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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT

This reference manual was prepared to assist electric utilities in helping homeown-
ers, builders, and new home buyers to understand a broad range of issues related to
indoor air quality. The manual is directed to technically knowledgeable persons
employed by utility companies--the customeh service or marketing representative,
applications engineer, or technician--who may not have specific expertise in indoor

air quality issues.

In addition to providing monitoring and control techniques, the manual summarizes
the link between pollutant concentrations, air exchange, and energy conservation and
describes the characteristics and health effects of selééted pollutants. Where
technical information is too lengthy or complex for inclusion in this volume, refer-
ence sources are given. Figures and tables are presented to complement text

material.

Information for this manual was gathered from technical studies, manufacturers’
information, and other materials from professional societies, institutes, and asso-
ciations. The aim has been to provide objective technical and descriptive informa-
tion that .can be used by utility personnel to make informed decisions about indoor

air quality issues.
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Section 1
INTRODUCTION

IN THIS SECTION: The indoor air quality issue; relationship between air exchange
rate and indoor pollutant levels; purpose, scope, and organization of manual;
glossary of important terms.

Although the passage of the Clean Air Act in 1963 effectively focused national
attention on cleaning up the outdoor air, relatively little effort has been directed
towards investigating the quality of air indoors. 1In the United States today, peo-
ple spend only 10-20% of their time outdoors; the rest is spent at home, at work, or
traveling in between. Yet existing air quality regulations are based solely on out-
door conditions, specifically on large-scale, highly visible, outdoor, air-pollution
sources, such as industrial effluents and vehicle exhaust. Buildings were assumed
to shelter occupants from outdoor pollutants, and little thought was given to pollu-
tants generated or trapped indoors. Récent studies have shown that concentrations
of certain pollutants inside houses exceed standards set for outdoor concentrations.
Because health effects are often correlated with exposure over time, it is now clear
that air quality indoors requires far more attention than it has yet received. As an
emerging health problem, contamination of indoor air has been 1linked with a wide
variety of building materials and consumer products, as well as strategies that

reduce the amount of infiltrating air as a means of promoting energy conservation.

Two main factors govern the concentration of any given pollutant indoors: the source
strength of the pollutant and its removal rate. Residential buildings have various
sources of indoor air pollution. People (and their pets) generate carbon dioxide,
moisture, odors, and microbes simply through normal biological processes. Other
more important potential sources of indoor air pollution are combustion appliances
(gas stoves, forced-air furnaces, unvented space heaters, wood stoves); building
materials (used in construction, furnishings, and insulation); tobacco, and the soil

under and around the structure.

Air flow into and out of a building is usually the principal means of removing these
indoor contaminants. Reducing air flow rates, however, is one of the most cost-
effective strategies for improving the energy efficiency of buildings. Perhaps
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one-third to one-half of the heat loss (and cooling loss) in residential buildings
is due to this air exchange between indoors and out.. Although effective in conserv-
ing energy, lowering the air exchange rate in a structure generally slows the tran-
sport of indoor-generated air pollutants to the outside, trapping the pollutants
inside the structure. Many indoor air quality problems surfaced when air exchange
rates were drastically reduced (in the interests of energy efficiency) and the pol-
lution effects became obvious to building inhabitants.

In the past few years, even though the number of studies designed to measure and
evaluate the concentrations of indoor air pollutants has greatly increased, many
important questions remain unanswered. For example, we have few data on the long-
term health effects of single pollutants, and even fewer on how the body reacts to
simultaneous exposure to several pollutants--a common experience of building occu-~
pants. Furthermore, even though numerous sources of pollutants have been identi-
fied, we do not fully understand their variability in location and strength.

PURPOSE OF THIS MANUAL

The purpose of this manual is to provide a reference guide on indoor air quality and
its relationship to air infiltration and energy use in residential buildings. It
provides a review of the knowledge gained from extensive laboratory and field stu-
dies in these areas, and it reproduces selected tables and figures designed to help
utility specialists understand the critical issues in indoor air quality so that
they, in turn, can provide useful and detailed information to inquiring customers.
To that end, substantial technical information 1s included in summarized form,
although, in general, the manual is written and illustrated for persons who may not
have a technical background in this area. A glossary of terms used in air quality

and related research areas 1s presented at the end of this section.
SCOPE OF THE MANUAL

This manual was prepared by scientists in the Energy Performance of Buildings and
the Building Ventilation and Indoor Air Quality groups at the Lawrence Berkeley
Laboratory. Their charge was to prepare an authoritative manual describing current
issues and knowledge in the area of indoor air quality in residential buildings,
identifying key pollutants and presenting the key issues that pertain to indoor air
quality.

»
Office of Technology Assessment, Residential Energy Conservation, Wash-
ington, D.C.: U.S. Government Printing Office, July 1979.
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ORGANIZATION OF THE MANUAL

The manual is divided into eight sections as follows: Section 1, Introduction, sets
up the context for the indoor air quality issues to be covered and describes the

purpose, scope, and organization of the manual. Section 2, Air Exchange: Infiltra-

tion and Ventilation, describes the connection between reducing air exchange rates

for energy conservation and reducing ventilation for controlling pollutant 1levels.
Current ventilation requirements and standards are also presented. Section 3,
Indoor Air Quality, explains the general characteristics of air pollutants, their

distribution, and their variability. Also examined for their effect on indoor air
quality are: external environment, structural and interior design, materials, and
occupant activities. Section 4, Characterization of Indoor Air Pollutants, looks at
specific pollutants in greater detail. Section 5, Health Effects and Air Quality

Standards, reviews current guidelines for pollutants and summarizes information on
health effects. Section 6, Monitoring and Modeling Indoor Air Quality, and Section
Ty -Measuring and Modeling Infiltration, discuss the applicability, as well as the

'advantages and disadvantages, of available techniques. Section 8, Pollutant Con-

trol, summarizes specific control techniques and discusses their uses and limita-

tions.

Each section, introduced by a capsule summary of major topics contained in the sec-
tion, presents the "basic issues" necessary for understanding the more technical
information that follows. Whenever appropriate, information is incorporated in
charts and tables for easy reference. For readers interested in more detailed

information, references are given at the end of each section.

Information contained in this manual is based on technical papers and reports from
private and government-funded research, conference proceedings, federal interagency
workshops, and recently published volumes. The following references provide addi-

tional information on indoor air quality issues:

Indoor Pollutants (1981). National Research Council of the National Academy of
Sciences. Published by the National Academy Press, Washington, D.C., 20418.

Indoor Air Pollution (1982). Proceedings of the International Symposium on
Indoor Air Pollution, Health, and Energy Conservation. Published in a special
issue of Environment International, Pergamon Press, New York.

Workshop on Indoor Air Quality Research Needs (1981). Report of the Interagency
Research Group on Indoor Air Quality. U.S. Department of Energy, Office of Con-
servation and Renewable Energy, Washington, D.C., 20585.
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Ventilation for Acceptable Air Quality, ASHRAE Standard 62-1981 (1981). Pub-
lished by the American Society of Heating, Refrigerating and Air-Conditioning
Engineers, 1791 Tullie Circle NE, Atlanta, Georglia, 30329.

Indoor Air Quality Handbook (1982). Prepared for the U.S. Department of Energy,

by Sandia National Laboratories. Available from National Technical Information
Service, 5285 Port Royal Road, Springfield, Virginia, 22161.

GLOSSARY

ACCEPTABLE AIR QUALITY. Air in which there are no known contaminants at harmful - con-
centrations and with which a substantial majority (usually 80%) of the people
exposed do not express dissatisfaction. [ASHRAE 62-81]

AEROSOL. A gaseous suspension of fine solid or liquid particles.

AIR CLEANER. A device used to remove airborne impurities such as dust, gases,
vapors, fumes, and smoke.

AIR EXCHANGE RATE. The number of times the volume of air in a space 1is exchanged
with outdoor air in a given period of time (usually expressed as "air changes per
hour™ or "ach").

ALDEHYDES. Any of a class of highly reactive organic compounds containing the chem-
ical group -CHO, wused in the manufacture of resins and dyes, and having strong
odors.

ALPHA PARTICLE. A positively charged atomic particle that is ejected in certain
radioactive transformations.

AMBIENT AIR. That portion of the atmosphere, external to buildings, to which the
general public has access. [EPA 1976]

BECQUEREL. The SI unit for the rate of radioactive decay in a sample of material.
One becquerel (Bg) equals one disintegration per second (see also, curie).

BUILDING ENVELOPE. The exterior surfaces of a building--specifically, walls, ' roof,
and floor (if over unheated basement, slab, or crawlspace).

CARBON MONOXIDE. A colorless, odorless, toxic gas, formed as a by-product of incom-
plete combustion.

COMBUSTION APPLIANCE. A fuel-burning (oil, gas, coal, or wood) device such as a
range, furnace, or water heater.

CONCENTRATION. The quantity of gne constituent dispersed in a defined amount of
another; for example, 1lb per ft-, kg/kg, or parts per million (ppm).

CONTAMINANT. Any airborne constituent that reduces the quality of the air.

CRITERIA POLLUTANT. EPA has set standards for the following pollutants in outdoor
air: nitrogen dioxide, sulfur dioxide, ozone, lead, carbon monoxide, and total
suspended particles.

v



CURIE. A unit used to describe the rate of radioactive decay in a sample of
material. One curie (Ci) equals 37 billion disintegrations per second.

DAUGHTERS (progeny). The new radionuclides formed by the radioactive decay of a
parent radionuclide.

DUST. An air suspension of particles of any solid material, usually 1less than 100
micrometers in size.

EMISSION RATE. Amount of a contaminant released into the air by a source in a
specified amount of time.

EPIDEMIOLOGY. A science that deals with the incidence, distribution, and control of
diseases in a population.

FORMALDEHYDE (HCHO). A colorless, gaseous compound, used in the manufacture of
resins and dyes, and as a preservative and disinfectant. Present in many synthetic
materials.

INFILTRATION. Air leakage through cracks and gaps, and through ceilings, floors, and
walls of a building.

NATURAL VENTILATION. The unaided movement of air into and out of an enclosed sbace
through intentionally provided openings, such as open windows and doors.

NITRIC OXIDE (NO). A colorless gas, formed during combustion, that is irritating to
skin, eyes, and respiratory tract.

NITROGEN DIOXIDE (NO_,). A reddish-brown gas formed through combustion that is
highly irritating ang damaging to the respiratory tract.

NITROGEN OXIDES (NO_). The class of compounds including nitrogen dioxide and nitric
oxide that are formed through combustion.

ORGANICS. Chemical compounds that contain carbon and hydrogen, with or without oxy-
gen, nitrogen, or other elements.

PARTICLES. Matter in which solid or liquid substances exist in the form of aggre-
gated molecules. Airborne particulate matter typically range in size from 0.01 to
20 micrometers.

RADIONUCLIDE. An unstable nucleus of an element that decays or disintegrates spon-
taneously, emitting radiation.

RADON (RADON-222). A chemically inert gas that undergoes radioactive decay by emit-
ting an alpha particle.

TOTAL SUSPENDED PARTICLES. The weight of particulate matter suspended in a unit
volume of air.

VENTILATION. The process of supplying and removing air by natural and/or mechanical
means to and from any space.

WORKING LEVEL (WL). One worging level of radon-222 daughters will give out alpha
particle energy of 1.3 x 10° MeV in one liter of air upon decay to lead-210.

WORKING LEVEL MONTH (WLM). Exposure to 1 WL for a working month of 173 hours.
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Section 2
AIR EXCHANGE: INFILTRATION AND VENTILATION

IN THIS SECTION: Definition of infiltration and ventilation; how and where
infiltration occurs; typical air exchange rates; energy costs of infiltrationj;

infiltration-reduction techniques; existing ventilation standards.

BASIC ISSUES

All buildings exchange indoor air with outdoor air. Air passes through cracks in
the foundations, walls, window frames, and through countless other'openings in the
shell of the building. Air is also exchanged by mechanical exhaust fans generally
,1nstalled in kitchens and bathrooms, and by open windows and doors. Although the
exchange of air helps flush odors and pollutants generated in the house to the out-
side, at the same time, it can bring dust and pollutants that are generated outdoors
into the structure. Air exchange also results in a sizable transfer of heat across
the shell of a building--a loss that accounts for 11% of the total annual energy
consumption of the nation.1 Reducing air exchange is one of the most effective means
of reducing energy use in buildings, and is accomplished through ordinary measures
such as caulking and weatherstripping in existing buildings, and by employing spe-
cial sealing techniques 1in new construction. The potential conflict, however, is
that as the air exchange is lowered, less outdoor air is available to dilute the
concentration of any pollutants present in the house. In general, such tightening
measures as caulking and weatherstripping should not lead to éerious problems, par-
ticularly where none existed before; however, strategies that substantially reduce
air exchange can cause significant deterioration of indoor air quality if special
measures are not adopted (such control strategies are presented in Section 8). This
section is concerned with air exchange--where and how it occurs, how it affects
energy efficiency, what are its typical values, and what are current ventilation
standards and their limitations.
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INFILTRATION AND VENTILATION

It is important to distinguish between the two mechanisms of air exchange, infiltra-
tion and ventilation. The uncontrolled leakage of air through cracks and other
openings in the shell of a building is called'infiltration. (Technically, infiltra-
tion 1is the incoming air and exfiltration the corresponding outgoing air, but,
because they are equivalent, the term infiltration is commonly used for both.) The
.air intentionally supplied by opening windows and doors or by mechanical means

(ducts and fans) is referred to as ventilation. In conventional houses, the air

needed for maintaining indoor air quality--that is, for removing odors from house-
hold activities, providing combustion air for furnaces, and removing excess
moisture--is provided in a haphazard fashion by infiltration. 1In tight houses,
where infiltration has been drastically reduced to improve energy efficiency,

mechanical ventilation strategies are often employed.

How and Where Infiltration Occurs

Infiltration occurs as a result of temperature and wind-driven pressure differences
between the inside and outside of a house. In winter, warm air inside the house
rises and escapes out of cracks in the upper part of the house, drawing c¢old air
into- the lower parts. Wind drives air into a house on the upwind side and draws air

out on the downwind side.

Air flows through countless cracks and openings in the shell of a building. New
cracks form as the house ages and materials shrink and pull apart, as the foundation
settles, or if earthquake or other forces have caused the structure to shift.
Often, 1leaks occur around windows and doors, where materials tend to not fit prop-
erly and original sealants age and wear away. The connection between a concrete or
masonry foundation and a wall structure of dissimilar material is a major leakage
area. Other areas iﬁclude penetrations made in the walls, ceilings, and floors to
allow passage of wires, ducts, pipes, etc., as well as leaky dampers in fireplaces,
recessed ceiling light fixtures, attic hatches, and baseboard molding. Figure 2-1

illustrates these common infiltration sites in a house.

Few measurements have been made to determine where the most significant leﬁks are,
but researchers at Princeton University, in studyiné houses in the Northeast, have
identified attic bypasses (any path in the walls that connects heated basements or
living spaces with attics) as major sources of air leakage. Measurements on houses
in the southern and western regions of the United States have shown that fireplaces

without dampers and leaky ductwork are two dominant sources of air infiltration.
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Figure 2-1. Infiltration sites

Table 2-1, based on the measurements from these houses, gives the percentage contri-
bution to total 1leakage for major building components, and the typical range for

each.

Table 2-1

COMPONENT AIR LEAKAGE VALUES

Component Range Average
Walls/floor 18-50% 35%
Ceiling 3-30% 18%
Heating system 3-28% 15%
Windows/doors 6-22% 15%
Fireplace 0-30% 12%
Vents 2-12% 5%

100%
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Typical Air Exchange Rates

The term air exchange rate is defined as the number of times the volume of air in a

space 1s exchanged with outside air in a given period of time; usually expressed as
"air changes per hour"™ or "ach". For a typical house (1500 ftz floor plan with 8-

foot ceilings) an air exchange rate of 1.0 ach means that 12,000 ft3 of outdoor air -

(about half a ton) is exchanged with the inside air every hour. Air exchange rates
in houses have been measured as low as 0.1 ach and as high as 4.0 ach. Rates in the
same house may vary enormously from day to day and even hour ﬁo hour, depending on
the speed and direction of the wind and the temperature difference between indoors
and outdoors. Figure 2-2 shows the variability of the air exchange rates 1in a
house. A house does not have é single infiltration rate unless weather conditions

are specified.
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Figure 2-2. Variations in air exchange in a Chicago house

Infiltration rates from two recent surveys of U.S. houses are given in Figure 2-3.

