WJ, Faulkner D, Bauman FS, Arens EA, Pih D, McNeel mental Science & Technology 1990; 24: 774-782. (Also
PJ. Indoor Air Flow and Pollutant Removal in a Room with Task published as Lawrence Berkeley Laboratory Report No.
Ventilation. Lawrence Berkeley Laboratory Report No. LBL-27148 Rev., 1990.)
LBL-29505, 1990.

- 20 -



At,t,lie,t Science Division 1990Ammal Report Indoor Fnvironment [_rogram

Nero AV, ¢;adgil AJ, Nazaroff WW, Revzan KL. Indoor Traynor GW, Apte MG, Smith BV, Porter WK. Macromodel
radon 'and decal/products: Com'entrations, causes amt control for Assessing lmtoor Concentrations of Comlmstion-Gem'rated
strategies. Washington, DC: U.S. Department of Energy Pollutants: Empirical Evaluation of Key Assumptions am/
Report DOE/ER-0480P, November 1990. (Also published Sensitivity Amllyses. Lawrence Berkeley Laboratory Report
as Lawrence Berkeley Laboratory Report No. Report LBL- No. LBL-27652, 1990.
27798, 199(/.)

Traynor GW, Apte MG, Smith BV, Porter WK. Macromodel
Offermann FJ, Loiselle SA, Daisey JM, Gundel LA, for Assessing Residenlial Concentrations of Combustion-
i lodgson AT. A pilot study to measure indoor concentra- Generated Pollutants: Model Develop,lent rout Seh,cted
tions of polycyclic aromatic conlpounds. Proceediny, s of the Sensitivity Analyses. Lawrence Berkeley Laboratory Report
Fifth International conference in ln,toor Air Quality am/ No. LBL-28450, 1990,
Climate, ToronhL Canada. 1990; 2: 379-384.

Traynor GW, Apte MG, Sokol l-lA, Chuang JC, Mumford
Revzan KL, Fisk WJ. Modeling Radon Entry into Houses witil JL, Tucker G. Selected organic pollutant emissions from
Basements: The hqhtem:e of Strm'tural Factors. Lawrence unvented kerosene heaters. Enviromm'ntal Science &
Berkeley Laboratory Report No. LBL 28109, 1990. Techm_logy 1990; 24:1265-1270. (Also published as

Lawrence Berkeley Laboratory Report No. LBL-21355,
Revzan KL, Fisk WJ, Sextro RG. Modeling Radon Entry into 1990.)
Florida Houses with C,mcr,'te Slabs and Concrete-Block Stem

Walls. Lawrence Berkeley Laboratory Report No. I,BL- Tuluca AN, Sherman Miq, Krarti M. Reduction of the
300(}5, 1991. effective leakage areas of single-section HUD-code

nlalaufactured homes due to air infiltration barriers, lh:

Revzan KL, Gadgil AJ, Fisk WJ. Modeling radon entry into ASHRAE Transactions 1990; 96 (Pt. 1).
houses with basements: Model description and verifica-
tion. Indoor Air 1(2): 173-189, 1990. Turk BH, Harrison J, Prill RJ, Sextro RG. Developing soil

gas and radon entry potentials for substructure surfaces
: ,chuetzle D, Daisey JM. Identification of genotoxic agents and assessing radon control diagnostic techniques. Health
in complex mixtures of air pollutants, lh: Waters MDet al, Physics 199(}; 59: 405-419. (Also published as Lawrence
eds. Gcre'tic Toxicology of Comph'x Em,iromm'nh_l Mixtures. Berkeley Laboratory Report No. LBL-27319, 1990.)
New York: Plenum Press, 1990; 6: ! 1-32.

Turk BH, Harrison J, Sextro RG. Soil gas and radon entry
Sextro RG. Issues in the use of short-term radon concentra- potentials for substructure surfaces. In: Proceedings of the
tion naeasurements for estimating long-term exposures, lh: 1990 Symposium on Radon amt Radon Reduction Technology,
Proceedings of t/w 1990 Symposium on Radon and Radon Atlanta, GA, Fel_ruary 1990.
Rrduction TechmdoO./, Atlanta, GA, February 1990.

