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Introduction

A pproximately 38% of tile energy consumed in tile United States is used in buildings. Much of this energy
can be saved by reducing buildings' air infiltration and ventilation, since tlle heat load associated with
these processes is about 13 quads per year. However, because ventilation is the dominant mechanism for

removing pollutants that originate indoors, reducing ventilation can cause undesirable side effects such as lowering
indoor air quality and adversely affecting the health, comfort and productivity of building occupants.

Tile Indoor Environment Program at LBL Was established in 1977 to conduct integrated research on building
ventilation, indoor air quality, and the energy use and efficiency of buildings. Tile purpose of this research is to
increase the energy efficiency of buildings while maintaining or improving occupant health and comfort. The
Program is part of the Center for Building Science, a unit of the Energy and Environment Division at LBL. Its
research ex energy use and efficiency of buildings; building ventilation and infiltration; the nature, sources,
trans' transformation, and deposition of indoor air pollutants; and exposure and risk assessment for indoor
air Pollutants of particular interest include radon; volatile, semi-volatile and particulate organic
com; and combustion emissions, including environmental tobacco smoke, CO, and NO×. The Program
also conducts multidisciplinary studies on relationships between occupant health and comfort symptoms and
factors within a building's environment.

Air infiltration and ventilation rates are measured and modeled f_r residential and commercial buildings
in order to understand energy transport and thermal losses from various components of building shells and
ventilation systems. Methods for reducing energy losses are based on these studies. The effectiveness of
various ventilation systems for pollutant removal is also investigated. Methods for characterizing ventila-
tion and building energy use are developed for experimental and applied uses.

Because control of pollutant sources is often the most effective and energy-efficient method for
improving indoor air quality, emissions from various types of indoor sources (e.g., combustion sources,
building and furnishing materials, consumer products, office equipment) are characterized by determin-
ing chemical composition and rate of emission in laboratory and field experiments. The entry of soil
gases, containing radon and organic pollutants, into buildings is investigated through modeling and
field measurements. Tile effects of ventilation and other control methods on the strengths of pollutant
sources and on energy usage are also investigated.

Indoor air quality studies are focused on understanding the dynamic processes within buildings
that control pollutant sources, transport, transformation, deposition, re-emission and removal.
Spatial and temporal variability of pollutants and pollutant sources and the factors controlling
variations in indoor air quality are also characterized. This research provides the basis for models
of population exposure to various types of pollutants.

Human exposures to indoor air pollutants and the health risks associated with such exposures
are examined in an integrated framework to establish the relative significance of various
categories of pollutants. Health endpoints of particular concern include cancer, neurotoxicity,
and irritancy. Research has also been initiated to develop exposure metrics and risk assessment
methods based on a more fundamental understanding of the biological processes leading to
adverse health effects. Analysis of indoor air pollutant exposure and risk integrates much of the
Program's research and provides a broad perspective of indoor air quality and its associated
health and comfort risks.

-i-
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• I lvdronic cooling systems reduce problems caused by
duct leakage, because the ventilation air is significantly re-
duced and is conditioned to meet room temperature instead
of that of the cooling supply air. Compared with c_dd-air
distribution svstems, condensation is less of a problem be-
cause of the higher surface temperatures of the cooling rne-
diu m.

Cooling of nonresidential buildings contributes signifi- Hvdronic ct_oling systems together with heavv con-
cantlv to consumption of electrical power and to peak power struction can significantly reduce peak o_oling power de-
dernand. Energy consumption can be reduced several ways: mand. Furthermore, the thcrrnal storage effect of high struc-
bv reducing the cooling load of the building, bv reducing the tural mass helps to reduct' cornpressor cooling b), using
requirernerlts of rnechanical cooling, or by irnprovir_g ther- alternative cooling strategies.
mal distribution within the building. A different approach for reducing the energy consump-

A significant amount of electrical energy used to cool tion in non-residential buildings is to use an economizer. Air
buildings is drawn by the fans used to transport cool air economizers decrease the requirements of mechanical cool-
througll the ducts, if ventilation and thermal conditioning of ing by using cool outdoor air instead of mechanically cooled
buildingsareseparated, theamountofairtransported through air. Ifambient-airpropertiesarebelowcertain limits, outdoor
buildings can be reduced significantly. In this case, the air and recirculated air are mixed to maintain the desired
cooling would be provided bv radiation, using water as the supply-air temperature rwcessarv to remove the cooling
transport medium, and the ventilation rnust be provided bv load. If the desired supply-air temperature cannot be
outside air systems without the reciro.flating air fraction. Not maintained bv mixing the two airstreams, the suvpl), air
only does this improve comfort conditions, it improves in- must be cooled mechanically. Outdoor airflow is reduced to
door air quality and the control and zoning of the system, its minimum if the properties (temperature or enthalpy) of
Because of the physical properties of water, radiant cooling the outside air exceed those of the return air.
systems can remove a given amount of thermal energy using Our work has shown that the use of an air economizer is
less than 5'_ of the otherwise necessary fan energy. Altlaough beneficial for conventional air handling systems that supply

the supply air necessary for ventilation purposes will still be constant airflows; however, no economizer control strategy
distributed through ducts, the electrical load for transporta- works well under ali circumstances. For dry climates, the
tion can be reduced bv approximately 259; of the original lockotlt control shotlld be based on the temperature differ-
load. ence between the return air and the outdoor air, whereas

Review of tlm literature shows several advantages of humid climates call for a differential enthalpy controller to
hydronic cooling systems: maximize energy savings.

• Because of the large surfaces available for heat ex- Detailed studies involving naoderateclimatesslaow that
change, the coolant temperature is only marginally lower inechanical cooling may become obsolete if the envelope is
than the room temperature. This allows use of either heat improved, if the thermal storage performance is increased,
pumps with high COP values or indirect evaporative cooling and if the air-handling system is equipped with an econo-
to further reduce the electric power required, mizer.

Contpetitiz,e Solicitation for Existing Buihtings
In 19_0 the U.S. Department of Energy awarded II)

proposals designed to save energy in existing buildings. Two
of the ten proposals are receiving technical assistance from
I_BI_in the form of design projects and evaluation. The first
project is the retrofit of 350 units of multifamilv housing in

As architects and contractors respond to higher energy Burlington, Vermont. A local non-profit housing organiza-
prices andstricterenergycodesbvconstructingnloreerwrgy tion (Northgate Housing) and the local electric utility

efficient buildings, existing buildings remain as a large un- (Burlington Electric Department) conceived the project and
tapped area for energy conservation activity. The Existing are implementing it. The apartments have been converted
Building Efficiency Research Program was initiated to ad- from electric baseboard heating to gas-fired hvdronic svs-
dress these problems in ali three building sectors: single- terns, with additional retrofits made to the building shell and
family, n'mltifamily, and commercial, equipment.

The U.S. Department of Energy has designated LBl. as Computer simulation of the units shows nn energy
the primary laboratory for conducting research in the multi- savings of nearly 20'.:; from the shell retrofits, l'reliminarv
family sector. Although the emphasis in past years has been analvsis of utility bills shows energy savings lower than 2()':;,
on coordinating research in this sector, we continue to work but this discrepancy is accounted for bv the tenants' heating
in single-family and commercial buildings, more rooms and keeping them warmer. These findings have

-2
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been supported by the data from tile tenant surveys. Tenant initial planning and development of the Initiative. We started
satisfaction with the retrofits has been extremely positive, work in 1990 on five projects to address energy-efficiency in
and the average utility bill is nearly 50% lower. A final report HUD-owned and HUD-mortgaged multifamily buildings
will be available in Spring, 1992. by revising HUD statutes and guidelines and by conducting

The second project is being conducted in collaboration collaborative demonstration projects.
with the New York State Energy Office and involves two Work to date has included review of the energy charac-

retrofit strategies in 30 New York City apartment buildings, teristics of HUD housing for the elderly in New England and
The retrofits replace central boilers and add new windows, identification of one site in Worcester, Massachusetts where
Energy consumption will be monitored for two years to the utility agreed to finance retrofits. We will monitor the
examine whether the savings last. The worsening budget energy consumption at the site and survey the tenants and
situation in New York State has caused a reduction in the managers' satisfaction with the retrofits. This workis planned
scale of the project, to continue in FY92.