The top graph is from a sample of 312 houses recently constructed in the United
States and Canada. The values shown are calculated averages of the infiltration
rates over the heating season, November through March. The mean of the seasonal
infiltration values is 0.63 ach. A better measure of this skewed distribution is
the median, 0.50 ach. Fully 50% of the houses in this sample have infiltration

values below the value frequently used as an acceptable lower limit of ventilation
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Figure 2-3. Infiltration rates in U.S. houses

for houses. The lower graph shows infiltraﬁion rates measured in 266 1low-income
houses throughout the United States. The mean value here is 0.9 ach. The broader
distribution is partly because single measurements were taken of each house (not
seasonal averages) and the higher mean is partly because these houses are typically

older, poorer-quality construction than the other sample.

Energy Costs of Infiltration

There is a trend towards tighter construction as a result of builders' compliance
with increésing consumer preference for energy-efficient houses. Builders today can
construct houses that have air exchange rates as low as 0.1 ach. In these "super-
tight™ houses, mechanical ventilation is used to reduce moisture and odor build-up.
The energy savings from reducing infiltration are quite significant. The values on
the map in Figure 2-4 represent the heating load due to infiltration for various
parts of the country.
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ig MJoule/cm2 = 1.8 kWh/inZJ

As an example, consider an all-electric house, recently caulked and weatherstripped,
with a new tight-fitting damper installed in the‘fireplace, located in Minneapolis.
Using blower-door pressurization techniques (described in Section 7), leakage areas
were calculated before and after the tightening measures were carried out. The ﬁerm
leakage area is used.to designate the approximate sum of all the leaks and openings

in the shell of the building, and can be considered td be proportional to the infil-
tration rate. The results from these tests showed a reduction in the leakage area
of 500 cm® (77 1in2).
(MJoules/cmz) for Minneapolis. Multiplying the reduction in leakage area by the
heating season - infiltration load gives 18,000 Mjoules, or 5,000 kWh (1 kWh = 3.6
Mjoules). Multiply this figure by the efficiency of the heating system (1.0 for
electric resistance heater) and the price of electricity ($0.074/kWh) to get the
annual savings due to reducing infiltration--in this case, $370. Given the leakage

Figure 2-4 gives a value of 36.0 megajoules per centimeter

area, the heating system efficiency, and the price of electricity or fuel, similar

calculations can be carried out for different locations.
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Infiltration-Reduction Techniques

New Construction. Special techniques for reducing air infiltration are now being

used by home builders. The installation of a continuous plastic sheet (called a
"vapor barrier™ or "vapor retarder") inside the walls on the warm side of thev insu-
lation is one of the most effective ways of reducing air leakage through walls and
around window and door frames. In wood-frame houses, builders install the plastie
film on the inside of the studding, overlapping and taping the sheets where the
walls meet the floor and ceiling, and around door and window frames. Special

sealants and careful application are required to ensure air tightness.

Another technique uses a polymeric-foam sealant to seal the cracks and holes that
are made during construction to allow for plumbing and electrical work. When
sprayed into the openings, the foam expands and forms a tight seal. Other areas
that require meticulous application of caulks and sealants are openings around

vents, ceiling light fixtures, fireplaces, and furnace registers.

Existing Buildings. Several strategies can be used to reduce infiltration in exist-

ing conventionally built homes, but it is rare that such measures can seal a house
as effectively as the previous techniques employed during construction. These
retrofit measures include caulking and weatherstripping doors and windows, instal-
ling foam gaskets behind outlet boxes, taping and sealing leaky ducts, adding plugs
to fireplaces, and other techniques involving sealing. Although several studies
report reductions in leakage area following weatherization, there are almost no
measured infiltration data confirming such reductions. A weatherization study of 19
houses in Walnut Creek, California, showed a 25% average reduction in leakage area

2 Results from

following one day of caulking and leak-plugging at each residence.
other studies 3,4 suggest an average reduction in leakage area of 20 to 30%, with a

range for individual houses of 0 to 60%.
VENTILATION STANDARDS

Standards for ventilation rates in buildings have been set since the early
nineteenth century. In 1824, Tredgold proposed that four cubic feet per minute
(cfm) per person of outdoor air was necessary for removing CO, from enclosed
spaces.5 By 1893, the accepted minimum ventilation rate was 30 cfm per'person, based
on Billings' recommendations for control of other unknown contaminants,6 and this
standard was adopted by the American Soclety of Heating and Ventilating Engineers
(ASHVE) and incorporated in the codes of 22 states by 1925.
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The research by Yaglou et al. in the 1930s determined a minimum ventilation rate of
10 cfm per person for odor-free environments, and this value was adopted by the
American Standards Association (ASA) in 19‘46.7 In 1973, the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) revised the ASA
odor-based standard and reduced the required ventilation rate to 5 c¢fm per person
for energy conservation; at the same time, ASHRAE recommended values for comfort or
odor-free environments that were two or three times greater than these minimum
values. This standard was adopted by the American National Standards Institute
(ANSI, formerly ASA) in 1977 and designated ANSI Standard B 194.1.

‘Currently, the two primary sources for ventilation standards in residences are
ASHRAE Standard 62-1981: "Ventilation for Acceptable Indoor Air Quality"™ and the
U.S. Department of Housing and Urban Development (HUD) Minimum Property Standards
(MPS). At present, the ASHRAE standard is voluntary (except where adopted by state

building codes) and the HUD standard applies only to housing financed through the
Federal Housing Administration (FHA).

The 1979 revisions to the MPS allow ventilation to be achieved by infiltration rates
of 0.5 ach plus natural ventilation through operable windows, which must have a
total area of at least one-twentieth of the floor area of the room. ASHRAE Standard
62-1981 specifies 10 cfm (5 liters per second, l1/s) per room for spaces other than
bathrooms and kitchens, for which values are set at an installed capacity of 50 and
100 cfm (24 and 47 1/s) per room, respectively. With the kitchen and bathroom
exhaust fans used several hours per day, the total ventilation rate for the house
will be ~0.4 -~ 0.5 ach. Although the ventilation rates are specified differently in
these voluntary standards, the results are intended to be equivalent. Moreover, the
1979 revisions to the MPS and the values in Standard 62-1981 are in close agreement
with values recommended internationallj. Table 2-2 gives current 1981 ASHRAE stan-

dards.
LIMITATIONS OF VENTILATION STANDARDS

Standards for ventilation rates can have either performance criteria, or prescrip-
tive criteria. A performance standard specifies the quality of air that must be
achieved, but says nothing about the means for achieving it. Performance criteria,
to some extent, are now specified for certain industrial environments. Specifica-
tions for maximum allowable concentrations and time-weighted averages have been
developed to protect workers from potential industrial health hazards. Generally,
methods for achieving these criteria are not specified, and the responsibility to
provide and maintain acceptable conditions resides with the owner and worker. For

non-industrial, non-workplace (i.e., residential) environments, ventilation
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Table 2-2

VENTILATION STANDARDS FOR DWELLINGS

U. S. Standards
ASHRAE 62-1981

Minimum cfm/Room

General living areas 10
Bedrooms 10
Kitchens 100
Toilets, Baths 50
All other rooms 10
Basements, utility rooms NA

Proposed Nordic Standards?

Supplementary
Basic Ventilation Ventilation
Exhaust Air
Outdoor Air (1/sec)P
Dwelling as 0.5 ach
a whole
Bedroom 0.5 ach, Operable window
4 1/sec/
person
Living room 0.5 ach - Operable window
Kitchen 10 Operable window and range
' hood (30-100 1/sec)
Bath 10 Operable window or
adjustable ventilator with
capacity of 30 1/sec
Toilet 10

4NKB, Forslag till Nordiska riktlinjer for byggnadsbestammelser rorande
"LUFTKVALITET" (proposed Nordic guidelines for building codes: air quality),
Stockholm, Sweden, October 1, 1979.

b1 1/s = 2 cfm.
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standards are usually prescriptive._ A prescriptive standard specifies the venﬁila-
tion rate for certain occupancy conditions in cfm per person or per unit area, or by
air exchange rates, and makes no mention of the quality of the air that must be
maintained.

Prescriptive values are established to meet objective and subjective criteria.
Objective criteria are those designed to ensure sufficient oxygen for normal
respiration, to dilute contaminants within the occupied space, and to dissipate
thermal 1loads in the structure. Subjective criteria are those having to do with
perceptions of odor intensity and odor acceptability. Test populations show wide
variability on the threshold (just detectable) levels for a given odor or contam-
inant. Moreover, combinations of odors are not additive, and behavioral responses

to combined odors are not well known.

Standards such as the ASHRAE Standard 62-81 are considered by some as relying on an
insufficient ‘data base of (1) pollutant levels in buildings, (2) the health effects
caused by exposures to those pollutants, and (3) nonventilation control methods.
Although these standards are not viewed as definitive, they are based on the best
information currently available. As more knowledge is gained, these standards will

be revised and updated.
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Section 3
INDOOR AIR QUALITY

IN THIS SECTION: Characterization of air and air pollutants; pollutant variation
and distribution; factors affecting indoor air quality.

BASIC ISSUES

The air we breathe is made up of a mixture of gases, approximately 21% oxygen, T78%
nitrogen, 1% argon, and 0.03% carbon dioxide. It contains trace amounts of other
gases plus varying amounts of water vapor and small quantities of microscopic and
VSubmicroscopic solid matter, sometimes called "permanent atmospheric impurities".
The concentrations of these impurities-~the result of wind erosion, sea spray eva-
poration, and volcanic eruption--varies considerably but are usually below those
associated with man-made activities. Man-made pollution originates from power-
generating plants, various modes of transportation, industrial processes, mining and
smelting operations, construction, and agriculture. Whereas outdoor pollution has
been studied and characterized for decades, indoor alr, as it is affected by pollu-
tants in outdoor air and, in particular, by pollutants generated indoors, has been a

topic of research only in the last decade.
CHARACTERISTICS OF AIR POLLUTANTS

Any compound having a concentration in air large enough to have undesired effects 1is
considered to be a pollutant. Such compounds can be particulate or gaseous, organic
or inorganic, visible or invisible, submicroscopic, microscopic, or macroscopic, and
toxic or harmless. Classifications commonly employed are: 1) particles, and 2)

vapors and gases.

With the exception of radon, the concentration of a pollutant is usually expressed
in one of ¢two ways: either in volume per unit volume of air or in mass per unit
volume of air. In the first case, the unit of measurement is the ratio of the two
volumes, expressed, for example, as one part pollutant per million parts air (or

parts per million, ppm). In the second case, the mass of the pollutant is expressed
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in metric units as microgram pollutant per cubic meter air (pg/m3) or nanogram per

3.

cubic meter (ng/m The first measure is used exclusively for gaseous pollutants,

the second for both gaseous and particulate pollutants.

The concentration of radioactive materials--substances (like radon) that emit alpha,
beta, or gamma radiation as they disintegrate--are expressed in terms of quantity
and concentration. The common units of quantity, the curie (English) and the bec-
querel (SI), represent a given number of disintegrations per second (see Glossary).
Because the curie expresses relatively large quantities, the more common unit is the
picocurie, or 10"12 curies. The concentration is generally expressed in picocuries

per cubic meter (pCi/m3). The corresponding SI unit is the Bq/m3.
FACTORS THAT INFLUENCE INDOOR AIR QUALITY

The quality of indoor air is affected by interactions among the outdoor air, build-
ing design and construction, indoor activities, and building occupants. Each of
these factors, in turn, varies from time to time, location to location, and indivi-
dual to 1individual. Often the extent of the variability of inherent properties of
buildings, people, and items 1is not known. Furthermore, in many cases the impact of
the environment on these properties is not precisely known. Figure 3-1 shows how
these different factors influence indoor air quality, using combustion appliances as

an example.

Variation in Time

The concentration of a pollutant changes because both the source emission rate and
the removal rate vary with time. Some sources emit contaminants continuously, oth-
ers sporadically. Radon gas emissions from the soll may be continuous but vary con-
siderably, depending on the moisture content of the soil, temperature, barometric
pressure, and wind speed. Sporadically operated appliances, such as gas stoves,
generate pollutants over discrete intervals of time; these rates also vary depending
on burner tuning, flame temperature, and the type of pot on the burner. Some
sources, such as particleboard, which contains urea-formaldehyde glues, can have
high initial emission rates of formaldehyde that decrease over time, but ‘also vary

with changes in temperature and humidity.

The removal of contaminants can also be sporadic or continuous. The operation of an
exhaust fan 1in a kitchen range hood is an example of the former; the attachment of

particles to the walls and furnishings of a room is an example of the latter.
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Variation in Space

The concentration of a pollutant, depending on its type, source, and the mixing con-
ditions 1in the enclosed space, can vary significantly even within a small area. In
a study of 135 homes having gas stoves, measured values for nitrogen dioxide were
twice as high in kitchens as in bedrooms.1 Radon concentrations in a single house

can vary by a factor of ten over a few days.2

Air contaminants are distributed by
both diffusion and forced convection. Diffusion is the spontaneous scattering of
particles and molecules caused by their natural small-scale (Brownian) motion, with
movement from regions of high concentrations Uto regions of low concentrations.
Forced convection is the transport of particles and molecules by- bulk movement of
air. Convection will tend to dominate pollutant movement becaﬁse it involves large
volumes of air throughout the space. This would be the case with_a forced-air heat-

ing system, although such systems are rarely operated on a continuous cycle.

SOURCES OF INDOOR POLLUTANTS

The sources of indoor pollutants are diverse. They may be outside or inside the
building, or they may be an integral part of the building. They may be controllable
or uncontrollable.. They may be quife obvious or go undetected. Their emission rate
may be constant or variable. Table 3-1 lists the major sources of indoor air pollu-~

tion (both indoor and outdoor) and some of the important poiiutants they emit.

OQutdoor Sources

The environment surroﬁnding a residence is often a source of air contaminants, which
are produced by natural events, industrial processes, and automobile exhaust. Urban
areas have large coﬂcéntrations‘of these contaminants. In rural areas, suspended
organic material and contaminants resulting from crop spraying may also enter from
outside. Certainly, one's proximity to major pollution sources influences exposure

to pollutants, both indoors and outdoors.

Although outdoor-generated pollutants will penetrate a building's envelope to vary-
ing degrees, measurements have shown that the building's envelope generally acts as
a screen to outdoor pollutants, particularly to sulfur dioxide (SOZ) and ozone (03).
A study that compared indoor and outdoor concentrations of selected pollutants at
ten residences showed that 802 and 03 concentrations were consistently higher out-
| doors than indoors. On the other hand, 002 and non-methane hydrocarbons levels were

3

consistently higher indoors,~ as were concentrations of total suspended particles,

which were much higher in residences where occupants smoked.
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Table 3-1

SOURCES AND TYPES OF INDOOR AIR POLLUTANTS

Sources

OUTDOOR
Ambient Air

Motor Vehicles

INDOOR
Building Construction Materials

Concrete, stone
Particleboard, Plywood
Insulation ‘
Fire Retardant
Adhesives
Paint

Building Contents
Heating and cooking
combustion appliances
Furnishings
Water service; natural gas

Human Occupants
Metabolic activity

Human Activities
Tobacco smoke

Aerosol spray devices

Cleaning and cooking products
Hobbies and crafts

3-5

Pollutant

507, NO, NOg, O3 Hydrocarbonms,
CO, Particulates '

CO, Pb, Hydrocarbons, Particulates,
NO, NO,, SO9

Radon

Formaldehyde
Formaldehyde, Fiberglass
Asbestos

Organics

Mercury, Organics

CO, CO,, NO, NO,, Formaldehyde,
Particulates, B(a)p

Organics

Radon

Ho0, CO2, NH3, Odors

CO, NOj, Organics,
Particulates, Odors
Fluorocarbons, Vinyl Chloride,
Particulates
Organics, NH3, Odors, Particulates
Organics, Particulates



Indoor Sources

Several features of a building present potential sources of contaminants, including
the envelope design{ the arrangement and furnishing of interior rooms, and the
environmental control systems (heating and air conditioning).u Figure 3-2 shows a
few of the potential sources of indoor pollutants.

Spray Cleaners

Drapes -

Carpets
1=

___/Paneling

::::::::=,
1]

————

Figure 3-2. Sources of pollutants

Common building 'materials such as plywood and particleboard are made with
formaldehydgAcontaining- resins. Both particleboard and plywood are commonly used
for subflooring, and plywobd is a standard sheathing material. Urea-formaldehyde
foam insulation, if improperly installed, will outgas formaldehyde. Plastics, which
may be used in place of windows, degrade slowly and outgas organic and inorganic
vapors. Solvents from paints evaporate and contaminate the indoor air. Certain

soils under houses emit radon, as to a lesser extent do concrete and masonry.