Turk BH, Prill RJ, Grimsrud DT, Moed BA, Sextro RG.

Sherman MH. A Multitracer System for Multizom' Ventilation Characterizing the occurrence, sources and variability of
Measurements. Lawrence Berkeley Laboratory Report No. radon in Pacific Northwest homes. ]ournal of the Air amt
1,BL-29010, ! 990. Waste Management Association 1990; 40: 498-506.

Sherman MH. A Power-Lau, Formulation ¢_[Laminar Flow in Wallman PH, Fisk WJ. Exhaust-air heat pump performance

Short Pipes. Lawrence Berkeley Laboratory Report No. with unsteady state operation. Journal of Heat Recovery
LBL-28505, 1990. Stlstelns & CHP 1990; I li(3): 231-241. (Also published as

Lawrence Berkeley Laboratory Report No. LBL-27705,

Sherman MH. Superposition in infiltration modeling. 1990.)
Building and Em,iromm'nt (In press, 1990). (Also published
as Lawrence Berkeley Laboratory Report No. LBL-29116, Wollenberg HA, Revzan KL. Radiulrt regionalization in
1990.) California. Geophysical Research Letters 1°.90; 17: 805-808.

Sherman MH. Tracer gas techniques for measuring Wooley J, Hodgson AT, Nazaroff WW. Release of ethanol
ventilation in a single zone. Building, amt Em,iromm'nt 1990; to the atmosphere during use of consumer cleaning
25(4): 365-374. (Also published as Lawrence Berkeley products. Journal of the Air& Waste Management Association
Laboratory Report No. LBL-29328, 1990. 1990; 40:1114-1120,

-21 -



Projects described in this report were supported by the following sources (funding sources for

individual projects are keyed to this list; see superscript numbers following the project titles):

U.S. Department of Energy:
I Assistant Secretary for Conservation and Reno.wable Energy, Office Building Technologies,

Buildings Systems and Materials Division

2 Assistant Secretary for Conservation and Renewable Energy, Office Building Technologies
Buildings Services Division

.3 Director, Office of Energy Research, Office of Health and Environmental Research
tquman llealth and Assessments Division

4 Director, Office of Energy Research, Office of Health and Environmental Research
Ecological Research Division

,5 Director, Office of Energy Research, Office of Health and Environmental Research
Pollutant Characterization and Safety Research Division

6 Assistant Secretary for Envirorlment, Safety and Health, Office of Environmental Analysis

7 Bonneville l_ower Administration

8 U.S. Environmental Protection Agency, Exploratory Research Grant No. R-815755-01

9 U,S. Erwironmental Protection Agency through Interagency Agreements I)W8993462(}-t); or
AD-89-F-2A-062 (with the U.S. Department of Energy)

[0 U.S. Constllrler Product Safety Colnnlission, Ullder Contract No. CPSC-IAG-87-1282

11 California Air Resources Board, under Contract No. A732-106

12 California Department of ltealth Services:
,, Environmental Epidemiology and Toxicology Branch
,, Indoor Air Quality i'rograrn, Air and Industrial t iygiene Laboratory

/3 Universitywide Energy Research Group, University of California

14 California Institute for Energy Efficiency (CIEE)*

15 Tobacco-l,_elated Disease Research Program, University of California

16 Electric Power Research Institute

17 Gas Research Institute

18 Soap and Detergent Association

/9 East-West Center, t-hmolulu, Hl

20 Polytechnico di Torino, Italy

21 Swedish Council for Building Research, Sweden

_,: 22 Carl-Duisberg-Gesellschaft, Federal Republic of Germany

23 Meierhans & Partner A. G., Switzerland

24 Generous donations of furniture and partitions from Steelcase, Inc., Grand Rapids, MI

*Publications of research results does not imply CIEE endorsement of or agreement with these findings, nor that

of any CIEE sponsor.

This support was provided through the U.S. Department of Energy
under Contract No. DE-AC03-765F00098.

- 22 -



q

i

i