The DOE-HUD New Initiative

A New Initiative was created in 1990 by the U.S. Depart-
ment of Energy and the U.S. Department of Housing and
Urban Development to improve energy efficiency in the
federally-assisted housing sector. We have been active in the

for 1993.

In process are relevant ASTM standards for determining
leakage in residential air distribution systems (i.e. duct leak-
age) and standards for determining leakage between zones of
a building. Both of these standards use blower-door technol-
ogy and standard E779.

The International Standards Organization (ISO) is using
Consensus standards play an important role in technol- some of these ASTM standards as a basis for similar interna-

ogy transfer. By incorporating research results into such tional standards. Currently standards for airtightness and
standards, we can transfer techniques and practices devel- tracer dilution measurement techniques are being devel-

oped at LBL to practitioners and into standard engineering oped.
practice. The process often takes many years from inception The American Society of Heating, Refrigerating, and
of research to acceptance of a standard; severa!standards are Air-Conditioning Engineers (ASHRAE) is concerned with
at various stages of progress, good practice as far as the HVAC engineering community is

The American Society of Testing and Materials (ASTM) concerned. Two relevant standards have been approved:
through its committee on Infiltration Performance of Build- Ventilation for Acceptable Indoor Air Quality (ASHRAE 62-
ing Constructions (E6.41) has several standards relevant to 1989), and Air Leakage Performance for Detached Single-
air infiltration. In November 1975 ASTM decided to develop Family Residential Buildings (ASHRAE 1191-1988). LBL is
standard practices relating to air infiltration: one on measure- presently participating in the revision of Standard 62.
ment of infiltration using tracer gases and one on the mea- Relevant ASHRAE standards in progress involve venti-
surement of airtightness using fan pressurization. The cur- lation efficiency and the estimation of infiltration for use in
rent versions of these standards are Standard Test Method for indoor air quality calculations. The latter standard (136P)
Determining Air Leakage by Tracer Dilution (E741-83), and involves use of the LBL infiltration model to estimate the

Standard Test Method for Determining Air Leakage Rate by effective ventilation rate appropriate to indoor air quality
Fan Pressurization (E779-87). Standard E741 was reapproved concerns.

in 1990 and is currently being revised significantly. In addition to our participation in these societies, we
Since those two fundamental standards were completed, have been using our experience to support regional agencies

ancillary standards have been written: Standard Practice for in setting building standards. We have advised the State of
Air Leakage Site Detection in Building Envelopes (El 186-87), Florida through the Florida Radon Research Program (FRRP),
and Standard Test Method for Airflow Calibration of Fan the State of California through the California Institute of
Pressurization Devices (E1258-88). The consensus process in Energy Efficiency (CIEE), and the Pacific Northwest through
this area is continuing, and a revision of E741 is currently agencies such as the Bonneville Power Administration (BPA)
underway. ASTM has actively supported technical efforts and the Washington State Energy Office (WSEO).
surrounding its standards by sponsoring symposia and
publishing symposia proceedings on air infiltration. Mark
Modera is chairman of the next such symposium scheduled

-3-
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supply leaks was 30 Pa, and the differential across return
leaks was 60 l'a. By comparison, the average pressure differ-
ential across building envelope leaks is approximately 4 l'a.
In the coming year, a fan pressurization device that connects
directly to the ducts will be tested in houses under construc-
tion; which are unsuitable for blower-door testing. Such a

Air leakage is the process of air flowing through unin- device will allow ducts to be sealed while they are more
tended apertures. In buildings, air leakage occurs through readily accessible.
apertures in the building envelope, in mechanical systems,
and between building zones. Air leakage depends both on Pulse Pressurization
the airtightness of the building component and on the pres- The pulse pressurization technique determines leakage
sures driving the flow. For building envelopes, the technique characteristics of a building envelope by determining the
used for measuring and characterizing airtightness (the fan decay nf its pressure from an elevated value down to its
pressurization teclmique or blower-door technique) has steady-state value. We have conducted an experimental
ewtlved over the past ten years. The airtightness of residen- examination ttf a pulse-initiating device designed to imple-
tial-building mechanical systems (e.g., central furnace ducts) ment this technique. The device tested consists of a standard
and the airtightness of internal partitions between zones compressed-air cvlinder that exhausts to the building via a
(e.g., in multifarnilv buildings) have only recently begun to pneumatically actuated valve whose opening time can be
be examined. For ali three types of air leakage, the measure- adjusted. This device was loaned by Professor Gren Yuill of
ment and study of airtightness allow us to characterize Pennsylvania State University. This study yielded three
buildings, to better understand ventilation and space condi- principal findings:
tionir_g, to evaluate the performance of meclaanical systems, • Joule-Tlaomson heating ttr cooling of the expanding
and to estimate the effectiveness of airtightness retrofits, gas can play an important role in the measured pressure

Our advanced airtightness measurement research in the response of the structure;

past year was focused in two areas: • inertial effects in flows through internal doorways
• fan-pressurization naeasurements of residential air- cannot be eliminated simply by increasing the length of the

distribution tightness, pulse;
• experimental examination of a envelope tightness • successful ilnplementation in a :;ingle-family

technique based on a building's response to an impulsive residence with typical doorways will require multipoint
change in pressure (pulse pressurization), injection of the expanding gas flow.

Measuring Leakage in Air Distribution Systems
An automated airtightness measurement system based

on a blower door was used in FY91 to measure the envelope
leakage and duct leakage of 31 houses. Results of these
measurements were consistent with earlier studies showing
that duct leakage is approximately 15_Y,of overall envelope
leakage. That field study also included measurements of the
pressures driving air leakage in air distribution systems
during fan operation; the average pressure differential across

Virtually ali ventilation measurements use a diluted
tracer gas. Most such nleasurements have been made for a
single zone using a single tracer gas. In recent years, the need
to determine ventilation rates/airflows in complex buildings
has become more acute, and many researchers have been
devoting effort to the problem. LBL uses its MultiTracer

Mass transfer caused by pressure-driven airflow is a Measurement System (MTMS)to make such measurements.
process important for determining indoor air quality as well As part of a research project sponsored by the Electric
as theenergy requirements of buildings. Heat, moisture, and Power Research Institute (EPRI), LBL has been measuring
contaminants are ali transported by air movement to and interzonal airflows in single-family homes in the Pacific
from the outdoors as well as between indoor zones. Appre- Northwest. Results of this study have shown that the LBL
ciation of these airflows is critical to understanding building infiltration model is a reasonably good predictor of the

performance. Although airfkwvscanbedirectlynleasuredit infiltration, but deviations in the wind, stack, and
is more practical to use diagnostic properties of the house superposition parts of the standard models can be seen from
(such as leakage from the building envelope) to calculate the detailed tracer nleasurements. These measurements
airflows of interest.

-4"
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indicated an opport'_:nity to improve residential ventilation general use. Although our motivation was to advance the
modeling. LBL infiltration model, the results are generally useful and

We began improving the rnodeling by investigating the explain puzzling data seen in the literature.
interaction between stack effect, wind effect, and mechanical Future work will focus on the parts of single-zone mod-

ventilation. Various models handle this superposition in eling that have not yet been addressed and on comparison of
different ways; the models were surveyed and then com- measured and predicted ventilation rates.
pared with an improved superposition method suitable for

Subtask 2: Data acquisition

Data sets are being obtained for evaluation purposes and
as input for the model.

Subtask 3: System evaluation

The COMIS project at LBL is a multinational collabora- The model will be evaluated using data obtained from
tive effort of a team of experts to develop a modular model of subtask 2. Sensitivity of the model to the quality of input data
multizone airflow. The LBLeffort has focused on 1) develop- will be determined.
ing output routines that maximize the final program's ease of
use and 2) developing a Time Management System (TMS). Results of these subtasks are addressed to researchers

The program has been linked to a spreadsheet program to use and consultants and will promote energy-efficient design.
graphics capabilities available for IBM-compatible personal Close cooperation is envisioned, mainly with regard to
computers. Macros were developed to allow use of available state-of-the art reviews, data collection, and coordination of

output options without the user having to learn a spread- work (e.g., defining cases for evaluation with other pertinent
sheet program. We also installed additional output options projects). As part of its ongoing work plan, the Air Infiltration
to create tables for selected parameters, and Ventilation Centre (AIVC) will disseminate the results of

Within the framework of an annex adopted by the this annex. A database for evaluation purposes has already
Energy Conservation in Buildings and Community Systems been prepared by AIVC.
program of the International Energy Agency, we have begun Lawrence Berkeley Laboratory is managing the annex
studying physical phenomena causing airflow and pollutant on behalf of the U.S. Department of Energy. By the end of
transport (e.g., moisture) in multizone buildings. Special FY91, Canada, France, Italy, Japan and the United States
emphasis is being given to providing data necessary to use officially committed to the annex. The Netherlands and
the COMIS model (e.g., wind pressure distribution, default Switzerland have indicated a strong interest in joining the
values for leakage of building components, material proper- annex.
ties such as absorption and desorption). An important goal
of this annex is the comparison between model results and
results from in situ tests. Before these data sets can be used

for model evaluation, however, internal model comparisons
based on benchmark buildings must be performed.