The heating and air-conditioning systems also affect air quality. Forced-air sys-
tems aid in pollutant transport by distributing pollutants throughout the house.
Combustion of wood, coal, gas, or o0il for heating may contaminate the air indoors as
well as outdoors. Fireplaces and unvented kerosene space heaters produce carbon
monoxide and nitrogen oxides, as well as suspended particles. Unvented gas space
‘heaters emit combustion products directly into the rooms in which they are used.
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Ordinarily, gas furnaces produce little or no indoor pollution because the exhaust
is vented directly outdoors. Potential problems occur when there is a cracked heat
exchanger or blocked flue, and poilutants enter the living space. Sometimes, exhaust
fans in different parts of the house, or even a fireplace, can produce a negative
pressure on the inside of the house, that can draw the combustion pollutants back
inside.

Any feature that affects infiltration will also affect the quality of the air
indoors. Continuous vapor barriers, use of special sealants, the quality of doors,
windows, and weatherstripping, and the general quality of' constrﬁction will all
determine to some extent the removal of pollutants by air exchange._ In addition,
the orientation of the building to the wind and the degree of shielding'brovided by
trees, hedges, and other buildings all modify the infiltration rate.

Occupant Activities

Occupant activities that affect indoor air quality include not only the type and
intensity of activities, but the location and frequency of these activities. Smok-
ing, cleaning, and cooking generate gaseous and particulate contaminants 1ndoor-s.5
Some chemicals used for cleaning, pest control, and various hobbies evaporate into
the indoor air. Occupants also determine the extent to which environmental and
other control systems are used, and their patterns of opening doors, windows, and
vents as well as running exhaust fans and using fireplaces all change the quality of

the air indoors.
CONCLUSION

Because of their diversity and the number of variables affecting their source
strength and distribution, indoors, known contaminants of indoor air are difficult
to characterize. The situation is confounded by the presence of multiple sources
and removal mechanisms acting at the same time. For example, the variation by a
factor of one thousand that has been observed in studies of indoor radon concentra-
tions cannot be fully accounted for by variations in air exchange, which span only a
factor of ten. The extent to which a given characteristic influences air quality is
not easily determined, and cannot be predicted with confidence. At present, each
residence must be assessed individually to determine whether existing removal
mechanisms are sufficient to maintain acceptable air quality in spite of any pollu-~
tant sources that may be present, or whether specific remedial actions need to be

taken.
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Section U4
INDOOR AIR POLLUTANTS

IN THIS SECTION: Key indoor pollutants identified and characterized; sources;

concentrations; results of field studies.

BASIC ISSUES

The pollutants of most concern in residential buildings are radon, formaldehyde, and
certain combustion products (nitrogen dioxide, carbon monoxide, carbon dioxide, and
respirable particles). Even though their health effects in many cases are only now
being systematically documented, these pollutants have been singled out by the World
Health Organization, National Academy of Sciences, and other research communities
because they are suspected of being common in homes, and because high indoor concen-
trations héve been measured. The reader should not infer any priority to the order
in which the pollutants are described here, for to attach priorities would require
an understanding of relative health effects (and synergistic effects) that we do not
have. The health effects associated with these pollutants are discussed in Section
5. Here, we present the key facts about each of the pollutants or pollutant
category named above, describing their sources and behavior as well as results of

field studies.
RADON

Radon, a radioactive, chemically inert gas, is an intermediate product in the decay
chain of radium, which is part of the uranium-238 decay chain anﬁ can be found in
small concentrations in common rock and soil. The most abundant radon isotope,
radon-222, has a relatively long half-life of 3.8 days; it decays into polonium-218
(Figure 4-1), which also decays radiocactively (these decay products of radon are
known as radon daughters).

Succeeding members of the decay sequence (except lead-210) have much shorter half-
lives (higher radiocactivities) and are physically and chemically active. They usu-
ally attach themselves to fine particles in the air, and may be retained in the

respiratory system.
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Figure 4-1, Radon decay chain

Radon can enter a building in the following ways (Figure 4-2): by transport from
soil around the foundation through cracks and openings in the structure; through
emanation from earth-derived building materials such as concrete; and via spring or
well water.

The presence and concentration of radon in a residence depends on several factors:
the geographical location of the building, the materials used to construct it, its
foundation type, the presence of pathways for air transport from soil to basement,
the water supply source, and the ventilation rate of the house. In those cases where
there was reason to be concerned about radon levels, studies indicate that the soil
under a house is probably the principal contributor to indoor radon concentration.1
Measurements taken in living spaces of homes throughout the United States show that
concentrations of radon vary over nearly three orders of magnitude (0.1-50 picoc-
uries/liter');2 (see figube 4-3). Typical values averaged over the year are in the
range of 0.5 to U4 pCi/l. There are specific areas of the country where construction
materials have been made out of uranium mill tailings or phosphate mining slag, both
high in radium content. For example, phosphate slag has been used in the manufac-
ture of insulation, and this insulation has been used in residences in the state of
Washington. Additionally, phosphate slag was widely used from 1962-1977 as aggre-
gate for the concrete foundation of homes built in southeastern Idaho.3
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Figure 4-2. Primary pathways for radon entry into buildings

Other factors that have-been'found-io be important in influencing the concentration
of radon and its daughters in residences are the type of'basément or foundation and
whether groundwater is used for the domestic water supply (in which case radon con-
centrations may be relatively high). Houses having vented crawl spaces may have
lower concentrations than those with unvented basements or built as slab-on-grade.
Some evidence suggests that the mechanisms driving infiltration also drive radon
entry. In this case, radon concentrations would appear to be largely 1ndepehdent of

infiltration rate for any given house.
FORMALDEHYDE AND OTHER ALDEﬁYDES

Formaldehydev(HCHO), the simplest of the group of compounds classifiéd as aldehydes,
is a pungent, éolorless gas the odor of which can be detected in quantities less
than 0.1 mg/m3 (81 parts per billion, ppb). Primarily an indoor-generated pollu-
tant, its sources are building and insulating materials, furniture, and numerous
consumer products. Formaldehyde is used in a wide variety of building materials,

mainly in the urea, phenolic, melamine, and acetal resins present in insulation
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Figure 4-3. Frequency distribution for radon source magnitude for 98 houses

materials, particleboard, plywood, textiles, adhesives, and so forth.

Although building materials such as particleboard can emit formaldehyde continuously
for a period of years, its emission rate is known to decrease with time. The half-
life of the formaldehyde contained in particleboard has been measured, and found to
vary considerably, depending on the specific manufacturing process. It is also
known that an increase in humiditx can increase formaldehyde's emission rate.

Insulation

Urea-formaldehyde (UF) foam has been used extensively in the past, both here and in
European countries, as thermal insulation in the walls of existing residential
buildings. It is injected into wall cavities through holes that are then sealed.
Installation involves mixing partially polymerized UF resin with a foaming agent and
an acid catalyst under pressure to force air into the mixture and thus create a
foam. Some residual formaldehyde may enter the interior of the building and, under

some circumstances, considerable amounts can be released.

Building Materials
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The superior bonding properties and low cost of formaldehyde polymers have made them
commercially attractive for use in the resins used to form such building materials
as plywood and particleboard. In fact, urea-formaldehyde resin is the most common
adhesive used in interior-grade plywood and particleboard. Interior-grade plywood,
for example, is composed of several thin sheets of wood glued together with UF
resin. Particleboard, on the other hand, is made by saturating small wood shavings
with UF resin and pressing the resulting mixture into the final form. In buildings
in which these wood products are used for subfloors, cebinets, partition walls, or
furniture, formaldehyde can reach concentrations sufficient to cause irritation of

the eyes and upper respiratory tract.

Combustion Processes

Formaldehyde is also produced during simple combustion processes associated with gas
cooking and heating. Studies conducted in special environmental chambers have indi-
cated that a poorly adjusted combustion appliance can contribute significant quanti-

ties of formaldehyde to the indoor environment.u

Field Measurements of Formaldehyde

Since 1978 a substantial number of residential buildings in the United States and in
other countries have Béen monitored for formaldehyde and total aldehyde concentra-
tions (Figure 4-14).

In a survey of mobile homes whose occupants complained about indoor air quality,
concentrations as high as 2880 pg/m3 (2.4 ppm) of formaldehyde were f‘ound.5 Other
surveys described a tightly built (0.2 ach average) energy-efficient house in Mary-
land where indoor formaldehyde concentrations exceeded 120'pg/m3..6 Studies under-
taken in an energy-efficient house (0.4 ach average) located in California indicated
that the presence and type of furniture can play a major role in influencing the
ambient levels of formaldehyde 1ndoors.7 The average HCHO concentration in the
house, unoccupied and unfurnished, was 80 pg/m3 (65 ppb), which increased to 223
ng/m3 (181 ppd) when furniture was added. Formaldehyde levels were also measured in
four energy-efficient houses (0.2 ach average at time of measurements) in Eugene,
Oregon.8 With outdoor levels less ﬁhan_3 ppb, weekly average indoor levels were 50,

55, 94, and 100 ppb, respectively, for the four houses.

. .
A limit of 120 pg/m3 has been recommended by the Ministry of Health in
The Netherlands and has been proposed in other nations.
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Figure 4-4. Residential formaldehyde concentrations

Interesting comparative data came from twelve houses in Midway, Washington, that
were monitored for formaldehyde levels before and after weatherization.9 In general,
formaldehyde levels were low, probably because these houses, being more than thirty
years old, contained building materials that were o0ld, and, as they were all-
electric, had no combustion appliances. When new furniture was placed in one of
these houses, however, an average HCHO level of 79 ppb was reported. When the fur-
niture was moved to another house, the formaldehyde level there jumped from <5 ppb
to 79 ppb, while in the original house it dropped to 13 ppb. (The outdoor HCHO con-
centrations were all below the detection limit of 5 ppb.)

COMBUSTION PRODUCTS

A wide range of combustion products can be emitted by indoor combustion appliances
and cigarette smoke: carbon monoxide (CO), carbon dioxide (COZ)’ water vapor (H,0),
nitric oxide (NO), nitrogen dioxide (NOZ), sulfur dioxide (S0,), and formaldehyde
(HCHO), as well as respirable particles. Common appliances found in residential
buildings are gas-fired stoves, indoor gas-~fired water heaters, unvented gas-fired
space heaters, gas-fired furnaces, and portable kerosene-fired space heaters. Wood-

burning stoves and fireplaces and coal- or wood-burning furnaces can also contribute

4-6



hydrocarbons and polycyclic organic matter (POM) in addition to the aforementioned
pollutants. The combustion byproducts emitted by an automobile allowed to idle in an
attached garage can gain entry to the living space of the house.

Gas Stoves

There have been many field studies monitoring the concentrations of various pollu-
tants in residential buildings having gas stoves. In almost all cases, indoor lev-
els of CO, NO

levels comparable to existing outdoor air quality standards for N02 and CO have been

29 and NO have exceeded outdoor levels. In a number of cases, indoor

reported. For example, NO2 and CO concentrations in a kitchen of a suburban house in
Connecticut during the winter averaged approximately 0.05 and 3.5 ppm, respec-
tively.1°

energy-efficient research house in California, CO and N02 were measured in several

In a series of indoor air quality measurements taken at an unoccupied

rooms during a period when the measured infiltration rate varied between 0.33 and
1
0.44 ach.

ciation study, peak one-hour average NO2 levels in the kitchen and living room were

Based on "typical" gas stove operation taken from an American Gas Asso-

450 and 400 ppb, respectively, which exceeds the California one-hour outdoor stan-
dard of 250 ppb (470 pg/m3). The outdoor level of NO2 was 70 ppb. The one-hour out-
door standard of 35 ppm for CO was not exceeded anywhere in the house, although the
indoor CO concentration (a peak of 25 ppm in the kitchen) was much higher than out-

doors.

Unvented Space Heaters

Several studies have been performed to assess the level of air contamination from
unvented gas-fired and kerosene-fired space heaters. Experiments on a portable,

3 chamber showed that at a

convective-type kerosene space heater operated in a 27-m
ventilation rate of 1.9 ach, CO and particle concentrations were low but 002 and NOx
concentrations were high.12 After U5 minutes of operation, 002 concentrations
reached 5000 ppm, the eight-hour occupational standard established by the U.S. Occu-
pational Safety and Health Administration (0SHA), and N02 concentration was greater
than 1 ppm over background, or four times the California peak one-hour outdoor stan-

dard.

Additional experiments with portable convective- and radiative-type kerosene
heaters, also conducted in the 27-m3 chamber, found that CO2 levels can reach 10,000
ppm when operating for one hour at a fuel consumption rate of approximately 8,000
Btu/hr and an air exchange rate of 0.40 ach. Under these conditions, NO2 levels
exceeded the California one-hour standard of 0.25 ppm--by a factor of seven for the

convective heater and by a factor of two for the radiant mode1.13
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Emissions from unvented gas-fired space heaters are highly dependent on the size of
the heater, its design, and how the fuel-to-air mixture of the appliance is tuned.
Eight heaters, ranging in size from 12,000 to 40,000 Btu/hr, were tested in the 27-
3 chamber, and their NO, and HCHO emission rates were found to be lower than those
associated with gas-fired stoves. CO and HCHO emission rates were found to be much

more variable than other pollutants and, for some heaters, very sensitive to the

state of tuning.1u

Wood-Burning Stoves, Wood-Burning Furnaces, and Fireplaces

Several studies have shown that wood burning i1s a significant source of CO, Nox,
hydrocarbons, and respirable particles, including the carcinogenic polycyclic
organic matter (POM) compounds. Laboratory and field measurements show that pollu-
tant emission rates from wood combustion can vary over a wide range. For example, co
emissions can vary from 4 to 400 grams per kilogram (g/kg) of wood burned; particu-
late emissions from 0.5 to 63.5 g/kg; total hydrocarbons from 0.2 to 48.5 g/kg; NOx

from 0.2 to 7.3 g/kg; and POM from 0.004 to 0.37 g/kg.'?

Field studies in three suburban residences in the Boston area indicate that wood
bdrning produces elevated 1levels of total suspended particles (TSP), respirable
suspended particles (RSP), and benzo-a-pyrene (a carcinogen).16 In an all-electric
house with a closed combustion wood-burning stove in the basement and an average
ventilation rate of 0.68 ach, over a two-week period TSP in the living spaces aver=-
aged 1.8 times the outdoor level on wood-burning days and exceeded the secondary
24-hr outdoor standard of 150 pg/m3 for TSP. RSP in the house averaged 1.4 times
the outdoor level on wood-burning days. Two other residences that had wood-burning
fireplaces exhibited much higher indoor/outdoor ratios for TSP and RSP during wood-
burning days. Benzo-a-pyrene concentrations were measured in two houses and were
found to be five and ten times the outdoor levels, respectively. Carbon monoxide,
measured in one house only, was found to be at a higher concentration than outdoor
levels during use of the wood stove, and, on one of the test days, reached a maximum
of 5.5 ppm. It is important to note that even higher contaminant levels would cer-
tainly have been found if sampling occurred in the room where the wbod stove was

located.

Another study of three houses with wood-burning stoves and furnaces showed elevated
levels of co, Nox’ and SO, during the period when these appliances were operated,
although the pollutant levels observed were generally below occupational and outdoor
air quality standards.17 (Particles were not measured in this study.) During the
test period, the average infiltration rates in these three houses--labéled House A,
House B, and House C--were 0.30, 0.08, and 0.40 ach, respectively. Comparisons of
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indoor pollution levels from wood=burning furnaces in houses A and C show that the

magnitude of pollutant emissions from appliances vary, for reasons not identified.
The major component of gaseous emissions also varies: the dominant poilutant from
the wood-burning stove in House B was NO; from the wood-burning furnace in House A,
CO0; and from the wood-burning furnace in House C, NOZ' At this time, data on wood-

burning appliances are very limited.

Tobacco Smoke

One of every three persons between the ages of 17 and 64 smokes cigarettes regu-
larly. Surveys in eight cities show that from 54 to 76% of homes have one or more
smokers.18’19 In addition, smokers and nonsmokers are often exposed to smoke at
their workpiaces and during social activities{ Exposure to other people's tobacco

smoke is now referred to as passive smoking. Closely connected to "active" and "pas-

sive™ smoking are the terms "mainstream" and "sidestream™ smoke. Mainstream smoke
is the smoke drawn through the tobacco during inhalation, resulting in higher tem-
peratures, more complete combustion, and a greater degree of absorption by the
tobacco and, if present, the filter. Mainstream smoke accounts for approximately 4g
of the total smoke produced. Sidestream smoke, defined as smoke arising from the
smoldering tobacco, accounts for the majority (96%) of gases and particles produced.
The composition of mainstream smoke exhaled by a smoker varies considerably depend-
ing on smoking behavior, burning temperature, and type of filter. Because of the
length of the burn and the burn temperature, sidestream smoke is a more important
source of local air contamination for many substances such as CO, nicotine, ammonia,
and aldehydes, than mainstream smoke. The passive smoker, of course, does not
receive nearly as large a dose of smoke as does the smoker.

A number of indoor air pollutants arise from tobacco smoke; some of the more impor-
tant ones are particles, CO, benzo-a-pyrene, nicotine, nitrosamines, acrolein, and
other aldehydes. Spengler and coworkers measured levels of respirable suspended par-
20 RSP 1levels

were essentially the same (723 pg/m3) indoors and outdoors in the homes without

ticles (RSP) in 80 homes, with and without smokers, across six cities.

smokers. The mean RSP concentrations indoors for homes with one and two smokers were
43 and 75 pg/m3, respectively; however, 24-hr average indoor RSP concentrations fre-

quently exceeded 200 pg/m3 in homes with cigarette smokers.. These data, collected

'The short-term (24-hour)_EPA outdoor standard for total suspended par-
ticles (TSP) is 260 pg/m3. However, this standard may be inappropriate
for particles emitted from cigarettes, as the size distribution and
chemical composition are quite different from those of particles found
in outdoor air.
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over a three-year period, illustrate the significant contribution of cigarette smoke

to indoor particulate concentrations.

Repace and Lowrey also measured of RSP in different types of buildings, again with

21

and without the presence of smokers. The average RSP concentration in three

residences was 24 pg/m3. One measurement, performed during a cocktail party in a
house where two of the fourteen occupants were smoking, showed indoor RSP levels of
350 pg/m3. RSP concentrations measured in nonresidential buildings (restaurants,
meeting halls, sports arenas, etc.) with smokers present ranged from 55 to T00

pg/m3.

Sidestream smoke was shown to be an important source of RSP in a study by Spengler
22
et al.

sampling days. The mean RSP concentration of samples where participants were exposed

Portable monitors were carried by several persons for 12-hour periods on 15

to sidestream smoke was 40 pg/m3 compared to 22 pg/m3 for the nonsmoking, nonexposed

participants. The outdoor concentrations averaged less than 15 pg/m3.

Finally, carbon monoxide levels measured in rooms where cigarettes were being smoked
ranged from 12 ppm to 90 ppm (the EPA outdoor standard for eight-hour exposure is 9
ppm). Sebben et al. found CO concentrations greater than 9 ppm in restaurants and
night clubs but, in most cases, the CO concentration remained below 35 ppm (the

one-hour outdoor standard).23

OTHER POLLUTANTS

There are many other indoor air pollutant sources that have not been specifically
mentioned. Among these are insulating materials'containing asbestos; household pro-
ducts such as paints, aerosols, and cleaning fluids that contain numerous organic
compounds; cooking products such as greases, water vapor, and odorants; and people
and their pets, both of which can be regarded as sources of bacteria, viruses,
fungi, odorants, and water vapor. Research in indoor air pollution is continuing,
and our knowledge of this subject is far from complete. As more studies are under-
taken, more pollutants and sources are likely to be found. Some will be easily
identified and can be remedied through standard control techniques. Others, more
elusive or more persistent--such as asbestos--will inevitably require development of

special control techniques.
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Section 5
HEALTH EFFECTS AND STANDARDS

IN THIS SECTION: What is known about health effects for selected pollutants; who
devises air quality standards--ASHRAE, OSHA, EPA, state, foreign, and other

guidelines; results of epidemiologic studies.

BASIC ISSUES

Health effects serve as the reference point for all concern about indoor air qual-
ity. Short-term exposure to certain indoor pollutants is known to cause serious
physical harm, even death; however, the health effects of long-term exposures to
low-level concentrations of indoor pollutants are not known. Although studies are
underway to examine these questions, there are numerous difficulties in interpreting
the results. A chief difficulty is finding study and control populations that are
exposed to a given pollutant (e.g., N02) but not exposed to other pollutants that
may produce similar effects. Both the ambiguity about health effects and the lack
of clear mandates from federal agencies contribute to the lack of indoor air quality
standards in the United States.

The most comprehensive standard to date, ASHRAE Standard 62-1981, "Ventilation for
Acceptable Air Quality," is a compllation of foreign indoor air quality standards
and guidelines, U.S. outdoor air quality standards, and other standards or guide-
lines developed for specific pollutants. Because such standards were sometimes
developed for purposes other than regulating indoor air quality, and are based on
assumptions that are not necessarily met in residential environments, they cannot be
automatically extended to indoor residences, nor should they be considered absolute
indicators of health hazards associated with contaminants. Because these guidelines
and standards are the only official guidance we have, however, they are often
referred to in studies of indoor air quality and, as such, will be discussed here.



In this country, acceptable levels of pollutants in outdoor air are set by the U.S.
Environmental Protection Agency (EPA) under the Clean Air Act. The EPA mandate was
to provide primary (protecting public health) and secondary (protecting public wel-
fare) ambient (outdoor) air quality standards that protect the population "with an
adequate margin of sat‘ety".1 Presented in Table 5-1, these standards apply to sulfur

oxides, particulate matter, carbon monoxide, ozone, nitrogen dioxide, and lead.

For industrial environments, toxic and hazardous substances have been regulated by
the U.S. Occupational Safety and Health Administration (OSHA). 1In general, the
practice has not been to eliminate all effects, such as unpleasant smells or mild
irritation, but to limit exposure of workers to substances deemed harmful to health.
Regulations are based on accumulated experience with worker health and on results of
animal experiments, and refer to exposure to the injurious substance. The term
"exposure", in the context of health effects, denotes the concentration of the sub-
stance as well as the duration of exposure to it. Because concentration commonly
varies with time, exposure is expressed as a time-weighted average (TWA) concentra-

tion. Most OSHA regulations are given in TWA concentrations.

Industrial exposure to noxious substances is regulated on the assumption of a Ui0-
hour work week of 8- or 10-hour days. Taking into account that public exposure to
contaminants is not limited to 40 hours per week, ASHRAE 62-1981 recommends reducing
the TWA by 1/5 for the general public, and then reducing it 1/2 further for safety
(a total reduction of 1/10) bn the assumption that the general population 1is more
susceptible to toxins than is the typically adult population'that works in industry.
OSHA standards are given in Table 5-2.

HEALTH EFFECTS
Radon

Much of our knowledge about the human health effects of radon and its daughters is
based on experience with underground uranium miners. These miners are generally
exposed to radiation at concentrations much higher (100 times) than would ordinarily
be experienced by occupants of residential buildings. The main health hazard from
radon and its daughters is an increased risk of lung cancer because of the radiation
dose to the 1lung tissue. Because the first four radon daughters have short half-
lives (30 minutes or less), their inhalation and deposition in the lungs can expose
the surrounding tissue to alpha particles before the body's lung-clearance mechan-
isms can remove them. Miners, exposed daily for many hours, do, in fact, develop
lung cancer at a much higher rate than the general population. Individual health

risk from radon daughters in residential buildings depends on the person's time-
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Contaminant

NATIONAL PRIMARY AMBIENT AIR QUALITY STANDARDS
AS SET BY THE U. S. ENVIRONMENTAL PROTECTION AGENCY

Table 5-1

Sulfur Oxides
measured as SOjp

Particulate matter

Carbon monoxide

Ozone
Nitrogen dioxide

Lead

Notes:

Long Term Short Term
Averaging Averaging
Level Time Level Time Reference

80 ng/m3 (30‘ppb) 1 year 365 pg/m32 (140 ppb) 24 h 40 CFR 50.4
75 ug/m3b 1 year 260 yg/m32a 24 h 40 CFR 50.6
10 mg/m32 (9 ppm) 8 h 40 CFR 50.8
40 mg/m32 (35 ppm) 1h 40 DFR 50.8

235 ug/m3¢ (120 ppb) 1h 40 CFR 50.9

100 pg/m3 (50 ppb) . 1 year 40 CFR 50.11

3 months®

8This level may be exceeded only once per year.

bgeometric mean.

40 CFR 50.12

CThe standard is attained when the expected number of days per calendar year with maximum hourly average concen-

trations above 0.12 ppm (235 ug/m3)

CFR 50.

The three-month period is a calendar quarter.

is equal to or less than 1, as determined by Appendix H to subchapter C, 40
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Table 5-2

OCCUPATIONAL SAFETY AND HEALTH STANDARDS AS SET BY THE
U. S. OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION

Level

Contaminant (ppm) (mg/m3l
Carbon dioxide - 5000 9000
Carbon monoxide 50 : 55
Formaldehyde 3 3.6
Nitric oxide 25 30
Nitrogen dioxide 5 9
Ozone 0.1 0.2
Sulfur dioxide 5 .13
Inert or nuisance 5

dust, respirable

fraction
Asbestos Less than two

fibers longer

than 51 per cm3

Averaging Time

Reference

8 h time-weighted average 29
8 h time-weighted average 29
8 h time-weighted average 29
8 h time-weighted average 29
.Ceiling value 29
8 h time-weighted average 29
8 h time-weighted average 29

8 h time-weighted average 29

8 h time-weighted average 29

CFR

CFR

CFR

CFR

CFR

CFR

CFR

CFR

CFR

1910.1000
1910.1000
1910.1000
1910.1000
1910.1000
1910.1000
1910.1000

1910.1000

1910.1001



integrated exposure to radon daughters.

Radon daughter concentrations are expressed in terms of total alpha energy emitted
by the decay of the short-lived daughters. This potential alpha energy concentration
(PAEC) is expressed in units of working levels (WL). (One working level has a value
of 1.3 x 105 MeV/1l, the potential alpha energy per unit volume that would be associ-
ated with air containing approximately 100 pCi/l of each of the shortlived
daughters.) Radon daughter concentrations vary from 0.001 to 0.1 WL or more in U.S.
homes. Because the incidence of radiation-induced cancer is related to cumulative

exposure, the risk factor must be evaluated in terms of duration of exposure.

Again basing values on the exbosure of uranium miners, total exposure 1s expressed
in terms of the working level month (WLM), where exposure to 1 WL for 173 hours (the

number of hours in one work month) yields 1 WLM. The annual exposure associated '
with a constant radon concentration of 1 pCi/l is approximately 0.25 WLM. (This
result is based on using an equilibrium factor of 0.5, defined to be the ratio of
the PAEC of actual daughters to the PAEC were each daughter to have the same
activity concentration as that of the radon. Ventilation and plate-out of daughters
to walls and other surfaces reduce the ratio of daughters to parents to a value less

than one.)

The WLM is not a direct indication of dose, however. For one reason, the degree to
which daughters are retained in the lungs depends on particle size. For another,
breathing rates are lower for the general public than for workers. Considering
breathing rates alone, the public would have to be exposed to twice the number of
hours as in the normal working month of 173 hours to accumulate the same dose as a
uranium miner (assuming the same WL exposure).

The cumulative exposures (in WLM) at which human and animal cancers are initiated
are generally higher by an order of magnitude or more than those characteristic of
the general indoor environment. Thus, in order to predict the health effects of
decreased indoor ventilation and a corresponding Iincrease in exposure to radon
daughters, it is usually necessary to extrapolate beyond the range of exposures for
which effects are known. The generally accepted method of predicting cancer induc-
tion rates at low dose rates is to assume a linear no-threshold dose-response func-
tion. Using the 1linear hypothesis and data from studies of uranium miners in the
United States and Czechoslovakia, the number of lung cancers per unit of exposure

6/year/WLM.2 Thus our predictions of

to radon daughters ranges from 2.2 to 8 x 10~
lung cancers specifically due to increased radon daughter concentrations will have
an uncertainty factor of more than four, due merely to uncertainties in estimating

actual doses and risk rates in miners. Applying this information to the general
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Table 5-3

RADON STANDARDS

Average Annual
Working Level
(unless otherwise .
Country specified) Action Status Reference

9=G

INDOOR

United States

Sites contaminated 0.015 A cost-benefit analysis Interim and 1
by uranium processing is required when level proposed cleanup
is only slightly above standard for
maximum buildings con-
taminated by
uranium processing
sites
Phosphate land,
Florida
Existing housing <0,02 Reduce to as low as Recommendation by 2
reasonably achievable EPA to Governor of
Florida
>0.02 Action indicated
New housing Normal indoor
background
Canada
>0.01 Investigate Policy Statement 3
>0.02 Primary action criterion by Atomic Energy
>0.15 Prompt action Control Board
Sweden
Max, existing 200 Bq/m38
buildings Proposed Standard 4
Max, new buildings 70 Bq/m3a
OCCUPATIONAL
United States (miners)
Instantaneous maximum 1 WL Mine Safety and 5

Maximum cumulative dose

4 WiM/yearP

Health Administration
Standard
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1.

Notes:

3pssuming an equilibrium factor of 0.5, these values are 0.027 WL and 0.009 WL respectively.

bThe time period is a calendar year.
divided by 173.

level is 1/3 WL.

The dose for any month is defined as the cumulative dose in WL-h
Assuming 173 hours worked per month (i.e., 2076 hours per year) the average annual working
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population increases the uncertainty.

In a small number of cases, however, radon concentrations indoors have been observed
to be so high that individual exposure is comparable to the maximum exposure allowed
for a miner. In these situations, the uncertainty regarding health effects 1is

reduced because the linear no-threshold assumption is unnecessary.

Table 5-3 lists proposed and existing standards for radiation exposures from radon
and its daughters. ‘It should be noted that these standards ggnerally came into
being to deal with specific problems rather than explicitly to set overall guide-

lines.

Formaldehyde

Formaldehyde 1is a eolorless; water-soluble gas having a pungent odor that can be
detected by most people"at levels wéll below 1 ppm. Relating specific health
effects to specific concentrations_of formaldehyde is difficult because people vary
widely in their tolerances ahd Subjectivevreactions. Furthermore, irritation and/or
sensitization tolerance may develop after. several hours of exposure and modify an
individual's response. As. with‘ other toxins, the duration of the exposure is an
important factor in the severity of any associated health effects. - Health effects
from aéute exposure. and long-tebm>continuous exposure can be quite different, and

knowledge of one cannot be used to predict the other.

Exposure to formaldehyde at concentratiohs of 0.05 - 0.5 ppm can cause bérning of
the eyes .and irritation of ‘the upper respiﬁétory passages, depending on individual
sensitivity énd énvironmental conditions such as temperature and humidity. High
concentrations (>few ppm) often produce coughing, constriction in the chest, and
wheezing. Studies in rats and mice have_shown that concentrations of formaldehyde of

3

a few ppm for several‘months 1nducevnasopharyngea1 carcinoma.” Table 5-4 summarizes
the health effects of formaldehyde at various concentrations as reported by the

National Research Council's Cbmmittee on Aldehydes.u

Table 5-5 summarizes yariousArecomhended and promulgated indoor air quality stan-
dards for fbpmaldeﬁyae. There is.ho outdoor standard for formaldehyde in the United
States, but the Ameriéan Industrial HYgiéne Association recommends” a guideline of
0.1 ppm. In The Nétherlands, in 1978, the Ministry of Health recommended a maximum

3)’

permissible indoor concentration of 0.1 ppm (120 ug/m and Denmark, Sweden, and

West Germanyvhave considered similar values for their own standards.
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Table 5-4

REPORTED HEALTH EFFECTS OF FORMALDEHYDE AT VARIOUS CONCENTRATIONS

Formaldehyde
Concentration,
Effects (ppm)

None reported 0.0
Neurophysiologic effects 0.0
Odor threshold 0.0
Eye irritation 0.0
Upper airway irritation 0.1
Lower airway and pulmonary effects 5.0
Pulmonary edema, inflammation, pneumonia 50.0
Death : 100+

Source: National Research Council.