Annex participants will undertake this task-sharing
project involving model development, data acquisition and
analytical studies. The annex is scheduled to span a four-
and-a-half year period. To reach these objectives, the project
is structured into three subtasks:

Subtask 1: System development

A multizone airflow and pollutant transport model is
being developed on the basis of the COMIS model by devel-
oping flexible expert routines, incorporating additional
modules, and developing user-friendly interfaces for input
and output. Coupling with the thermal building simulation
model will be demonstrated.
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In today's typical office buildings, occupants usually cannot control the
ventilation and thermal conditions of their environnaents. Most office build-

ings have sealed windows and use a central heating and ventilation system to
control the temperature and flow rate of air supplied to occupants.

Experiments were carried out in the University of California's Controlled
Environment Chamber (CEC) to study the effects of a task ventilation system
on indoor ventilation and thermal comfort. The CEC was designed to emulate
an interior region of a typical open-plan office. Three workstations of different
sizes and furniture configurations contained sources of heat and air motion_
typical of real offices--i.e., overhead lights, task lights, and a personal computer.
Two of the workstations were occupied by a heated, seated mannequin.

The task ventilation system consists of a mixing box connected by flexible
duct to two air supply nozzles on the desktop. The supply nozzles may be
rotated in the horizontal plane and contain movable outlet vanes in the vertical
plane. The mixing box uses a small, variable-speed fan that pulls supply air
from the main air handling unit ducting under the floor, pulls room air from
beneath the desk, and directs the mixture out from the nozzles. The unit has a

desktop control panel that allows occupants to adjust the speed and tempera-
ture of air emerging from the vents, temperature of a 200 W radiant heating
panel, task lighting, and a white-noise generator. The control panel also
contains ata infrared occupancy sensor that shuts the unit off when the work-
station has remained unoccupied for a few minutes. Experiments were designed
to evaluate this system over a range of conditions.

Using steady-state temperatures and ventilation flow rates, a tracer gas
was injected into the supply air and multipoint measurements of tracer-gas
concentrations, air velocity, and air temperature were made inside the cham-
ber. Comfort indices were calculated and were compared to standards such as
those published by the American Association of Heating, Refrigerating, and
Air-Conditioning Engineers (ASHRAE). Local ventilation rates were computed
from the tracer concentrations.

At most conditions tested, the whole area was adequately ventilated; and
the local ventilation rate, at the breathing area of a seated occupant in the
workstations with task ventilation was approximately 20% higher than at other
locations in the room. At the highest flow rate tested, with nozzles pointed
directly at the occupant, the local ventilation rate at the breathing level was
higher by approximately 607,. Improvements in local ventilation rates during
actual use will depend on occupants use patterns.

This task ventilation system was capable of controlling the air velocity
from a barely noticeable level to an uncomfortably drafty one. The temperature
of the su pply air could be controlled from a relatively low value (typically 18°C)
when coming directly from the main air handling unit to a ternperature warmer
by a few degrees; the supply air consisted of an equal mix of recirculated room
air and air from the main air handling unit. Thus, this system could be
controlled over a wide range, giving occupants the ability to adjust their local
environment with some precision. Comfort indices were within acceptable
standards for most test conditions (i.e., except for the high flow rates with small
nozzle openings).

Future studies must determine whether task ventilation saves energy. We
plan to conduct field studies to collect data on energy performance and to assess
usage patterns and thermal comfort.

"Universilv _1 Calitornia Berkeley, ('enter for l_nvir,,mnwntal Design Research
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A grid of 27 sampling points was established in the core
of the room; the exterior sampling points in this grid were 0.5
m from the nearest wall. The lowest 9 points were 76 crn from
the floor; the 9 points at the mid-level were 1.6 rn above the
floor, while the highest level points were 2 m above the floor.
Sampling sites were also positioned at each of the eight room
corners and at approximately the center of the face of each of
the six room surfaces. Samples from each of the 41 locations

Studies of contaminant dynamic!; in indoor environ- were remotely collected nearly simultaneously using gas-
merits have commonly utilized single or multizone models tight syringes through 1/S-inch copper tubing at 2- to 20-
based on an underlying assumption that the zones are well minute intervals. Following the experiment these samples
mixed. This assumption, however, is not ahvays appropri- were analyzed for SF,, content using a gas chromatograph
ate. For example, when considering the effectiveness of with an electron capture detector. The experiment was
segregating smokers from nonsmokers in public buildings carried out three times under the following thermal condi-
investigators must take into account the rate at which the tions: nearly isothermal surfaces; convection from a 500-watt
smoke mixes within the room. Our experimental study heat source placed on the room floor akmg a wall; and
quantitatively characterizes the rate at which smoke from a convection from the solar radiation that came through an
cigarette disperses within a single room under typical reM- unshaded window and struck the floor and adjacent wall.
dential conditions. The room used was 31 m_and had a de- The characteristic mixing time was defined as the period
liberatelv low air-exchange rate of 0.03 to 0.08 ACt t. A required for the relative standard deviation of the concentra-
smoldering cigarette was simulated using an electrical resis- tions to become less than 10'7,. Strong convection from the
tance coil-which generated heat at the same rate as the idling solar radiation yielded the fastest mixing time, (about 18-20
cigarette-and a tracer gas (a neutrally buoyant mixture of minutes). The heater experiment yielded similar mixing
about 18'/, SF, in He) that was released in a pulse about 1 cm times (about 21 minutes). Data from this experiment are
above the coil. The source was located approximately 1 m shown (Figure). The slowest mixing time occurred for the
from two of the interior walls, and about 0.8 m above the case with the nearly isothermal surfaces; almost 80 minutes
fh.)or, was necessary to achieve mixed conditions.
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with a pressure anaplitude of 50 Pa, while the other is diurnal,
with a 24-hour period and a typical pressure amplitude of 250
Pa.

For a homogeneous soil medium with soil air permeabil-
ity between 1013 in 2and 10"_m 2, we predict that barometric
pressure fluctuations can increase the radon entry rate into

Using a mathematical model, we have investigated tem- the basement by as much as 120% of the steady-state entry
poral variations in radon entry rates into a house basement caused by a steady depressurization of 5 Pa. The presence of
subject to both time-dependent periodic variations in baro- a thin layer of higher-permeability aggregate immediately
metric pressure and a small, steady-state depressurization below the basement floor further enhances the radon entry

between the basement and outside. Our investigation uses a rate. Effects of this barometric pressure pulnping on radon
transient integrated finite-difference model that can solve for entry are also compared to radon transport by diffusion only,
both diffusive and advective flux of radon in the soil gas, i.e., transport in the absence of steady depressurization. The
which is treated as a slightly compressible fluid. Two differ- pressure pumping effect on radon entry is found to be
ent boundary conditions in the house basement are consid- significant for the case of a concrete basement floor and a
ered: 1) a dirt-floor basement, through which diffusion is perimeter crack. In particular, for pressure pumping at a 0.5-
equal to or more important than advective transport; and 2) hour period and for a homogeneous soil permeability of
a concrete basement floor which is impermeable to radon lfr"' m -_,the radon entry rate is a factor of 10 larger than that
migration except for a 1-cm-wide crack near the perimeter of caused by diffusive transport. This finding may help explain
the basement floor through which advective transport of indoor radon concentrationsduring periods when thesteady-

radon dominates. Based on a Fourier decomposition of state driving force is small.
barometric pressure data, two frequencies of barometric
pressure fluctuation, each having representative amplitudes,
were chosen for this study. One has a short period of 0.5 hour

*EarthSciencesDivision,l,awrence Berkelevl.,aboratorv

conditions. For the cases considered, the surface-averaged

mean deposition velocity was found to be in the range (2-4)
x 10-4m/s for 2Z_Poand (1-3) x 104 m/s for 212pb. The local

deposition velocity is observed to depend strongly upon the
position of the surface with respect to the flow. An order of
magnitude difference between the maximum and mininlunl
values of the deposition velocities for both species is seen.