8The low concentration (0.01 ppm) was observed in the presence of
other pollutants that may have been acting synergistically.
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Table 5-5

FORMALDEHYDE STANDARDS

Level
(0.1 ppm ¥ 120 yg/m3) Status Reference
AMBIENT AIR
United States 0.01 ppm max Recommended by AIHA 1
INDOOR AIR
United States
California 0.05 ppm Proposed 2
Minnesota 0.5 ppm 3
Wisconsin 0.4 ppm 4
Denmark 0.12 ppm max Recommended 5
Netherlands 0.1 ppm max Recommended by Ministers of 6
. Housing and Health
Sweden 0.1 ppm max, new buildings Proposed by the National 7
0.4 ppm min, old buildings?@ Board of Health and
0.7 ppm max, old buildings?® Welfare
Federal Republic Recommended by the Ministry 8
of Germany 0.1 ppm max of Health
OCCUPATIONAL AIR
United States 3 ppm, B8-h time-weighted average Promulgated by OSHA 9
5 ppm, ceiling Promulgated by OSHA -9
2 ppm, threshold limit value Recommended by ACGIH 10
1 ppm, 30-min max Recommended by NIOSH 11

80,4 to 0.7 ppm is a border area. Levels higher than 0.7 ppm do not meet the standard. Levels lower
than 0.4 ppm meet the standard. Levels within the border area do not meet the standard if the dwellers
complain. In recently built houses, 0.7 ppm should be acceptable during the first six months.
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Combustion Products

Carbon Monoxide. Carbon monoxide is produced at the greatest rate when combustion

is incomplete. For example, a poorly-tuned gas stove can give off CO at thirty or
more times the rate of its well-tuned counterpart. Carbon monoxide enters the body
through the respiratory system and reacts primarily with the hemoglobin of the cir-
culating blood. Because the affinity of hemoglobin for CO is more than 200 times
that of oxygen, the absorption of CO reduces the oxygen-carrying capacity of blood.
Experimental exposure of nonsmokers to 50 ppm for 90 minutes revealed that their
discrimination of time intervals was 1mpaired.5
carboxyhemoglobin (COHb) 1level in the blood of about 2.5%, corresponding to that

associated with continuous exposure to 10-15 ppm for eight or more hours. EPA and

This exposure is likely to produce a

OSHA standards for CO are given in Tables 5-1 and 5-2, respectively.

Carbon Dioxide. The present federal limit for carbon dioxide exposure in the work-

place is 5000 ppm of air, by volume, for a time-weighted eight-hour dally average.
Much of the research on physiological effects of CO2 exposure has been done to

establish safe limits for submarine crews and astronauts.

The National Aeronautics and Space Administration limit for a six-month exposure in
spacecraft is 10,000 ppm. The Bioastronautics Data Book states that "for prolonged
exposures of 40 days, concentrations of 002 in air less than 5000 ppm cause no known
biochemical or other effect. Concentrations between 5,000 and 30,000 ppm cause
adaptive biochemical changes which may be considered a mild physiological strain;
and concentrations above 30,000 ppm cause pathological changes in basic physiologi-
cal functions."6
Schafer, in his review of submarine research, states that "at a 15,000 ppm exposure,
performance and physiologic functioning were not adversely affected, although acid-
base and electrolyte adaptation occurred as a result of continuous exposure. At lev-
els above 30,000 ppm ' CO,, deterioration in performance may be expected, as may
alterations in basic physiologic functions, such as blood pressure, pulse rate, and
metabolism."7

Some Russian laboratories report respiratory effects resulting from 002 levels as
low as 1,000 ppm; in specific cases, the amplitude of the respiratory movement was

reportedly reduced and peripheral blood flow increased at this low concentration.8



Nitrogen Oxides. Nitric oxide (NO) and nitrogen dioxide (NOZ) are both formed as
products of combustion. Of the two, nitrogen dioxide is the more reactive, and
poses the greater health hazard. Exposure to concentrations of 5 ppm can cause
respiratory distress; concentrations of about 50 ppm can cause chronic lung disease;
and exposures greater than 150 ppm can cause death. In controlled 1laboratory stu-
dies, concentrations in the range of 0.10 to 0.50 ppm were associated with respira-
tory distress in individuals having chronic respiratory ailments. The National
Ambient Air Quality Standard (NAAQS) for outdoor exposure to NO, is 0.05 ppm.

Epidemiological studies in large groups of persons exposed to long-term, 1low-level
concentrations of nitrogen dioxide in their homes are inconclusive. Two studies,
both of primary school children in England, suggest a relationship between respira-
9510 on the other hand,

according to a similar study by Keller et al., neither an increase in respiratory

tory illness and the N02 exposure from gas-stove cooking.

disease nor a decrease in pulmonary function was associated with the use of gas for
cooking.11 Another ongoing study seems to indicate that children raised in homes
with gas stoves have a greater history of respiratory illness before age 2 than do

children raised in homes with electric stoves.12

Particulate Matter

Individuals inhale a wide variety of particulate matter into their respiratory sys-
tems. Where particles are deposited and how long they are retained depends on their
size, chemical composition, and density. Particles larger than 15 microns in diame-
ter are filtered out by the nose and dislodged within several days. Smaller parti-
cles settle on the tissues of the upper respiratory tract, with the smallest parti-
cles (under 2.5 microns) penetrating the alveoli, the small air sacs in the lungs.
Particles deposited in the lungs can remain there for months, and can cause adverse

health effects for long periods of time.

Particulate matter may exert a toxic effect because: (1) it is intrinsically toxic
due to its chemical or physical characteristics (e.g., lead and asbestos) or (2) it
acts as a carrier of an adsorbed toxic substance (e.g., radon daughters can be

attached to particles emitted in cigarette smoke).

Asbestos fibers. Widespread use of asbestos in building materials ranging from pipe
insulation, floor and ceiling tiles, and spackling compounds presents a potential
health problem. Most of the asbestos in use is immobilized in strong binding

material, but if the material is cut or broken, asbestos fibers can be released.

Occupational exposures to asbestos fibers have been linked to lung cancer in workers
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and in families of workers who come into contact with the fibers through contam-
inated clothing. Because few measurements of asbestos fibers in the air are avail-
able, risks to the public in houses, schools, and office buildings are unknown. The
possibility of synergistic effects with other pollutants, cigarette smoke in partic-
ular, poses public health questions.

Carbon particles, such as those emitted in combustion processes, are efficient

adsorbers of many organic and inorganic compounds and can carry toxic gases such as
SO2 into the lungs. This can have a potentiating effect on the human body; that is,
particles that contain an attached toxic substance can increase a person's physio-

logical response to that substance to a level above what it would be otherwise.

Another class of particles are the biological substances: infectious agents, aller-
gens, and toxins, as well as fungal spores (mold), pollen,‘and house dust. These
particles can act as disease-transmitting agents when released from the respiratory
tract, where they can be airborne for many minutes until they attach to another par-
ticle and settle. Viruses and pathogenic bacteria may be components of larger par-
ticles.

Epidemiological studies have associated the presence of suspended particles with
health effects of varying severity. Respiratory illness, especially chronic diseases
such as bronchitis and emphysema, show the strongest positive association with 1lev-
els of particulate matter. Adverse health effects have been observed for an annual

3. However, these particulate levels are

mean level of particles as low as 80 ug/m
usually associated with high levels of S0,, and the effects of the two have not been

separated.
ORGANICS

An exceedingly large number of organic substances (other than aldehydes) is present
indoors. At present little is known about possible adverse or synergistic effects
on human health resulting from long-term, low-level exposure to most of these chemi-
cals. Of special concern here are carcinogens, chemicals that promote or enhance
the development of cancer--for example, solvents, polymer componenfs, pesticides,

and other organic chemicals.

Organic solvents and their vapors are a common part of the indoor environment. Ali-

phatic hydrocarbons such as propane, butane, and isobutane are used primarily as
propellants for aerosol products and have no known chronic effects on health.
Higher-molecular-weight aliphatic hydrocarbons such as hexane, heptane, and octane

are used as solvents in many consumer products, including glues, varnishes, paints,
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and inks. Exposure to n-hexane has been linked to degeneration of the nervous sys-
tem. Aromatic hydrocarbons are also used extensively as solvents. Toluene causes
symptoms of fatigue, weakness, and confusion in humans exposed to 200-300 ppm for 8
hours. Chronlic exposure to another aromatic hydrocarbon, benzene, leads to damage
of blood-forming tissue, and may be related to leukemia. Other solvents such as
halogenated hydrocarbons, alcohols, ketones, ethers, and esters are all associated
with a variety of health effects. For more information, the National Academy of
Sciences' publication, Indoor Pollutants, contains a detailed description of these

chemicals and their effects.

Polymer components are used in building materials, furniture, clothing, and numerous

other consumer products. These polymers contain unreacted monomers and other chemi-
cals such as plasticizers, stabilizers, fillers, colorants, and antistatic agents.
Recently, attention has been focused on the potential release of these chemicals
into indoor air. Monomers such as vinyl chloride are both strong irritants and car-
cinogens. The toxicity data for plasticizers, as yet incomplete, generally find
them non-toxic except at very high doses. In animal studies, however, SOme plasti-
cizers have been shown to be carcinogenic. A number of other chemicals found in

plastics may also be pollutants of indoor air.

Pesticides identified by an EPA residential indoor-monitoring study included chlor-
dane, ronnel, dursban, DDVP, and malathion. The general effects of these chemicals
are nausea, vomiting, headaches, tremors, abdominal pain, and mild chronic Jjerking.

Chlordane also causes cancer in mice.

Other organic chemicals include benzo-a-pyrene, already discussed as a combustion
by~-product, and pentachlorophenol (PCP), a common wood preservative. The widespread
use of pentachlorophenol and its longevity raise concern about human exposures.
Residents of log homes that were treated with pentachlorophenol showed blood levels
of 0.39 ppm, versus 0.04 ppm for the general population.13 PCP causes 1lung, 1liver,

and kidney damage, and is currently being tested as a possible carcinogen.
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Section 6
MONITORING AND MODELING INDOOR AIR QUALITY

IN THIS SECTION: Descriptions of techniques and devices for monitoring air qual-

ity; fixed-location samplers, personal monitors; modeling.

BASIC ISSUES

In order to know when and where potentially harmful pollutants exist we need to have
some method for determining their concentrations. Ideally, such a method should be
accurate, rapid, consistent, inexpensive, and simple enough for a nontechnical per-
son to use. Two approaches are used to determine levels of air pollutants: 1)

direct measurement, and 2) numerical modeling.

Techniques and instruments developed for monitoring outdoor air or industrial
environments have served as the basis for current practices, although several prob-
lems emerged when adaptations were made for indoor use. Passive samplers, light in
weight, reliable, inexpensive, and unobtrusive, are an example of an improvement
over previous instrumentation. These devices allow large-scale measurements to be
made of individual and population exposures to air pollutants. Advances in elec-
tronics have also contributed to improvements made in the real-time instrumentation

that facilitates pollutant characterization.

Numerical models have been used to estimate the extent of indoor air pollution.
Mass-balance equations, for example, are used to estimate concentrations of indoor
pollutants as fractions of outdoor concentrations and to estimate the effects of
important variables such as infiltration rate, indoor source strength, pollutant
decay rate, and mixing factors. Several models have been developed, but only in a
few cases have findings been validated against data obtained from direct measure-

ments.
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Human responses to a pollutant have usually been the impetus for a subsequent inves-
tigation and measurement. Evaluation of people's responses to contaminants as well
as knowledge of individual patterns of mobility and activity are essential in
estimating the total exposure of humans to pollutants.

The choice of monitoring technique depends on the type of information desired and
the resources and 1labor available. A description of these techniques with their

advantages and disadvantages 1s presented in the following sections.
MEASUREMENT TECHNIQUES

Methods of measuring contaminant concentrations c¢an be divided into several
categories. Broadly speaking, there are techniques that collect continuous data and
others that collect average results integrated over the measurement period. Within
each of these categories are instruments that measure at a fixed location and those
that are small enough to be carried by the user. Fixed-location sampling and moni-
toring may involve grab sampling, integrated sampling, or continuous monitoring.
Personal monitors can be passive devices (i.e, not requiring sampling pumps) for
sampling gases, or pumped devices for both gases and particulate materials. Tables
6-1 through 6-5 (located at the end of Section 6) list commercially available moni-

tors for select pollutants.

Grab Sampling

Grab sampling is a technique for collecting an air sample in a plastic bottle, glass
tube filled with adsorbent, stainless-steel container, bag of aluminum polyester,
PVC film, or fluoroplastic film.1 The specific - grab-sampling method wused varies
depending on the target pollutant. Grab samples of air can be analyzed immediately
to give a gross estimate of concentration, or returned to the 1laboratory for more
accurate analysis. This technique 1is most usefully employed when the laboratory
equipment required for analysis is difficult to move, when large numbers of samples
are required, and when inexpensive labor is available. Grab-sampling analysis pro-
vides a short-term average (or po;sibly instantaneous) pollutant concentration of
the air sampled, but samples must be taken frequently to ascertain the variability

of the pollutant over time.

This technique has been usedito estimate concentrations of carbon monoxide, tracer
gases, organic compounds, and radon. Radon concentrations can be measured by pump-
ing a known volume of air into a one-liter flask. The time at which the sample 1is
taken must be recorded, and, because of the decay properties of the radon gas,

1
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analysis must be performed within a few days. If necessary, the sample can be con-
centrated with a cryogenic trap or transferred directly into a zinc-sulfide-coated
scintillation flask for alpha counting. The containers are durable and can be

mailed, along with manual pumps, to field sites.

Grab sampling for radon progeny requires that the sample be analyzed immediately
after collection because of the short half-lives of the progeny. Samples are
obtained by pumping a known volume of air through a filter, removing the filter from
the pump assembly, and measuring the alpha activity of the progeny. For this pur-

pose, then, analytic equipment must be at the site for immediate use.

As suggested, its low cost and minumal labor requirements make grab sampling suit-
able for large-scale survey work. The problems associated with this technique, how-
ever, need to be borne in mind: No information other than an instantaneous concen-
tration can be obtained, and this value can be drastically affected by something as
simple as the opening of a door or window. Sampled volumes are relatively small,
and the 1laboratory measurement technique must be sensitive enough to determine
ambient concentrations directly. Inward and outward diffusion of various gases has
been observed for many materials used in collection bags, and leaks in the con-
tainers and connectors are common. Particular attention must be given to degrada-
tion, adsorption, contamination, transformation, and the possible formation of
artifact pollutants, that is, pollutants formed by the sampling or measurement pro-
cess. Quality control is difficult to maintain, but must be established before this
technique can be used with confidence.

Integrated Sampling

When pollutants are present in such small quantities that they are undetectable by
grab sampling,x integrated sampling, in which a known sampling rate is maintained
over some fixed period of time, is commonly used. The collection period may be as
short as minutes or as long as weeks or months. The results from the analysis of
integrated samples are expressed as average concentrations over the sampling period.
A variety of particles, gases, and vapors are sampled by this technique.

Integrated sampling of particles can be accomplished by means of dichotomous air
samplers capable of discriminating larger from smaller particles. The sophistica-
tion of the samplers ranges from manually operated hand-held units to fully
automated units that can run for weeks unattended. The samplers must be placed
directly at the sampling site to avoid the particle losses that occur when air is

drawn through sampling lines.



To obtain long-term concentrations of radon and radon daughters in buildings,
integrated sampling techniques are often used. Passive devices that use sensitive
thermoluminescent dosimeter chips or track-etch techniques can record alpha decay
over periods of weeks or months and, from these data, can determine average radon
concentrations.2 Radon progeny concentrations can also be measured by passing a
known volume of air through a filter paper (typically for five minutes) and then
, meé;uring total alpha activity on the filter with a scintillation counter, or

measuring alpha energies with a solid-state detector.

Integrated samples of gaseous substances, such as ammonia and formaldehyde, can be
collected by 1liquid-gas washers and bubblers (Figure 6-1). Air sampling with bub-
blers requires that the total volume of the air sample be accurately known. A sam-
ple volume can be measured directly with dry- or wet-test meters, or by measuring or

controlling the sampling rate and time.

Integrated sampling techniques have several advantages: They are often 1less expen-
sive and require fewer personnel than continuous monitors; they can be used to meas-
ure concentrations that are too low to be measured directly; samples can sometimes
be analyzed later at a more convenient time or place; and average concentrations
over long periods of time can be easily obtained. Their disadvantages are that
short-term temporal information 1is 1lost; transporting the sample to the point of
analysis may require special handling; special environmental conditions, or rapid

delivery to avoid deterioration; and quality control may be difficult to implement.

Continuous Monitoring

Continuous monitoring allows sampling and measuring of the real-time concentration
of pollutants, often useful for determining the actual pollutant concentrations to

which occupants are exposed, or for modeling indoor air pollution.