The production and decay of 2_SPo affects the spatial
The deposition rate of unattached progeny is a govern- distribution of its concentration, the magnitude of its deposi-

ing factor in determining the radiological dose to the lungs tion velocity and its dependence on location compared to that
from exposure to indoor radon. Our research was under- of 2t2Pb, which behaves almost as a stable species with respect
taken to investigate mass-transport aspects of unattached

to the time scale of convective motion. Because the produc-
progeny in rooms. Numerical solutions were obtained for

tion and decay rates of -_'_I'oare significant on the time scale
the equation governing the flow of air caused by natural

of air motion, the boundary layers are continuously replen-
convection in room-size enclosures as well as for those gov- ished with a fresh supply of the species. This increases the
erning the generation, transport, deposition and decay of the deposition of 2_'_Porelative to its core concentration, com-
two unattached radon progenies of importance 2_XPoand pared to the deposition rate of 2_2Pbrelative to its core con-
2_2pb.We used two-dimensional solutions to the equationsto centration. This effect seems to have been overlooked by
obtain generally valid results without excessive computa- other investigators.
tional demands. The deposition of a species onto walls is The results have significance for assessing the health risk
commonly characterized by "deposition velocity," defined associated with indoor exposure to 222Rn and 2_-"Rndecay
as the mass flux of the species per unit surface area onto the products and for investigating mass-transport aspects of the
walls, divided by concentration of the species at regions far
away from the surfaces, more general problem of the interaction of air pollutants withindoor surfaces.

Deposition velocities are calculated for various locations
on the enclosure surface for two different thermal boundary

*DepartmentofCivilEngineering,Universityof California
We thankD.Gobinof CNRS(France)for assistancewith reinstalling the
numerical fluid mechanicssoftware ,atl.awrenct,BerkeleyI.aboratorv
during the earh' stagesof this work.
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In houses having elevated indoor radon (Rh) concentrations, the
primary source of Rn is usually the surrounding soil where Rn is
generated by the radioactive decay of trace amounts ttf radium. The
predominant process of Rn entry into these houses is pressure driven
flow of high-Rh soil gas into the structure through small cracks, joints
and holes. Subslab ventilation (SSV) is one of the most effective and

common methods of reducing indoor Rn concentrations in httuses
that have basements. Two basic methods ttf SSV are used in subslab

depressurization (SSDL a fan exhausts soil gas from beneath the slab
floor to the outside. The fan usually draws air through one or more
plastic pipes that penetrate the slab floor. This process decreases the
pressure beneath the floor and therefore reverses the pressure dif-
ference that normally causes soil gas and Rn to flow into the structure.
In subslab pressurization (SSP), outdoor air is forced beneath the slab

using a fan (i.e., the direction of air flow is reversed compared to that
in a SSD system). SSP ventilates the soil beneath the slab floor, thus

reducing radon concentrations within the soil near the slab. Soil-gas
entry into tile structure continues, but the concentration of Rn in the

entering soil gas ix decreased.

SSV for limiting radon entry into basements was investigated
through complementary experimentation and numerical modeling.
Determination of the impact ttf subslab aggregate permeability on
SSV performance was a primary objective. Subslab pressure fields
resulting from SSV were measured in six well-characterized basements,

each with a different combination of soil and aggregate permeability.
The relationship between air velocity and pressure gradient within
the three types ttf aggregate installed beneath the basement slabs was
measured in the laboratory. A new numerical model ttf SSV was

developed and verified with the field data. This model simulates non-
Darcy. flmv in the aggregate. We demonstrate that non-Darcy effects
significantly affect SSV performance.

Field data and numerical simulations indicate that increasing the
aggregate permeability within the investigated range (2 x 10" m2to 3
x 10 : m-') substantially improves the extension ttf the subslab pressure
field caused bv SSV operation. Subslab pressure field extension also
improves as soil permeability decreases between 10" m: and 10"' m:.
With a l-mm-wide gap at the junction of the slab and basement walls
and aggregate permeabilities between 2 x 10_m 2and 3 x 10 rm:, we
have found that further reductions in soil permeability do not sig-
nificantly improve the subslab pressure field extension. Sealing of
cracks in the slab and excavation of a small pit where the SSV pipe
penetrates the slab also dramatically improve this pressure-field
extension. A large ratio of aggregate permeability to soil permeability
reduces the need for a large depressurization at the SSV pit.

Our findings are consistent with the results of prior field studies;
however, our understanding ttf SSV has been improved bv this
research, and the dependence of SSV performance on the relevant
parameters can now be quantified with the model.

q, Vashinghm State Energy _,tltice, Washington l{nergy }{x|t, llhJOll St,l'vJtt,
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Initial results for Minnesota are encouraging. Using the
short-term "screening" data from the survey conducted bv
Minnesota in cooperation with the Environmental Protection
Agency, we have examined the extent to which three soil-
related parameters (indicators, respectively, of radium con-
centration, radon emanation, and soil-gas permeability) can
predict the cot|ntv-to-courffv variance in the geometric rnean

Developing a methodology for identifying lfigh-rador_ (GM) indoor radon concentration. For the 28 counties where
areas of the United States continues to be a major need in 10 or more homes were monitored, the multiple regression
indoor radon research. With such a methodology, homes yields an R2 of 0.5 (Figure). Further, part of the unexplained
having genuinely high radon concentrations can be found variance is due purely to the uncertainty arising from modest
and the problem remediated rapidly. In perhaps 50,000 to numbers of measuren_.ents (such as 10) in each county. A
100,000 homes, for example, occupants are exposed to 20 modification of R2 to measure the capability of predicting

only the explainable variance yields values exceeding 0.5 forpCi/l (740 Bq/mb or greater, thereby accumulating expo-
sures at or above the occupational radiation limit, either the 28 counties or for the full set of 87, including

Previous research efforts have aimed to characterize the counties with fewer than five data points. These results thus

causal chain between the parent radium in the soil and the indicate that still information provides substantial power for
indoor concentration. However, the details of this chain are estimating GMs and therefore for finding the areas with most

very complex, and--even if known--nation-wide data for of the high indoor concentrations.
directh, calculating area-bv-area indoor concentrations in the Continuing efforts in collaboration with the U.S. Geo-
United States for the U.S are lacking. Still, substantial infor- logical Survey are devoted to archiving three major goals:
mation exists for most regions, both on indoor levels and on * develop a more flexible and comprehensive analytical
some of the causal factors, such as radium concentrations and treatment of soil-related and other information;

• include other influencing variable,,,, e.g., metet,rologypermeabilities of soils. Using Minnesota as a test cast,, we
have undertaken examination of such regional data, to deter- and housing characteristics, in the analysis; and
mine the extent to wlaich a correlation analysis can provide • frame a metht,dology that can sweep the entire coun-
estimators of the indoor concentration distribution at a scale try and also that can utilize for any region the predictive

(e.g., county or smaller) where monitoring data alone are not power arising from the analysis of national data.
su fficientlv accurate.