Continuous monitors are commercially available for all the gaseous pollutants desig-
nated f"criteria"™ pollutants by the EPA--carbon monoxide, sulfur dioxide, nitrogen
dioxide, and ozone. The EPA has specified performance criteria for the instruments
used to measure each of these pollutants, and all analyzers that meet these specifi-

cations in performance tests are designated "EPA-approved."

Two positive features of continuous monitoring are that, in addition to being able
to calculate average concentrations over any time period, peak short-term concentra-
tions, which may have important health effects, can also be determined. Furthermore,

variations in concentration as a function of time can be correlated with source
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Pressure gauge
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 box to wall socket

XBB 817-6976A
Figure 6-1. Above: refrigerated formaldehyde sampler
Below: formaldehyde sampler pump box
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generation, infiltration/ventilation rates, and other relevant parameters.

Although continuous monitoring has numerous benefits, it also has disadvantages:
Such systems are expensive and require frequent calibration and routine maintenance.
In addition, they have their own power and ambient-temperature requirements and can
create safety, heat, and noise problems points. For these reasons, continuous moni-
toring systems are often designed so that equipment for continuous analysis and

recording are at a single remote site, often a mobile laboratory (Figure 6-2).

CBB 814-3658

Figure 6-2. Mobile indoor air quality laboratory

Such a laboratory usually contains facilities for calibration and maintenance, and
may also provide electric power and suitable environmental conditions for the equip-

ment.

Because of the complexity of the equipment, continuous monitoring requires highly-
trained field personnel, rigorous quality-control (calibration) procedures, and
independent performance audits of routine monitoring and data-handling operations.
Securing electric power and a suitable location equipped with sampling lines and
cables for the laboratory can require long-term planning and entail considerable
expense. For large-scale surveys, integrated sampling and grab-sampling techniques

are often more appropriate, and less costly, than continuous monitoring.
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Personal Monitors

In addition to other variables, individual mobility patterns and activities affect a
person's exposures to air pollutants. To evaluate health effects for individuals or
for populations, it is necessary to know the detailed pattern of individual or popu-

lation exposures.

During the last two decades, a wide variety of miniaturized air samplers that can be
worn by individuals have become available. Initially, these devices contained
battery-powered sampling pumps, and were called "active" samplers. Although widely
used, these samplers were often heavier and larger than desirable for carrying
around as a personal monitor. More recently, a variety of diffusion- and
permeation-controlled samplers have become available. These "passive" devices are
applicable solely to gas and vapor sampling. Particulate matter is collected by the
same principles used for large-scale collection: filtration, impaction, and liquid

impingement.

Active Samplers

A considerable variety of sampling systems using pumps to move the air have been
developed recently, including impinger systems and solid absorbers for gases, and
impingers, filters, and impactors for solid particles. (The relatively low power
supplied by the battery available for driving the air-sampling pump usually limits
particle collection to filtration.) A promising development in personal monitors--
one yet to be validated--involves a pump that is worn in a light harness and driven
by the wearer's chest expansion and contraction while breathing. Both gases and
particulates can be sampled with this device, and once calibrated with the wearer's

breathing rate, doses of the measured pollutants can be calculated.

Passive Samplers

Passive personal monitors use the kinetic energy of gas molecules and the variation
in concentration of the pollutant gas in an enclosed space to collect a sample of

pollution from the air for subsequent analysis (Figure 6-3).

Diffusion Samplers. Personal monitors based on diffusion are used to detect a
variety of substances, including sulfur dioxide, nitrogen dioxide, nitric oxide,

many organics, carbon monoxide and, recently, formaldehyde. In the formaldehyde
sampler, a glass-fiber filter located at the closed end of the tube is impregnated
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CBB 834-349]

Figure 6-3. Passive samplers--left to right (back): Carbon monoxide, infiltration
source, water vapor, nitrogen dioxide, formaldehyde; (front): infiltration

(sampler), radon.

with sodium bisulfate that reacts with formaldehyde and removes it from the air.
Because of this reaction at the tube's closed end, the concentration of formaldehyde
in the tube ranges from the value present in the room air at the tube's open end to
zero at the closed end. This concentration gradient, rather than a pump, drives the
gas by diffusion to the collection site at the tube's closed end. A diffusion-tube
sampler is inexpensive (typical bulk costs are $15 each including analysis), is
lightweight and quiet (and therefore unobtrusive), and is available for sampling
many common indoor air contaminants. The disadvantages are that only long-term
average values can be collected and, typically, samples must be analyzed at a

laboratory and not on-site.

Because of their low cost and ease of use, passive samplers should be considered for
initial screening of indoor air quality in a building--as, for instance, when occu-
pants register a complaint, or when large numbers of buildings must be screened to
determine the range of pollutant concentrations in the entire building stock of a

‘

particular region.
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A recently completed study by Science Applications, Inc. (SAI) for the California
Air Resources Board demonstrates the flexibility afforded by passive samplers. As
part of a survey to quantify formaldehyde sources in the state of California, SAI
measured one-week average concentrations of formaldehyde in 64 houses in the state.
The houses were randomly selected from all regions of the state. Contacts with the
homeowners were made by telephone, and the passive samplers with instructions for
use were mailed to homeowners. Finally, all samplers were returned to SAI by mail
for analysis. Although the lack of direct control over sampler placement is cause
for concern, the possibility of screening houses without direct visits by field per-

sonnel reduces costs and therefore allows a wide-scale survey of the building stock.

Another type of diffusion sampler, the permeation sampler, is available commercially

in many styles. All use membranes (with many tubes, not just one) that are fabri-
cated and calibrated to control the rate of permeation of the pollutant to the col-
lector. More than 80 compounds can be determined by this method, including sulfur

dioxide and nitrogen dioxide.
MODELING INDOOR AIR QUALITY

Indoor air quality models are mathematical procedures that yield predictions of pol-
lutant concentrations in specific situations. The models are valuable for planning
measurements, projecting changes in air quality when some aspect of the indoor space
is changed, and generalizing the results of laboratory measurements to other situa-

tions.

For example, air quality models are used to calculate the concentration of nitrogen
dioxides that may be expected in residences that operate unvented kerosene space
heaters. For inputs, the model relies on laboratory measurements of the heater's

emission rate and assumptions concerning the ventilation rate in the house.

Most models are derived from a mass-balance hypothesis, i.e., the rate of change of
pollutant mass within a space is the difference between the pollutant's input rate
(generation ratelinside the space plus its entry rate from the outside) and the
pollutant's removal rate (flow to the outside plus its removal by reactions within
the volume). An example of such a model is reported in the work of Moschandreas,
Zabransky, and Pelton.3 Similar to several other representations of the problen,
their model takes the form:

dCin

LT

= VA Cou +S-VA Cin -VDC

t in
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where:

in = indoor pollutant concentration [mass/volumel],

Q Q

= outdoor pollutant concentration [mass/volume],
= volume of structure [volume],

rate of indoor pollutant emission [mass/time],
= decay rate within structure [time '1], and

= ventilation rate, [time '1].

> 0O 0 <
"

An important assumption for the validity of this equation is that the space be a
single well-mixed 2zone. The model has been found to represent actual conditions
quite well in buildings where this assumption is met and where all the parameters
required by the model are known. Typically, residences that have central forced-air
heating systems meet this criterion residences having other forms of heating often

meet the criterion also, as long as interior doors remain open.

The steady-state solution of the model equation takes the form:

6 A Cou + %

in A+D

The solution explicitly demonstrates the information needed to properly interpret
measurements of pollutant concentrations. Many early measurements of indoor air
quality included only pollutant concentration measurements. The steady-state solu-
tion shows that even if the outdoor concentration is negligible (Coutso) and the
pollutant is nonreactive (DZ0), it is not possible to predict the future behavior of
the pollutant concentration in the space, even in a qualitative way, without knowing

either the source emission rate, S, or the ventilation rate, A.

As measurement accuracy improves, the 1limitations in single-zone models becomes
apparent. Multizone models resemble the single-zone mass-balance equation but
include a separate mass-balance equation for each zone. The solution of these sets
of equations 1is complicated by the presence of terms that describe pollutant tran-
sport among the zones. A multizone model is required, for example, to describe the
concentration of pollutants in a single room of a house (the first zone) when an
unvented combustion space heater is used to heat Jjust the single room and the
remainder of the house (the second zone) is separated from the first zone by closed
doors.



To summarize, the purpose of an indoor air quality model is to describe the rela-

tionships among the important parameters that determine the concentrations of indoor

pollutants. Single-zone models are often appropriate, particularly in residential

buildings. Many buildings, however, require using multizone models.
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Trade Name/Model

Manufacturer
Address

Contact

Teleghone

Collection
Mechanism

Sampling
Time

Range
Sensitivity
Accuracy

Cost

Analysis
Requirements

Analysis
Cost

Table 6-1

NITROGEN DIOXIDE PASSIVE INTEGRATING MONITORS

PS-10 Passive Sampler

DACO Products

12 South Mountain Ave.
Montclair, NJ 07042
Pat

(201) 744-2453

Diffusion/absorption

0-5 ppm-hr

1 ppm-hr

$20/10 (tubes and filters)

Spectrophotometric

$12 each

PRO-TEK

DuPont Fabric and Finish
4300 Brandywind Blvd.
Wilmington, DE 19898

Dr. Bert Kring

(215) 444-4188

Diffusion/absorption

As long as desired

1.5 - 200 ppm-hr

*+25% or less
$275/10
Spectrophotometric:

Measured by a small
dedicated colormeter.

$15 each

NO, Badge

(Toyo Roshi Co.)
Microfiltration Systems
6800 Sierra Ct.

Dublin, CA 94568

(415) 828-6010

Diffusion/absorption on
treated filter

0.07 ppm-hr
66 ppb-hr
+20%
$18.65/ea.

Spectrophotometric

not included
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Trade Name/Model

Manufacturer

Address
Contact

Telephone

Collection
Mechanism

Sampling
Time

Range
Sensitivity

Accuracx

Cost

Analysis
Requirements

Analysis
Cost

Table 6-2

FORMALDEHYDE PASSIVE INTEGRATING MONITORS

AQR Formaldehyde Badge
Air Quality Research
2800 7th Street
Berkeley, CA 94610

Bob Miksch/S. Rappaport

(415) 644-2097

Diffusion/absorption

4-8 days

0.25 ppm-168 hr sample
*+25%

$18/2
Spectrophotometric:

Analysis can be done by

mfg. or local lab with
spectrometer.

$30/2

PRO-TEK

DuPont Fabric & Finish Dept.
Applied Technology Div.
Barley Mill Plaza,

Marshall Mill Bldg.
Wilmington, DE 19898

Dr. Bert Kring

(215) 444-4188

Diffusion/absorption

As long as desired

2-54 ppm-hr

0.2 ppm-8 hr sample
<25%

$235/10
Spectrophotometric:

Can be done by local lab
with spectrometer.

$20-35 (at local 1lab)

3M Formaldehyde Monitor 3750
3M Occup. Health & Safety
Products Division

220-7W 3M Center

St. Paul, MN 55144

Jim Krikstad

(800) 328-1300

Diffusion

8-48 hr

8-180 ppm-hr

0.8 ppm-174 hr sample
5%
$35 each, $150/5

Spectrophotometric

$20-35 (at local lab)



Table 6-3

RESPIRABLE SUSPENDED PARTICLES ACTIVE INTEGRATING MONITORS

Trade Name/Model

Manufacturer

Address

Contact

TeleBhone

Collection
Mechanism

Sampling
Time

Range
Sensitivity
Accuracz

Power
Requirements

Cost

Analysis
Requirements

Analysis
Cost

RSP Sampler

W. S. Fleming.& Assoc.

47 Quail Ct., Suite 311
Walnut Creek, CA 94596

Greg Traynor

(415) 947-0321

Air filtration

Variable: hours-weeks
0.2-5.0 2/min.
N/A

2%-week

AC (DC battery option)
$1500 each

Gravimetric analysis by
microbalance.

$10/filter

6-14

Dichotomous Sampler
Series 241

Anderson Samplers

4215 Wendell Drive
Atlanta, Georgia 30336

(800) 241-6898

Size selective inlet
followed by virtual
impactor

24 hours

16.7 2£/min.

N/A

*5% at 16.7 2/min.

110/115V AC
$5100 each

Gravimetric analysis

Teflon filters at
$47 box of 25
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Telephone

Collection
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Cost
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Cost

Table 6-4

RADON PASSIVE INTEGRATING MONITORS

Charcoal Canister
Environmental Measurements
Lab of DOE

376 Hudson Street

New York, New York 10014
Andy George

(212) 620-3653

Diffusion/adsorption
gamma detection

3 days - 1 week
4 days is best

0-4 pCi/l
0.07 pCi/l-day
+15%

~$20

Sodium Iodine Analyzer
Radioactive counter.
Can be done by EML/DOE
or Eberline Sante Fe,
New Mexico.

N/A

Track-Etch

Terradex

460 North Wiget Lane
Walnut Creek, CA 94598
Dr. H. Wald Alter

(415) 938-2545

Alpha particle sensitive film

At least 1 month
0-4 pCi/l

0.2-1.0 pCi/l-month

$16.50 each for 4.0 pCi/l-month
$33 each for 1.0 pCi/l-month
$66 each for 0.2 pCi/l-month

Count number of alpha

particles on developed film.
Must be done by Terradex.

Included in purchase price.

Passive Envir. Radon Monit.
EPA Instruments, Inc.
5151 Ward Rd.

Wheat Ridge, CO

80033

(303) 422-9112
Diffusion/electrostatic
field

1 week = 1 month
Depends on chip used
0.03 pCi/l-week

Depends on chip used

$595 each

Thermoluminescence

N/A
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Trade Name/Model

Manufacturer
Address

Contact

TeleEhone

Collection
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Table 6-5

CARBON MONOXIDE ACTIVE INTEGRATING MONITORS

Personnel Dosimeter 15ECS1C02
Direct Reading Detector 15ECS3C03

General Electric Company
Aviation Service Operation
333 W. Seymour Ave.
Cincinnati, OH 45216
Nancy Fessler

(513) 948-5065

Fuel cell

electrochemical oxidation
5 sec

0-1000 ppm

1-2 ppm

+2 ppm

Battery, 5 volts
$803/$1255

Read-out from Support
Console 15ECS2C05

Support Console $814/$982

Ecolyzer Model 2106/2108
Energetic Sciences, Inc.
6 Skyline Dr.

Hawthorne, NY 10532

Sue Scova

(914) 592-3010

Electrochemical oxidation

0-1999 ppm
1 ppm

*1 ppm

Battery, 9 volts
$1900

N/A

N/A

Model 1146

Interscan Corporation
Box 2496

Chatsworth, CA 91311
Richard Shaw

(213) 882-2331

Electrochemical oxidation

~20 sec
0-100 ppm
1%

+2%

Battery, 8 volts
$1725

Analog meter for
recorder included

N/A



Section 7
MEASURING AND MODELING INFILTRATION

IN THIS SECTION: Techniques for measuring air infiltration--tracer gas and fan

pressurization; effective leakage area; modeling air infiltration.

BASIC ISSUES

The difficulty in measuring and modeling infiltration lies in 1its dynamic nature.
Because infiltration rates are weather-dependent, their values vary widely over
time. The first measurements of infiltration used tracer-gas decay methods to
establish the air exchange over short periods of time. Later, techniques were
developed that allowed for continuous infiltration measurement, from several hours
to up to a month. At present, several tracer-gas techniques are used, ranging from
grab-sampling and miniature passive monitors to complex systems that measure multi-

unit infiltration rates.

A different approach, fan pressurization, has been employed to measure the leakage
area directly. This technique was developed in Sweden to determine whether houses
were meeting levels of tightness specified in the building code. Leakage area,
along with weather conditions and site characteristics, all serve as inputs to a
model that predicts infiltration rates. The only variable missing is the effect of

occupants.

Occupancy effects are one of the most difficult variables to determine in construct-
ing an infiltration model. While other problems can be modeled, albeit simplisti-
cally, occupancy effects require a socio-physiological model of human comfort and
behavior. Some studies have attempted to account for occupant effects by looking at
patterns of window opening, but at present there is no reliable way to account for

the confounding effects of occupant behavior.