15
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Tlae acetone extracts and fractions were characterized by

mass determination, high-perft_rmance liquid chr()naatt)gra-
phy with absorbance and flut)rescence detection, Fourier-
transform infrared spe(trr)set)pe, chemical class tests, and
ion chromatograplLv. Un fractionated extractscontained 20';
(Elizabeth, NJ)and 7'; (SRM 164q)inorganic naaterial bv
mass. Elemental analysis indicated tlaat tlae acetone extracts

were highly oxygenated. The major inorganic species in the
Mt)st chemical characterization research that done on acetone extracts were ananaoniurn nitrate and sodium chh_-

particulate organic matter in the atmt)splaere has focused on ride. Chemical class (spot) tests and infrared analyses of the
ntmpolar and moderately polar t)rganics that are st_luble in extracts and rra(titres slat)wed evidence for a variety of or-
sol\'ents such as cvclolaexane and dichlortmaetlaane. Much ganic functional groups, in(hiding polycarboxylic acids, al-

less investigation laas been done on particulate pt)lar organic dehvdes, kettmes, plwnt)ls, and nitrous esters. (..'lass tests t)f
matter tlaat is soluble truly in acetone or methantH. This the unfractit)nated extract t)f Elizabeth, New Jersey, also

material accounts for 30 to 6(}'; t)f tlae organic-stHvent extract- indicated _he presence of alcoht_ls and sulfones. rbe charac-
able mass of airborne particles and 30 tr) 30'; of the direct- terizatitm results slltm'ed thai the fractionati_m procedure
acting mutagenic activity in the Ames bioassay with -lA-q8. separated the acetone extracts into fractions t)f increasing
Bioassay-directed fractitmatitm and chemicai analysis are polarity as elutitm st)lvent polarity increased, but particular

needed to focus attention on the polar organic matter frac- t_rganic functional t.r,roups did not concentrate in individual
titres and ct)mpounds likely tr) be c)f most significance to fractions, q'he results are ctmsistent with the presence of bi-
hulaaan health. Any fractionation naetht)d developed must ur pt)lyfunctitmal uFganic cumptmnds.
give high naass and mutagenicity recoveries, and the re(oy- The acett)ne extracts and rra(tit)ns were subiected tr) a
ered fractions must De in solvents that can De easily evapt)- micrt)suspensiun version t)f the Ames test [t)r nautagenicity
rated or soh'ent-exchanged for ctwnpatibilit.v with bit_assav usine, .qalm¢,uclla t.vphirnuriua (+_.qq). Revertant yield per unit
and chemical claaracteri/atitm metht_ds, mass was generall.v higlaer for the less pt)lar than fur the laaore

Our reseat(la lans three majt)r goals: 1) to deveh)p ,1 polar rra(titres, but substantial activity was seen in one t)f the
milligram-scale fractionation method for |-mrticulate ptHar mt)re polar rra(titres (eighth t)f twelve) for both types t)f
organics; 2) tr) chemically characterize the resulting fractions; acett)ne extracts. I)ifferences in mutagenic activity for the
and 3) to test the nautagenicity t)f the fractions. Using t_pen- rra(titres presunaabl.v reflect differences in the chemical ctma-
column chrtmaatt)grapla>' with (rant)propyl-blinded silica pt)_,itit)ns t)t the fea(tit)ns, but specific mutagenic cornpt)unds
and ehltitm solvent rnixtures t)f increasing pt)larity (he\ane, have m)t been identified. I.evels tfr fluorescence correlated
diclah)rt)methane and metlaantH), acetone extracts t)f airborne with revertnnt vieM, suggesting that polar art)matte ct)na-

particles have been separated into twelve rra(titres, l(ect)\'- pt)unds such ,as a/al'elles llaav acct)unt ft)r appreciable mu-
eev t)f la'lass D,'as L){ac',and I()0'; for extracts of alaabient tagenicitv in the acetolle extracts t_l•airborne particles.
particles frail1 Flizabeth, New Jersey, and NIST standard
reference SRM material l(_4q, respectively, when $7 and 40
nag were ,applied tr) 12.5-ing packing material.

Analysis Of EnvironmentalTobacco
Smoke for Polycyclic Aromatic -:
Hydrocarbons, "

,..

L:A: CItudcl, K.R.R. Mallauama, nul_l.M. Daiscy

Witht)ut cleanup, indi\idual PAll peaks appeared as a

fringe att)p a high backgrt)und t)f um'estHved flut_rescence,
and signals from senai-x't)latile I'AI Is at sht)rt retention times
(naphthalene thrt)ugh chrysene) were obscured by large and
often ntm-reprt_ducible interferences frtma other, prt_babl.v
more polar, species. These ieatures were ,list) seell ill indoor
particulate samples containing wt)t)dsmt)ke, but nut in uut-
dtu_r particulate naatter. Use t_f dichhn't)naethane extracts

l)etermination t)f polycyclic aromatic hvdrt)carbt)ns also led to peak distt,rtitm in rever,,e-pha_,e I IIq.C with
(I'A! is) in envirtmmental tobacco smoke (FTS) requires a acetonitrile and water.

metht)d both extremely sensitive and selective, au; earlier Remt_val t)t flutter'sting interferences and reductit)n t)f
work slaowed th,lt deterrninatitm of particulate PAl Is in the flut_rescing, backe, rt)und frt)m l{l-.qwereacctmaplished bv
envirtmrnental tt)bacct_ snlt)ke by high-pcrf¢)rmance liquid a ctmabinatitm t)fs¢,lvt,nt ch¢,iceand silica cleanup. Cvch)he\-

chrt)naatt_graphy (1 IPI.C) with fiut)rescence detectitm was alae,at 7'2 (.."extracted I'AI Is with fewer pt)lar species than did
ctmaplicated by the presence of interferences and high back- dichh)rtmaethane, a _t_lvent frequently used fur I'AI I e\trac-
grr)und when ilosanapleclealmp wasused. The t)bjectix'est)f titre. %ilica cleanup t)l d ichh_rtmaethane extracts did nut
this study were to deveh)p a cleanup schelaae and tr) devise a reactive ent)uKh tH the intt, rlerences. (;t)t)d-qualitv chrt_-
waveh,ngth-prt_granmaed flut)rescence detection metht)d for matt_granas wt,re t_btailaed when cvchdw\ane extracts t)f i-TS
I Ii'I.C analysis of envirtmnaental tt)bacct_ snloke, were passed thn_u,e, la silica stHid-phase e\tractitm (SI'E) ctH-
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umns before evaporation and dilution with tetrahydrofuran PAHs could be quantitated from a single injection. Several
and acetonitrile. More concentrated extracts were also pre- sets of fluorescence conditions have been developed for
pared by drying tile cleaned cyclohexane extract on a second determination of parent PAHs and their methyl derivatives
silica SPE colurnn and eluting with acetonitrile for subse- in environmental tobacco smoke: benzo(a)pyrene, chrysene,
quent evaporation to approximately 200 microliters, pyrene and the benzofluoranthenes, among others.
Fluoranthene-D,_was used as an internal standard to correct The method was used to determine particulate PAHs in
for losses of PAH during the workup. National Institutes of Standard and Technology (NIST) stan-

Two wavelength-programmed fluorescence detectors dard reference material SRM-1649, urban dust/organics.
were used in series in the determination of polycyclic aro- PAH concentrations for ten compounds (for which data is
matic hydrocarbons (PAHs) and their methyl derivatives in available from NIST) averaged 104 + 24(7,,of the published
complex environmental samples by high-performance liq- values, for six replicate analyses of 15-mg aliquots of the
ujd chromatography. With simultaneous detection at two standard.
sets of excitation and emission conditions, co-eluting pairs of

four shower systems. The influence of decreasing the water
flowrate, Qt, from 13.7 to 5 L/min is also examined. Average
exposure is calculated for a range of volatilities representa-
tive of VOCs found in vcater-supply systems (Figure). Shower-
stall exposures for the most volatile VOCs are higher by a
factor of 3 than those for the VOCs of lowest volatility. For the

In this work, the classic two-resistance mass-transfer most volatile rompounds, the inhalation exposure in the
theory is applied to the volatilization of contaminants from shower stall is equivalent to about 1.5 times that incurred
showers. Reported experinaental data from two experimen- through ingestion of 2 L of the same water. Decreasing the
tal and two residential full-scale shower systems were used water flowrate to 5 L/rain results in an exposure about one
to calculate mass tran,ffer coefficients using transient mass- third as high as that found at the higher flowrate.
balance models. These models account for variation in

volatility, mass-transfer drMng force, water and air flowrates,
and volume of the shower stall and bathroom. The simulta-

neous volatilization of VOCs of widely varying volatility in
the two experimental systems enabled individual liquid- and 30 ........ _ ........ _ ....... ","
gas-phase mass-transfer coefficients to be determined. This
provides a means of accounting for variation in contaminant
volatility more accurately than has been achieved previ- ,-'-" u..

ouslv. Results from the four studies are compared, and _, _ _• _ _
measured mass-transfer coefficients are used to predict shower _ u
stall and bathroom exposures during a typical shower. "-" 20 ... ,.... n---- .t

Measured liquid-phase mass transfer coefficients, K_A, _ ,,

range between 8 and 2:8L/rain whereas the gas-phase coef- "6 _'"
ficients, Kc;A,vary from 130 to 380 L/rain. Until more reliable = ,,," - -al. - QL= 13.5L/rain

d
data become available, a ratio of gas-phase to liquid-phase ., _ ,, --tj - QL=5Idmin£.) ,,
mass-transfer coefficients of 17 is recommended for shower _ 10 _ ,,
systems. This ratio can be used to estimate Kc_Awhen only =_
KIA is known. The mass transfer coefficients appear to vary _ "mi' ,,,,_ ..... I:]1-.... G
strongly with water flowrate, but variation among the four _ ...--"-..""

shower systems prohibits firm conclusions from being drawn. < tr "
The influence of water temperature on the mass-transfer
coefficients is smaller than the ob,_erved experinaental pre- 0 ........ _ ........ _ .......
cision. .01 .1 1 10

A set of reference parameters taken from a study con- ttenry's law constant (dimensionless)
ducted in a residentiali bathroom has been used to estinaate

the average shower-stall exposure during a ten-minute
shower. These reference conditions represent an upper

bound for potential exposure because they include the high- Figure. Average c(,a'entration of z,olatilized contaminants in
est water flowrate and mass-transfer coefficients found in the shower stall air (inlet water concetration = 1ragL).
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An ,lnnual total of 15,0till to 21),0(}0c,lrbon nlont_xide ((.'(.)) ptfistming.,, are
reptwtt,t| ill lilt' Llllilt'd 5t,ltt's. I luzldretls t_f lilt'sf [_t_isonillgS result in tie,lth ,llld
thou_,,inds rc,suit ill _t_lllt' [}'pC' O1 phy.,,ical or nlental danl,lge. Iii additit_n,
expt_sures tt_ high concentratitm_, t_f C'() can c,au._t' fetal ,lnd c,u'di,lc d,lnlagt,,
including, heart attack. I ligh concentratitm.,, of C'O cdn be c,ltl_t,d b_,'d wide
variety t_f resid enti,ll combustion ,1ppli,lnces, includ ing tilt, folh_wing: unrented
kt,rt_sene and gas sp,lcr' heaters; nl,llfunctitming conlbm, titm .,,fact, ant| w,lter
heater.',; indt_t_r tl._eof ch,lrct_al; and ind_or operatitm t)f dn internal ct_nlbtt_,titm
t,,_i|at,(e.,_.,t_pt'r,ltin,q c,lr_,or gener,ltor_, ill ,I garage). Strait' poist_ning_ can br'
avtfided by better etlt|catitm, where,as otht, r.,, (e.,q., tho_,e cau_,ed by nlalfunc-
tioning vent_,d appli,ulce_,)can be a voidt,d tml\' by an active nlitiqati<m p|'t_gr,ma.
(;rou p.,,t_f individu,ll_ t',,pt,ci,lll 3',It ri_k ,lte tilt' pot_r and tilt' eldt'rlv, wht_ tdten
rio II{lt hd\'e tilt' rt,_t_tll'tt'_ h_r rt_utine in_,_t,ctitm dlatt Ill,lilltt'n,lllt't' OI their ,qd'_
applia|we.,,.

There is a critical neetl t t_r,l_ inexpt,n.,.,ivt, (..(.__ampling devict, rh,lt ct_uld
be tl._ett for ,Ka-',,1ppli,lnct, dia,e,nt_,tic ,,tt_dit,_,, illt_|t_t_rt,x[_t_,,ure _,tudie_,, ,intt
t,lrgett'd nliti_,ltion .,,tudit,s. ,,\ (_(.) pas_,ixt' s,lmpler xxt_t_lttht' tilt, ideal nat,,1-
,,urenlt'nt tool ft_r .,uch ,tudie_,. The prinl,lry ,_t_,ll t_t tilt' tt) p,l_,,,ivt,-,,,lmpler
dt, vt,lt_pnlt,nt rt,,,e,lrch i_,tt_ tlt'vt, h_|_ a [_,l,_ive ,,,lnlph,r til,lt retluire_, nt_ pm, ver,
C,Ulht' de|_h_yt,d thrt_the,h lilt, ro,iii, i_,_,table tor ,,t'verdl wt,ek.', bt,ft_re dntt ,lftt, r
dt,l.3]t_.vnlenl, ,1ht] i,, ,]ctt|r,lh, ,ll_t] t31"t'ti_t,within ,12()'; m,lrgin of t,rrt_r.

I,',t'cent rt,.,,t,arch h,l_ ct,lct'ntr,ltt'd t,1 nl_dilying a ctmlmt'rciallv av,aihdqt'
di.,,k (Quantunl (;rt_tlp Inc., %an I)it, gt_, t',,\) til,lt ch,angc_, it,, tran_,nlis_,itm o1
he,lr-infrared radi,ltitm ill lilt' pt't'._t'lltt' t_l(.'(,). \\'t_rking th_,_t'l.vwith the _taH at
Quantum (,;rot|p, we hart, tt,,,tt'tt nlanv new tt_rnlulatitm_ t_ltilt, d i,,k tt_int'red_-,t'
tilt' _t,n,,itivitv td the disk.,,, h_ rt'tltltt' tilt' l_,ltch-t_-b,ltch variatitm_, dllt] l_

reduce tilt' rt,ver_,ibilitv t_ttile d i_,k.,,.Furtht, r refint'nlt, nl_ t_ltilt, ((.)-.,,t,n,,i ng d i.,,k

and the p,l,_,ivt, ,,anlpler t't_ntigt_ratitm are ph_nnt,tt.
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cient to know the distribution of radon concentrations in the

housing stock; we must also know how the population moved
within this stock.

The problem is carefully posed in terms of estimating the
distribution of the exposure rate to radon; results are then not

Estimates of the distribution of radon exposure dose to strongly affected by the current age distribution of the popu-
the population are required for assessing the fraction of lation. More specifically, we here define the problem as
population at high health risk from such exposure. Such estimation of the distribution of the time-averaged rate of
estimates would be useful for assessing the costs and healtil exposure.
risk reduction impacts of different strategies for radon mifi- We have developed an approach toestimating thedistri-
gation in the U.S. housing stock. Such estimates would also bution of population exposure to radon using existing data
be useful for establishing a U.S. public health policy on from diverse sources. For illustration, we demonstrated its
mitigation of indoor radon, consistent with the treatment of preliminary application to the data for Minnesota.
other public health risks. In essence, our approach was to construct the exposure

The distribution of human exposure to radon is different rate distribution using a Monte Carlo method. We first
from the distribution of indoor radon concentrations because constructed (or derived) regional distributions of residential

most people live in several houses during their lives. Their living-level radon concentration, and a transition probability
lifetime exposures thus arise from the average of radon matrix for moves between and within regions and also for in-
concentrations in these houses. For estimating distribution of and out-migration across Minnesota boundaries. Simula-

radon exposure dose to populations, it is therefore insuffi- tions for 10,000 lives are then carried out. Simulation of each
life evaluates the radon dose-rate experiences over the lifespan.

*StatisticsDepartment, Universityof California,Berkeley In- or out-migration is included in the simulation as neces-
sary. At the end of the lO,O00-1ives simulation, the distribu-
tion of exposure rates is obtained and analyzed.

',_ " A useful result (Figure) compares the annual distribu-
tion of average living-level radon concentrations adjusted for
occupancy (smooth curve) to the radon exposure rate distri-
bution of the current Minnesota residents (histogram). The
latter distribution--which has a lower tail--would allow us

to compare effects of undertaking mitigation measures of
various costs (in terms ttf number of houses mitigated, vari-

Figure. Normalized distribution of radon ous methods of mitigation implemented, their effectiveness,
exposure rate (pCi/I-ttr) h_t:Minm'- and their cost per house) on reducing the number ttf persons
sota population over'their lib'times (or fraction ttf the population) exposed to high health risk

(histoy,ram), and m_rmalized from radon exposure.
distribution Ofcurrent altltllal rad(,tt
exposure rate h_r the same popula-
tion (smooth curve).
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In studies of radon entry into buildings, the average ratio
of resulting indoor radon concentration to soil-gas radon
concentration is a = C,,d...../C ..........: {}.{}{}16. For VOCs, how-
ever, this "attenuation factor" will most likely represent an

upper bound, since radon generally emanates in the soil
immediately adjacent to the building whereas VOCs are