MEASUREMENT STRATEGIES

Tracer-Gas Technigues

Several tracer-gas techniques exist for measuring inf‘iltration,1 but the one used
most commonly is referred to as tracer-gas decay. This procedure involves injecting
a known concentration of a gas (for example ethane, nitrous oxide, or sulfur hex-
afluoride) into a space and then measuring the decrease in gas concentration (its
"decay") over time. Its rate of dilution indicates the rate at which outside air
enters the structure. (The concentration of tracer gas outside the structure is
assumed to be negligible.) Tracer gas can be monitored continuously with an analyzer
(Figure 7-1) in the room, or grab samples can be taken at measured intervals for

subsequent analysis.

XBB 836-5382

Figure 7-1. Tracer-gas analyzer
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The dilution of the gas occurs at an exponential rate, according to the equation:

.t
c (t) =coe" (1)

where:
C(t) is the average concentration of tracer gas at time, t;

Co is the concentration at t=0;
Q  is the infiltration (m3/hr);
L is the volume of the space (m3); and

Q/V is the infiltration rate (hr=1).

Short-term measurements obtained through tracer-gas decay techniques, whether con-
tinuously measured or grab sampled, give infiltration rates for specific weather
conditions that are not easily generalizable to different weather conditions. Figure

T7-2 shows short-term tracer-gas measurements (note logarithmic scale).
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Figure 7-2. Tracer-gas decay

An alternative tracer-gas method that permits averaging over weather conditions is

the long-term averaging technique. In this method, as the gas is injected into the
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structure at a constant rate over an extended period of time, the air in the struc-
ture 1is sampled at a constant rate. Over the long term, if the injection rate is
kept constant and the averaging interval is sufficiently long, the inverse of the
average infiltration 1is equal to the average concentration divided by the tracer
flow; that is:

ol

r1 _[cl (2)
LQJ ° " F
where:

Q is infiltration (m3/hr)

C is the concentration

F is the flow of tracer gas into the structure (m3/hr) and

the square brackets [] denote a time average.

A portable, non-intrusive system based on this technique has been developed at

Brookhaven National Labor'atot'y.2

Fan Pressurization (Leakage Area) Tests

Tracer-gas methods, while relatively accurate, are unable to provide much informa-
tion about the location of air leakage in houses, or to determine infiltration under
weather conditions different from those at the time of the test. A useful index of
the relative 1leakiness of a house is 1its "effective leakage area,™ a quantity
roughly equivalent to the sum of the areas of all the openings in the building shell
through which air is able to pass.3

Fan pressurization, a technique for determining effective 1leakage area, uses a
door-mounted, variable-speed fan capable of moving large volumes of air into or out
of a structure (Figure 7-3).

Natural infiltration is typically driven by pressure differences (/\P) across the
building shell in the range of 0 to 10 pascals (Pa) and is characterized by large,
short-term fluctuations. When /\P is held constant by the fan, all air flowing
through the fan must also be flowing through the bdilding shell. When /\P is much
greater than 10 Pa, fan flow dominates any variations that may be caused by wind-
induced infiltration, which, consequently, can be disregarded. At a given pressure
differential and fan speed (in RPM), the flow of air through the fan 1is determined
by means of a previously established calibration curve. For each structure, meas-
urements are taken under conditions of both pressurization and depressurization at a
series of fixed pressure differentials (for example, from 10 to 70 Pa at 10 Pa

intervals), generating a pressure-versus-flow curve. These data can then be used to
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Figure 7-3. Blower-door used for fan pressurization test

find the effective leakage area of the house. The derivation of these calculations

is shown below.

Air flow through a building envelope may be thought of as a combination of pipe flow
and orifice flow. The former is proportional to /AP while the latter is proportional
to the square root of A\P. Hence, air flow through the shell can be characterized by

the equation:
Q=K A" (3)

where:
Q is air flow through the shell (m3/hr);
[P 1is the applied pressure across the building shell (Pa);

K is an empirical constant; and
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n is an empirical constant, in the range 0.5 < n < 1.0.

The curves generated by fan pressurization tests are extrapolated to a /\P of 4 Pa
(assumed to be representative of natural infiltration) using Equation 3. Next, it
is assumed that in the pressure differential ranges characteristic of natural infil-
tration (=10 to +10 Pa), the flow versus pressure behavior of the building shell
more closely resembles orifice (square root) than pipe (linear) flow and thus can be
described by the equation:

2
Q = Aeff' (-D-N (4)

where:
Q is the air flow through the envelope (m3/s) at 4 Pa,
A pe is the effective leakage area (mz);

/P is the applied pressure of 4 Pa (kg/m-secz), and

© is the density of air (1.2 kg/m3 at sea level).

In this equation the effective leakage area (Aeff) characterizes the air leakage of
a structure. This leakage area can then be used in an infiltration model (described

below) to provide uncontrolled air exchange rates for the structure.

A new experimental technique for determining the leakage area at 1low pressures is
called AC pressurization. AC pressurization is a technique that employs a fixed-
frequency alternating source to vary the volume of the structure. The changes in
volume cause fluctuations in the pressure of the air in the house. The amplitude of
the pressure and the phase shift between the change in volume and the pressure sig-
nal determines the leakage area of the structure.u This technique has several advan-
tages over conventional fan pressurization with a blower door: (1) it is more pre-
cise, (2) it works in the 1-10 pascal range, and (3) it combines pressurization and
depressurization results simultaneously.

MODELING INFILTRATION

Models of infiltration have been developed to answer several questions: (1) What is
the environmental dependence of the infiltration process that would allow its magni-
tude to be calculated when weather information is known? (2) How does one extrapo-
late from short-term tracer-gas measurements to 1long-term values averaged over
weather conditions? (3) What is the minimal set of measurements required to predict
infiltration in a building? Many attempts at modeling infiltration have been made in
the past, with mixed results. Virtually all the previous models have been either

inaccurate or site-specific. One exception 1is a class of detailed models that
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require such a large amount of information that they are impractical 'to use as
predictive tools. Another is a recently developed model that sacrifices some accu-
racy for versatility and simplicity. Listed below are the types of models currently

in use.

Constant Rate

The constant-rate model is the simplest of all; it assumes that the infiltration
rate (i.e., the number of volumes per unit time) is a constant, independent of all
other factors (e.g., weather, leakageoccccupancy, size, etc.). The simplicity of
this model is appealing and, if one needs to calculate only the average performance
of a large number of houses, this model will yield acceptable results. The
appropriate infiltration value ¢to use is the average value found in the houses in
the region in question or, if regional information is not available, the average for
the nation. However, if information about a particular house is needed, a better

estimate must be made.

Air-Change Method

This model offers a slight improvement over the constant-rate model. It recognizes
housing differences by focusing on the doors and windows in the structure; that is,
each room is assumed to have a constant infiltration rate based on the number of
existing exterior doors and windows; studies made on small buildings yield the
values for this rate. Again, no attempt is made to measure or estimate either the

leakiness of the envelope or the driving pressures across it.

Crack Method

The crack method, the first real attempt to estimate the leakage of the building
envelope, assumes that the infiltration will be proportional to the total crack

length or "crackage" and some pressure raised to an arbitrary power:
Q=c )" (5)

where:
Q is the infiltration (m3);
C 1is the flow coefficient, a volumetric flow per unit crack
length or leakage area at unit pressure difference;
/P 1is a "design pressure drop" (Pa); and
n is the exponent.
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The exponent is usually assumed:to be equal to 0.65. The pressure drop is a single
number celculaﬁed by estimating the pressure caused by the difference in buoyancy
between inside and outside air, and adding to that value the'pressure caused by the
wind. The flow coefficient is calculated by finding the length of crack associated
with each door and window--i.e., the length of operable sash--and multiplying it by
a tabulated quantity that reflects on the type of penetration (double-hung window,
wall-frame leaks around masonry, etc.). Although this method attempts to use
weather information to estimate the infiltration, it uses only design pressures and,
therefore, cannot be used to estimate instantaneous infiltration, or even long-herm
average Iinfiltration--only design infiltration. Furthermore, the estimation of
crackage does not take inte account the installation quality of fenestration or
other building features. It has been found that installation practices and aging
caﬁ each. change the leakage behavior by a factor of two.

The above three methods have been used by designers and, until recently, have been
the. ASHRAE standard methods used to size equipment as well as to estimate infiltra-

tion. A review of these models has been prepared by J. Janssen.5

Linear Regression Techniques .

Becatgeiiﬁey.do;net consider the instantaneous pressures across the envelope, the
prev1ous models are eompletely unable to predict real-time infiltration. Realizing
that weather 1s the dominant driving force for infiltration, researchers attempted
to fit the "infiltration to the weather variables; that is, the infiltration was

assumed to be linearly dependent on the temperature and wind speed:

Q=z=a+bAT +c vV ~(6)

whefeé
Hﬁ'md is the infiltration (m3),
JAVY is the inside-outside temperature difference (K),
v is the wind speed (m/s), and

a,b,c are regression constants.

In order to use this model, a great deal of data (infiltration, temperatures, and
wind speed) are taken at a particular site and the constants--a,b,c--are adjusted to
give the best fit to the data. Once the constants have been found, the above equa-
tion can be used to calculate the infiltration from the weather variables. Such
regression equations have been found to be quite accurate for the site at which the

6-8

data were taken; however, if the same constants are tried at another site, or if

the weather variables are outside the range of the initial data, the results are
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unreliable. Furthermore, because the regression constants have no physical meaning,
it is impossible to formulate a method that converts one set of regression constants

for one particular site into those for another site.

Because only the weather variables appear specifically, the effect of envelope leak-
age is not evident. While it can be assumed that the leakier the structure, the
more the infiltration, a linear regression fit does not predict how the infiltration

of the structure will change if the leakage of the envelope is decreased.

Detailed Models

Models are now being developed that perform very detailed calculations to find
instantaneous infiltration. Basically, this type of model calculates the pressure
distribution everywhere (maintaining self-consistency) and, from that pressure dis-
tribution, calculates the flow through each opening in the structure. This computa-
tion requires intimate knowledge of the location and characteristics of each leak
(e.g., crack geometbies and distribution, precise siting and terrain information,)
as well as the information necessary to calculate the pressure drops. Although such
detailed models can be made quite general and still be accurate, they require that a

large body of information about the structure be acquired.

In one detailed model, the pressure drop across the envelope is explicitly measured
and combined with leakage characteristics of the envelope to find the 1nfiltration.9
This model can be accurate in predicting infiltration, but it requires constant mon-
itoring of the pressures and, thus, it is clearly impractical for large-scale meas-

urements.

Generally speaking, the large body of information required to determine infiltration
makes these detailed models unsuitable for most applications. In a computer-design
program, it would be not only unreasonable but impossible for a designer or engineer
to specify the 1location and size of every crack. For field testing, assuming it
were possible, it would take an unreasonable length of time to locate and character-
ize each leak. Detailed techniques, then, are most suited to intensive research

applications.

Simplified Model

An infiltration model has been developed at Lawrence Berkeley Laboratory that sacri-

10 The model spans the gap

fices some accuracy for versatility and simplicity.
between the detailed models described above and the constant-value assumption that
ignores all structural and environmental effects. Furthermore, the model predicts

the impact of retrofits or other changes in the building envelope on the basis of
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performance changes effected in the fqllowing measurable parameters:
® The leakage arga(s) of the structure

o The geometry of the structure

o The inside-outside temperature difference

® The terrain class of the structure

® The wind speed

Using standard wind formulas, one can calculate the wind speed used by the model
from a wind speed measured on any weather tower in the area, thus obviating the need
for on-site weather collection. The only requirement is that the measured wind data
be for the "same wind", i.e., there can be no mountains or other major obstructions
in terrain between the site and the wind tower. This simplified model has been
field-validated on a large number of houses; in long-term studies the predicted and

measured values agree within 1255.
MULTICHAMBER EFFECTS

In a large structure like an office building or an apartment building, the assump-'
tion of a'single well-mixed interior zone breaks down. In this case it is not suf-
ficient to calculate the total amount of outside air that infiltrates the structure;
what is important is to be able to calculate how much fresh air gets into each indi-
vidual éhambéh} and even how much air is exchanged among the chambers. In these
structures, then, a multichamber model is needed.

Much experiméntal work'remains to develop an acceptable multichamber model. As yet,
there exists no accurate method of measuring the actual infiltration in the mul-
tichamber case, nor is there a hethod of measuring the leakage between and among the
chambers. The development and validation of a multichamber model awaits the solu-

tion of these problems.
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Section 8
POLLUTANT CONTROL

IN THIS SECTION: Pollutant control techniques; source control;
ventilation/dilution; air cleaning; future technologies.

BASIC ISSUES

Strategies for controlling contaminant levels indoors are generally assigned to one
of two broad categories: those that rémove'the'pollutant at its source (or block
its entry to the building), and those that reduce pollutant concentrations (commonly
by means of ventilation or'various air-cleaning devices). The methods used vary
according to the pollutant(s) in question and range from complex and costly solu-
tions (e.g., earth removal in the case of large-scale radon céntamination) to rela-
tively simple remedies (such as switching from combustion to electric appliances or
eliminating tobacco smoking from the hoﬁe). In the material that follows, we first
present each strategy and then discuss briefly the problems associated with its wuse

in controlling the key pollutants under consideration here.

SOURCE CONTROL

In many cases, the sources of indoor air pollutants can be excluded or removed from
a residence, isoléted from the indoor air, or modified so that their pollutant emis-
sion rate is decreased. Because source removal is wusually a permanent, one-time
measure that entails no maintenance or operating costs, it is the preferred control
measure whenever practical. In some cases, however, source control strategies are
too costly, invite substitute products that may also be sources of indoor pollution,
or impose difficult demands on occupants (e.g., giving up tobacco smoking or shift-

ing to unfamiliar appliances).
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Radon

Removal of radon sources can involve the removal and replacement of concrete,
masonry, or brick building materials, or removal of the soil surrounding the base-
ment, slab floor, or crawlspace. Far from simple, removal of these materials is
generally undertaken only when surveys have determined that the radium content in
the building materials or surrounding soil is hazardous. On thé other hand, these
techniques have been used successfully in individual homes found to have high radon
levels. In rural areas, tap water from wells can be a significant source of radon.
In such cases, homeowners can switch to a different water supply or aerate or store
the water outdoors for a few days to allow the radon to decay. In general, build-
ings should not be constructed out of materials with high radium content or in areas
in which the radium content of the soil is high. When high levels are found after

construction, removal or control of radon entry must be considered.

The most common technique for controlling radon is to reduce its transport into the
building by sealing materials known to have significant emanation rates or, for sur-
rounding soil, to plug cracks or holes through which s0il gas moves into the house.
Surfaces of concrete walls and concrete slab floors can be sealed with commercially

available polymeric and epoxy sealants.1'u

Cracks in bullding foundation walls, gaps
between walls and floors, and drain holes can be filled with nonporous materials, or
covered and sealed with plastic sheets.5'7 The general applicability or effective-
ness of these measures as long-term controls is not known, but, in short-term stu-

dies, these control measures have proved highly effective.

Formaldehyde

Removal and replacement of building materials that emit formaldehyde is, again, an
expensive control technique. The best solution is to use construction materials
that are not made with formaldehyde-containing resins. Reducing formaldehyde emana-
tion at its source, however, is possible. In laboratory studies, for example, the
application of various paints, lacquers, varnishes, and vinyl papers to particle-
board has significantly reduced the rate of formaldehyde emission.8'1° These c¢oat-
ings generally do not work as barriers; rather they contain scavengers that react
with formaldehyde and thus prevent its release into the surrounding air. The effec-
tiveness of surface coatings applied to the exposed surfaces of particleboard, once
installed, is not known.
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Two relatively simple procedures used effectively in individual houses having for-
maldehyde problems are ammonia fumigation and dehumidification, both of which reduce

the rate of formaldehyde emission from building materials. For the ammonia fumiga-
tion technique, ammonium hydroxide is placed in shallow pans in every major room of
the residence. The home is sealed and maintained at a temperature of 27 o¢c or higher
for at 1least 12 hours while fans circulate the indoor air. Jewell used this tech-
nique in 12 mobile homes and reported 45 to 90% initial reductions in formaldehyde
levels, and 39 to 81% reductions in four homes monitored after a U40- to 60-week

" Jewell, reporting formaldehyde concentrations for a year after fumigation

period.
treatment, found that concentrations appear to return to values typical of long-term

decay of emission rates from materials.