Assessments of exposure to volatile organic compounds transported some distance before etatering the building. To
(VOCs) for populations living near hazardous waste sites account for the additional attenuation resulting during trans-
and landfills typically focus on ingestion of contaminated port between source and building, some simple models are
water, inhalation of contaminated outdoor air, and, more invoked. A steady-state diffusion model which depends
recently, inhalation of VOCs transferred from water to air mainly on the effective diffusion coefficient of the VOC and
during household water use. In this work, we evaluate the the distance between source and building (L) gives a range of
transport of VOC-contaminated soil gas into building sub- a from 0.00003 to 0.003 as L varies from ltl0 na to 1 m. A
structures as an additional exposure pathway. Simple trans- steady-state landfill-gas advection model based on a landfill
port models are combined with various VOC source strengths located 100 na from the building and a typical land fill pres-
toobtainorder-of-magnitudeestimatesofthepotentialranges sure of 1,500 Pa gives values of 0.0(]008 to 0.008 as the

of exposure, permeability of the slwrounding soil varies from 10T3m2 to
Four possible sources of VOCs in the subsurface are 10_ na:. Applying these attenuation coefficients to the source

spilled liquid solvents such as perchloroethylene (PCE), leak- strengths gives the ranges of potential indoor air concentra-
ing liquid gasoline (Benzene is a component of particular tions shown in the Table. Comparing the resulting indoor
interest), contaminated landfill gas, and contaminated concentrations of PCE and benzene with typical baseline
groundwater. The vapor in equilibriuna with liquid PCE has values (about 10 mg/m _)shows that subsurface contamina-
a concentration of about 13t),t)00 mg/m _whereas the beta- tion of VOCs may result in indoor concentrations many
zene vapor concentration in equilibrium with a typical fresh orders of magnitude higher than typical indoor levels. Liq-
gasoline (asst|ming application of Raoult's law) is about 7,000 uid solvents or gasoline leaking or spilled near buildings are
mg/n¢. In a survev of 20 municipal landfills, amaximuna hazards of greatest concern, whereas contaminated

landfill gas concentration for PCE of about 1,300 nag/n¢ was groundwaters appear to pose a relatively small risk.
found, whereas the maximuna PCE groundwater concentra-
tion found in asurvev of California wells was 170 rng/m _.

Using Henry's law, this result translates into ata equilibriuna
air concentration of about 90 mg/m _. These four sources are
ranked bv source strength ('Fable).

Table. Estimate of poh',tial elevation in indoor air c,,ncentrati,ut n'sultin,¢ b'om contaminated soil ,_as.

Source of VOC C ......... C,,.,...../C t......i,,,,.
(nag/na'/

Liquid solvent tI'CE) 74,500 2,200- 220,0(1t)
Gasoline (Benzene) 6,500 200- 20,000
Landfill (PCE) 750 fit) - 6,000
Ground water (PCE) t_t) 3 - 300

C_,.,,,.i.,,.= average iladoor COl)Ct'latrdtiOl) in thr' )bsr, tact' t}f a soil-gas st,urce.
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simulatitms for d istribu tions of indoor combustiorl pollutant
concentrations were performed. Model assumptions were
em pi rica Ily eva lua ted, a nd general non pa ra metric sensitiv-
ity analvses were performed.

In general, the results show that residential cornbustion
sources (e.g., indoor smoking, unrented gas or kerosene
spao' l.leaters, rna l fu nction ing Wen ted" space or v,,ater heat-

/Xsimu la ti_.l nu_del ',macrt,lat_del ) ha'. been dt'veloped c.rs) can cause sonle indoor pollutant concentrations to greatly
to predict disiributit_m. _t illt.it'_tH"aif pt_llutants in specified exceed otltdoor le\,elsand outdoorairpollution guidelinesor
[at_nlt)gel,lVotls l't,Mdt,nlial htw,.ing <,tt)cks, Initial research has standards. Results of the sensitivity analysis demonstrated
h_cu,,ed tin pred ici|ns indt._r ctuacentrati_,a.., tri ctmlbu'stion the importance of indoor pollutal,lt SOl.irce emission rates and
pollutants !CO, NO,, and respirdble ,.uspended particles), usage rates in identifying houses having highl levels of indoor
This etft_rt is I.,drt t,f an t_:a,vt)ing ]:_l'_jt,ct tt_predict indoor ,Iii" ,Iii"pollution and thus also tile populatitm groups at greatest
polluta:;_ c'tmct, ntratitm_, lot ali kev iladot_r pt_llutant,_, in- risk. Ill addition, the reactivity rateof NO_ was identified as
eluding radtm, \'_lalile tWg,ll'lit" t.'tHlll)t_tlllds, and t_lht'r hv- an important factor in determining indot)r-levels of NO,,and
drocarbon,. (e.g., carcilatlgelliC polycyclic a.'tmaatic hvdrocar- tilt' "degree of vent|hb" was an important factor in houses
bons), with a malfunctioning space heater. Many important causal

l'a_-t research has ct.acentrated _,I_mt_del dt,\'elt_pnlt,nt, ._arameters that had not been n,leasured in past indoor air
n_odel implenw,_tatit,n, <ls,,umpiit_la testing, and s,.,nsiti\'itv quality field studies now hlave been identified by our model-
anal\'ses. Thc mr,.tel utili, c,s rh, Nit,lte (.arlo _,imtllation ing efforts.

technique and dc,terrain|slit t,quati_,as ba,,ed _.l the phy_,ical
laxx'_, that gtw,.,rl_ l>t_llut,lnt gvnt,ralit_l_, tr,lllsporl, dilution,
and remtwal __Htwt,sses. The mtKie] _,xas inaplemented 1O1"

ftltll" distinct rt'gitms t)f thf Ulaited States, and seast_laal

transfer essential technical infi_rn,lation oi,1 environmental

monitoring to institutions ill developing countries. A statis-
tical design and sampling strategy for monitoring indoor,
otltdot_r, and perstmal pollutant concentrations in 60 hornes
in urban centers in each of the four Asian countries (Beijing,
Manila, Bangkok, and Pune) was developed, l'ollutants
measured included respirable suspended particles, carbon

Iladtltl!"and i_tllcttltli t,xt:tlstlrt,,, tri ,Iii"t,t_llutant., are gen- l,llontlxide, carbon dioxide, nitrogen dioxide, nitrot, s oxide,
erall\' much higher in devt'ltq'_ing tt_tllltrit,s than in industri- sulfur dioxide, and a wide variety of hwdrocarbons and
ali/cd c_tlntrit,,.. I_BI.',. [l_,t|t_tH I.invlr_,amt,nt I'rt_gram is hvdrocarbt_n groups. Miniaturized instrumentation pack-
inx'tqx'ed in an intt,rnati_mal [._l't,jt't'l nlt,asuring illdt)tH" air ages for n,leasuring these pollutants were assembh:d and
pollutants, t_tltdtu_r air pt,lltltants, ,amt gl"ecl_htluse gd'_es in were provided to tile Asian researchl groups, We provided
dexel_q._ing ,,\si,lh o_untrie.,. lhis pl'tlit't'l i'-being conducted t_ne week of onsite training in each of the Asian countries at
in collabt.'atit.a xxith the I.ia,.t-\Vesl (.t,nter in I It_nt_ltiitl, thc ctmualencement of the monitoring project, Monitoring in
I lawaii, and with l't.st,.ll't]l instit_lti_,a,, in t'hina tilt, l'hilip- ali tri the countries has been successfully cornpleted. Sarnple
pines, Thailand, and India. lhe prtqt,ct i,, part of a study and data analyses we,'e begun in FYt_I", and a report on the
examining trends in re,,idential t.m,rg s' u_,age, atad is tit,- in,ipact of smail-scale c¢m_bustion in developing countries on
signed tri a,,se,,s thf' claange,, in air t_tlllutilln expt_<,urt' and global greenhouse gases was conapleted.
gl'eelliltil.lSe ga'_ ellli_,,,itln', tihll ,lcctillli'hlllV illcIreil<,ed llrbail

develtlpnleni.
In I:YtJtl, a t_nt,-_vt,t,k ,,tllVt,V lr,tining w(_rk,,ht_l., t_la in-

door air ptlllulilli_ was taughl bv ,,latl trilm I.BI, |ht, I{,l_,l-
\.\;e,,t(.enter, tilt, L;.S. t(la\irtlnnat,l_lal ['rt_lc,clilli_ ,,\gelacy, and
WI!SIAT, Inc. (Rtlckxilh', \ll)l. fht' xxtllk_,lat_t3st,l\'ed tri

*i ,i'q'_l\t".l ( i'ilh'i II hill_utllll I III

'_\'.lt'lll'. Ri',,t,drt h I!l..ll_lih ' _l 'ilII_L lildi,ii

',[slilghthl [ ill,,t,r.llS, !l'_t'llll_!_, t hill,ii

{ nivcr.liv _,', I'hilit_luuc-i\lalula, I'hilil,f,ilw_

t Iliil,ihwi)_'k_iil [ II1_ t,r-iI\ i l{,inT,',k,,k ] h,lll,illdl
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volved in the carcinogenicity of benzene. This finding sup-
ports the use of regulatory Short Term Exposure Limits
(STELs), so far empirically defined. Our work in the area
provides a scientific base for monitoring exposure levels of
toxicants in the workplace or in the community.

In the course of 1991 the risk assessment group focused Toxicokinetic analyses alone fall short of providing a
its efforts on the application of its physiologically-based complete framework for risk assessment. The quantitative
toxicokinetic model for benzene, and on the development of description of the toxicity at the cellular level must also be
a cancer model able to serve as a strong foundation for future investigated. Cancer in particular is a crucial endpoint by its
research, long-term effect, its lethal nature, and its high prevalence in

We have published three methodological papers de- the population. Cancer has been causally linked to exposure
scribing our innovative parametrization methods and the to benzene and to other pollutants. We decided to bridge the
structure of our benzene model. Describing the distribution obvious gap between current cancer models and the sum of
of benzene in the mammalian body and its metabolism into biological knowledge accumulated so far on the natural
11 different chemical species with their own distribution, the history of this disease. Taking full advantage of computing
model has been well received by the toxicology community facilities available to our group, we implemented a discrete
as a landmark effort leading more realistic risk assessment, event model of Carcinogenesis of unprecedented complex-
In the latest extension of this work, we investigated the effect ity. We analyzed sensitivity of the model to its parameters,
of peak versus constant exposure levels, at realistic concen- contrasting particularly the growth and mutation rates. We
trations. On average, total amounts of hydroquinone, cat- found that the most important parameters are those describ-
echol, muconaldehyde and phenylmercapturic acid formed ing the repair of DNA lesions and the division of cells.
are increased by 20(_ during the peak exposure. The first Further development is under way to refine the model imple-
three of these compounds are suspected to be directly in- mentation of those crucial processes.

1,_.,

a minimal (1 nal) blood sample that is fixed, reacted with anti-
GPA antibodies, and run on a flow cytometer to count the
frequency of mutant cells per million cells. Normal frequen-
cies are about 10 per million in young adults. The HLA-A
assay is performed on white blood cells (Figure 2). This assay
requires a larger blood sample (~ 15 ml) and requires incuba-
tion of white cells with anti HLA-A antibodies, followed by

Somatic mutation (stable genetic changes in cells of the complement treatment to kill normal white cells. The mu-
body) is linked to several human diseases: cancer, birth tantsremainingareclonedandthecoloniescounted. Normal
defects, aging, heart disease, and even cataracts. Methods to frequencies are about 30 per million in young adults. De-
assess the amount or "burden" of somatic mutation in a tailed molecular analysis of mutations is possible with this

person could therefore link human exposure to environmen- assay because it provides many individual mutant clones
tal agents with a preclinical marker, from one per,_on. Therefore, a spectrum of the types of

Only a few available assays can measure somatic muta- mutations found in one person versus another is possible.
tion in humans due to the need for a marker to identify and The HLA-A assay can also be used to detect the in vitro effects
select mutant cells against a background of normal cells. The of specific exposures, allowing direct comparison of in vitro
four assays developed use the loss of a protein product and in vivo effects in humans.
normally produced by the gene in order to count cells with Ongoing studies include determining the mutagenic
mutation at that gene. The assays are named after the gen ? pattern of tobacco smoke in mutant cells isolated from smok-
measured, ln orderofdevelopment, they are the HPRT assay ers. Such a pattern could be used to determine whether
(hypoxanthine guanine phosphoribosyltransferase, a DNA mutant cells in persons exposed to environmental tobacco
recycling enzyme), the GPA assay (Glycopho.in A, a red smoke are associated with tobacco-smoke exposure. We are

blood cell surface protein), the HLA-A assay (HLA-A is a cell also studying the mutagenic effects of benzene, a ubiquitous

surface prc,tein involved in the immune response), and the pollutant that causes human leukemia. We are studying
Hb-S assay (the sickle-cell form of hemoglobin), benzene-exposed workers with the GPA assay, as this assay

The LBL Indoor Environment Program is focusing on is rapid and measures bone marrow mutations. The HLA-A
applying the GPA and HLA-A assays, because these assays
detect the spectrum of mutational events important in cancer, assay is being used to study the in vitro mutagenic pattern of
These mechanisms include mitotic recombination, which has benzene. This is of special interest because benzene is thought

recently shown to be a major mechanism of functional tumor to be a "non-genotoxic" carcir, ogen but has never been tested ....
suppressor gene loss in a ,,ariet 7 of human cancers. The GPA for genetic effects such as mitotic recombination.
assay is performed on red blood cells (Figure 1 ). lt requires
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M form of GPA _-- RED = anti-M Ab + FM
• N form of GPA _ GREEN = anti-N Ab + FM

NORMAL

GPA N GPA M
RED

MUTANT

GPA N PA O

MUTANT

GPA N GPA N GREEN

Bone Marrow Cells
(chromosome #4) Red Blood Cells

Figure 1. The CPA assay requiresbloodsamples from personsheterozygous for glycophorin A, a cd/surface ?rotein on red bloodcells. In
a normal red bloodprecursor cell from a GPA heterozygote,one chromosomeof thechromosome4 pair carries the M form of
CPA and one the N form (left). Mutant cellsmay arisefrom gene-loss/inactivating mutations (calledN_) and gene-duplicating
mutations (NN). The right portion of the figure shows a normal heterozygous redbloodcell with both M and N bloodgroup
proteins on the cell surface, and mutant cells with normal (N_) or twice normal (NN) amounts of N GPA, but which lack
normalM GPA. Normal and mutant cells are reactedzoithanti-GPA M and anti-GPA N antibodies labeledwith fluorescent
molecules, anti-M with redand anti-N with green. Fluorescenceofeachcell is measured by flozocytometry, and the number of
green-only mutants, both N_ and NN, is determinedfor eachsample.

O HLA A2 or A3 _ Anti HLA-A A2 or A3
Other HLA-A Antigen antibody Figure 2. The HLA-A assay requiresbloodsamples

from subjects heterozygousat the HLA-A
gene, agene zoithmany alleles. In the
current assay, subjects must beheterozygous

0___. for A2 or A3, i.e.,A2Ax or A3Ax, where

+ C' = cells die Ax = otherHLA-A allele. Theassay
measuresmutant T-lymphocytes that lacka
normal A2 or A3 protein due to mutation at
theHLA-A gene. To identi_t mutants, T-

_0_ h/nlphocytesarereactedzuithanti-HLA-A-

+ C' = cells A2 or-A3 antibody. Normal cells bind
antibody and arekilled btt the addition of

survive complement (C'), zohichtargets antibody-
, _ to form bound cells. Mutant cells do not bind

I_JpllcalingGene _ Geneto., clones antibody and survive. The assat/,detects
Mutation Inaclivattng gene-loss/inactivating mutants and gene-

Mutation duplicating mutants, shown at the lozoerleft.
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In the last decade, air pollution in the indoor environment has emerged as an
important environmental issue. Research has shown that people spend 60-80% of their
time indoors. In many cases, a significant, if not dominant, portion of human exposure
to air pollution is likely to occur indoors, especially when an indoor pollutant source
exists and energy conservation measures have been taken to reduce building ventilation.
A proliferation of research has been conducted on the subject of indoor air pollution,
generating a large base of literature. In 1983, we started the Concentrations of Indoor Pol-
lutants Database as a bibliographic management tool to track the rapidly expanding
amount of literature being generated in this field. The CIP Database contains references
to articles explicitly reporting concentrations of pollutants measured in actual, unmodified
indoor environments such as offices and residences.

Past activity on this project included the release of CIP Database Version 4.0, which
includes literature references current up to March 1990 and contains 443 references (205
more references than were contained in Version 3.0). The database was provided at no
cost to the 239 users of Version 3.0 who requested the software. Current activities, funded

by the Electric Power Research Institute, are directed at 1) modifying the database to
include abstracts of papers and ranges of pollutant concentrations measured, and 2)

continuing to update the database.
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