Although no studies have been performed in actual homes to determine the effects of
dehumidification on indoor formaldehyde concentrations, laboratory studies suggest
that this procedure may be useful in obtaining moderate decreases. Birge et al.,
reporting the results of recent tests in a climate-controlled chamber containing
particleboard, report that formaldehyde levels decreased 17.5% for every 10% reduc-
tion in relative humidity.12 (The authors assumed a linear relation between formal-
dehyde level and relative humidity; however, their results are reported for only two
relative humidities.) Similar experiments performed by Anderson et al., at several
humidities, indicate a linear relation between formaldehyde concentration and humi-
dity ratio, i.e., mass of water vapor/mass of air.13 In their studies, when the
chamber temperature was maintained at 22 OC and the air exchange rate at 0.5 ach, a
decrease in relative humidity from 70 to 30% caused a 50% decrease in formaldehyde
levels. A study by Long et al. indicates that the release of formaldehyde from
urea-formaldehyde foam insulation is also reduced when humidity is lowered.1u
Dehumidification can be effected by using residential dehumidifiers, by placing ven-
tilation devices near humidity sources (e.g., bathroom fans exhausted to outside),
or by opening the house to outdoor air when the outdoor air is 1less humid than

indoor air.

Combustion Products

Removing any unvented combustion appliance is an obvious technique for eliminating
the emission of combustion products into the indoor air. If they are poorly main-
tained (e.g., if a furnace has a cracked heat exchanger) or if the vent system is
damaged or faulty, even vented combustion appliances can be a significant source of

indoor pollutants. Beyond replacing or adjusting combustion appliances that are
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faulty, or switching to electrical appliances (which may not be a desired alterna-
tive for all homeowners), control strategies that fall into the second -category--

reducing pollutant concentrations--are simpler to apply with combustion by-products.

An important control strategy that can be regarded as source control and as ventila-
tion is the use of local ventilation, as, for example, is provided by a range hood
fan. In operation, the fan effectively 1isolates the source from the occupied
spaces. This technique is discussed in greater detail in the following section on

ventilation{
VENTILATION

Ventilation (replacing stale indoor air wiéh fresh outdoor air) is the most common
method of reducing the levels of indoor-generated air pollutants. Ventilation can be
local or distributed, periodic or continuous, natural or mechanical, and accom-
plished with or without heat recovery. A significant advantage of ventilation is
that it reduces levels of almost all indoor air pollutants, assuming outdoor concen-

15,16

trations are less than the indoor concentrations. The reduction in radon level

due to an increase in air exchange is shown in Figure 8-1.

[Note: Ventilation may be more effective for some pollutants than for others. A few
studies have suggested that increasing the ventilation rate is only partially effec-
tive in reducing formaldehyde levels because lowered formaldehyde concentrations
increase the rate of formaldehyde emission from building materials.17'19 Further-
more, models for indoor air quality indicate that increasing ventilation causes a
smaller decrease in the concentration of a reactive air pollutant than in that of a
non-reactive pollutant.20 Examples of reactive pollutants.are nitrogen dioxide, for-
maldehyde, and those particles that are removed from indoor air by interacting with
indoor surfaces.] Three ventilation strategies are discussed below: natural, local,

and mechanical.

Natural Ventilation

The simplest ventilation technique, of course, is to bring in fresh outside air by
opening windows and doors. Although this approach (often referred to as "natural
ventilation") may work when the area is small and the need is but for a short time,
it clearly adds to the heating (or cooling) load and, on any large or continuous
scale, can be extremely energy-consuming. Natural ventilation is also an ineffec-
tive way to remove pollutants from a point source, far more effectively accomplished

by spot ventilation, such as provided by exhaust fans in bathrobms and range fans in
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INDOOR RADON CONCENTRATION
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Figure 8-1. Effect of ventilation on radon levels
kitchens.

Local Ventilation

A significant source of concentrated and periodically released indoor air pollutants
is the operation of a gas stove. In a study by Traynor et al., use of a range hood
fan effected 60 to 87% reductions in the amount of CO, CO,, and NO, entering the
occupied space of an experimental test house.21 In their study, the flow rate of air
exhausted through the range hood was varied from 150 to 420 m3/hr. In a study by
Macriss and Elkens, a range hood with exhaust rates of 120 to 400 m3/hr caused 40 to
50% reductions in average incremental NO2 levels.22 (Average incremental NO2 level
describes the 1increase 1in average NO2 level due to operation of a gas stove.)
Although the performance of range hoods depends somewhat on airflow rates and
methods of inétallation, they are generally quite effective in reducing the entry of
combustion by-products into the occupied space. The important issue here 1is that

occupants use them when cooking.
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Mechanical Ventilation with Air-to-Air Heat Exchangers

An alternative ventilation strategy is to tighten up the shell of the house and
bring in a controlled supply of fresh air by means of mechanical ventilation. Such
devices come equipped with an air-to-air heat exchanger to assure recovery of heat
that would otherwise be a costly loss. Referred to simply as residential air-to-air
heat exchangers, these devices can be elaborate--a fan assembly with ductwork
installed in an attic or crawlspace--or simple--a ductless unit installed through
the wall or window much like a window air conditioner.23 Appendix A contains a 1list
of U.S. and Canadian sources for residential air-to-air heat exchangers. The way in
which air-to-air heat exchangers recover the heat contained in the outgoing air

stream and transfer it to the incoming air stream is shown in Figure 8-2.

Heat exchanger core
Exhaust air filter

— . Supply fan Exhaust air inlet
by M

[T

e

i
Exhaust fan Supply air filter
Exhaust air outlet Supply air intet

Figure 8-2. Mechanical ventilation system with air-to-air heat exchanger

Supply air outiet

Heat-recovery efficiencies of up to 85% make them attractive to energy-conscious
homeowners. Fan power consumption is highly variable, and can in some cases signifi-

cantly reduce energy .‘savings.zu’25
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Field studies have demonstrated the effectiveness of such mechanical ventilation
systems in reducing indoor pollutants. Offermann et al. measured the concentration
of radon and formaldehyde (nine houses) and particles (two additional houses) for
26 They found that the

average increase in air exchange rate (from 0.35 to 0.63) due to the mechanical ven-

two 10-day periods, with and without mechanical ventilation.

tilation produced a decrease in the average radon concentrations of 50%, in the
average formaldehyde concentration 18%, and in particles 30%. An important finding
from this study was that the degree to which pollutant concentrations are reduced
may depend on certain characteristics of the duct system used with the device, and

on the location(s) of pollutant sources.

The cost-effectiveness of mechanical ventilation systems is important; 1larger sys-
tems can be expensive to install. Fisk and Turiel evaluated the energy savings that
accrued from operating mechanical ventilation systems equipped with air-to-air heat
exchangers in new homes, and also performed a cost-benefit analysis for homeown-
ers.27 They found cost-effectiveness to be highly influenced by equipment perfor-
mance, climate, and type of heating fuel used. Fisk and Turiel conducted a similar
analysis on installations of unducted systems in weatherized homes.28
A second method of providing mechanical ventilation to residences involves using
mechanical exhaust ventilation with or without heat recovery by a heat pump. 1In
this technique, a fan exhausts indoor air, thereby drawing outdoor air into the
house through cracks or slats in the walls. If the exhaust air is passed through a
small heat pump, the energy that would be lost can be recovered. The heat pump gen-
erally transfers energy from the outgoing air to the domestic hot-water supply; how-
ever, exhaust-air heat pumps that also transfer energy to the indoor air are avail-
able. Exhaust-air heat-pump systems are gaining popularity in Sweden, but have not

yet been used in the United States.29

AIR CLEANING

The term "air cleaning" refers to methods of removing pollutants from indoor air
without ventilation. Air-cleaning methods that may be suitable for controlling
indoor pollution are: filtration, electrostatic precipitation, ionization, absorp-
tion, and adsorption. Each method of air cleaning is discussed briefly below; for
more detailed information, appears elsewhere;3o°3u see also Appendix B. Typical air

cleaners are shown in Figure 8-3.
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Figure 8-3. Typical air cleaners

Air Filtration

Air filtration is accomplished by passing the air through a filter, usually con-
structed from a woven fabric, a paper material, or a fibrous mat. Filters, as
defined here, are designed to remove particles (aerosols) and are generally not
effective 1in removing gaseous contaminants. Radon, for example, as an inert gas,
will not be removed by filters, but radon progeny, a large fraction of which attach
to particles, are effectively removed by filtration.35 Filters are characterized by
their particle-collection efficiency (which varies with particle size), their air-
flow resistance, and their capacity (i.e., lifetime). High-efficiency filters can
remove almost 100% of particles as small as 0.3 um; on the other hand, the coarse
fibrous-mat filters typically used in residential furnace systems are not effective
in removing the submicron-size particles that are of primary health concern. Filter
systems with a wide variety of efficiencies are commercially available. A recent
product that may be more suitable than conventional filters for removing small par-
ticles is a filter that contains fibers having a permanent electrical charge (called
electrets). Filters must be periodically cleaned or replaceq, and significant

trade-offs exist between filter cost, collection efficiency, capacity, and airflow
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resistance. The filters and other particulate control devices described below may
be effective in removing aerosols from indoor air; however, if the aerosols are
volatile (such as tobacco smoke aerosols, which are primarily a liquid) then gases

and odors may be emitted into the indoor air from the collected aerosols.

Electrostatic Precipitators

Electrostatic precipitators can be highly effective in removing even submicron par-
ticles from indoor air, but generally are not effective in removing gaseous contam-
inants. Residential-sized precipitators are readily available for installation in
furnace ductwork and walls, and some are portable models. One advantage of precipi-
tation is that, unlike filtration,-small particles can be removed without requiring
fan power to impart a large pressure drop to the airstream. Another advantage is
that collection surfaces of precipitators can usually be cleaned with soap and water
and, in some models, in an automatic dishwasher. High-efficiency filters, on the
other hand, must be replaced periodically. In an electrostatic precipitator, parti-
cles are first charged by gaSeous ions produced by an electrical corona discharge.
The charged particles then pass through an electric field and are attracted to and
collected by an oppositely charged electrode. Some precipitétors produce a small
amount of ozone; many units are supplied with replaceable charcoal filters to remove

the ozone.

Air Ionizers

Air jonizers produce large numbers of negative ions, some of which attach to parti-
cles in the air and convey a negative electrical charge to the particles. The par-
ticles then attach to walls, floors, and other surfaces, which wusually have lower
electrical potential. The principle is the same as with electrostatic precipita-
tors: substances with different electrical charges are attracted to each other. A
criticism of negative-ion generators is that many models do not entirely remove the
offending particles; rather, they remove them from the air and deposit them on sur-
faces around the room. Some recent models are equipped with positive-charged col-
lectors that are supposed to attract and capture most of the particles. The perfor-
mance and usefulness of ionizers is presently a controversial topic because of ques-
tionable medical and advertising claims. Nevertheless, they can be somewhat effec-

tive at removing particles from the air.



Absorption

Absorption processes, generally used in industrial plants to remove gaseous contam-
inants, have received 1little consideration as a control strategy for residential
indoor pollutants. The terms "scrubbing" and "air-washing" are commonly used to
describe absorption processes that work by passing contaminated air through a liquid
spray or over wetted surfaces. Only pollutants that are soluble or chemically reac-
tive to the 1liquid can be removed by absorption techniques. Absorption by water
appears most promising for removing formaldehyde, which reacts readily with water.
Various absorption processes are used by industry to absorb nitrogen dioxide (N02)
from contaminated air;36 however, the processes are complex and generally not suit-
able for indoor residential air where the concentrations of N02 are much lower.
Absorption of NO, into water may be possible if additives to the water are used3’
but at this time the process appears impractical for indoor use. Absorption
processes appear least promising for radon, which is non-reactive and only slightly

soluble in water.

Adsorption

Adsorbents, in contrast to liquid absorbents, are porous solids that trap pollutants
in the numerous pores on their surface. The exact mechanisms of adsorption are not
fully understood. Gases having high molecular weights are generally adsorbed more
easily than gases having low molecular weights. The most commonly used adsorbents
are activated carbon (activated charcoal), activated alumina, silica gel, and molec-
ular sieves. In many cases, adsorbents are impregnated with a material that improves
their adsorption of a particular pollutant. Adsorbents become saturated after a

period of use and must be regenerated or replaced.

The effectiveness of adsorbents in removing radon and nitrogen dioxide from indoor
air is unknown. In the case of formaldehyde, however, Jewell38 and others have
investigated the wuse of Purafil (an aluminum oxide impregnated with potassium per-
manganate) as an adsorbant. Jewell reduced the levels of formaldehyde in a mobile
home from approximately 500 parts per billion (ppb) to 140 ppb by passing 2640 m3/hr
of indoor air (equivalent to 13.6 air changes per hour) through a 36-kg bed of
Purafil. Eriksson et al. compared the effectiveness of Purafil and other adsor-
bents (activated carbon, activated aluminum oxide, treated calcium carbonate, and
activated aluminum oxide impregnated with potaSsium permanganate) in removing for-
maldehyde (in typical indoor concentrations) from the air./c 39 Their tests included
a study of the 1lifetime (capacity) of the adsorbents and a study of a passive



adsorbtion technique. They concluded that only Purafil and the ceramic material
impregnated with potassium permanganate showed promise for controlling indoor for-
maldehyde. In an attempt to increase the lifetime of the Purafil, they are experi-
menting with using-aétivated carbon upstream of the Purafil.

FUTURE CONTROL TECHNIQUES

In the future, indoor contaminants will be controlled both by advanced design of
products and by more sophisticated contaminant-removal strategies. Mechanical ven-
tilation of residences will become more popular. Improved burner design for gas
appliances will reduce pollutant emissions as well as lower fuel consumption. By
lowering the maximum flame temperatures and combustion chamber temperatures, the
emission of nitrogen oxides can be reduced. Building materials will be manufactured
so that they emit less formaldehyde. Building designs may be modified so that the
rate of vradon entry into the indoor air is decreased. Techniques that may be used
more cbmmonly in the future are electrostatic precipitation, more effective adsor-
bents, catalytic conversion, and perhaps other decomposition processes. Sensors
capable of activating the ventilation system when pollutant levels increase to unac-

ceptable levels are under development and may also play an important role.
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APPENDIX A

U.S. and Canadian Sources for Residential

MANUFACTURER OR DISTRIBUTOR

Air Changer Corporation
Attn: Greg Allen

334 King Street E.
Studio 505

Toronto, Ontario

Canada M5A 1K8

(416) 863-1762

Aldes Riehs U.S.A.
157 Glenfield Road
Sewickley, PA 15143
(412) 741-2659

Automated Controls & Systems
Attn: Ray Kollock

500 East Higgins Road
Elkgrove, IL 60007

(312) 860-6860

Berner International
Attn: John Fischer
216 New Boston St
Woburn, MA 01801
(617) 933-2180

Bik Products Incorporated
Attn: James Meyer
Engineered Products Division
42-.4Y4 Main Street

P.0. Box 761

Danbury, CT 06810

(203) Tu3-1431

Conservation Energy Systems, Inc.

Box 8280

Saskatoon, Saskatchewan
Canada ST7K 6C6

(306) 665-6030

Des Champs Labs Incorporated
Attn: Nicholas Des Champs
P.0O. Box 348

East Hanover, NJ 07936

(201) 884-1460

Air-to-Air Heat Exchangers

TYPE OF HEAT EXCHANGER

Plastic counterflow with
fans and freeze protection

Plastic counterflow with
fans; air distribution

.8ystem available

Crossflow core only

Window/wall mounted;
heat wheel with fans

Regenerator, flow alternates
over heat accumulators;

with fans and freeze
protection

Plastic crossflow with
fans and freeze protection

Aluminum counterflow with
fans



MANUFACTURER OR DISTRIBUTOR

Enercon Industries Limited
Attn: Dennis Rogoza

2073 Cornwall Street
Regina, Saskatchewan
Canada SHUP 2K6

(306) 585-0022

Flakt Products Incorporated
Attn: Fulton Cooke

P.0. Box 21500

Fort Lauderdale, FL 33335
(305) 524-6521 e

Mitsubishi Electric Sales
America, Inc.

Attn: Mike Thomas

3030 East Victoria Street
Compton, CA 90221

(213) 537-7132

(800) 421-1132

Q-Dot Corporation
Attn: Axel Bucher
726 Regal Row
Dallas, Texas 75247
(214) 630-1224

TYPE OF HEAT EXCHANGER

Plastic counterflow with
fans; freeze protection
available

Aluminum crossflow with
fans; freeze protection
available

Crossflow with paper,
aluminum, or plastic

cores; with fans;
wall/window mounted units
and ducted units available;
freeze protection available
for some units

Heat-pipe core only
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APPENDIX B
Manufacturers of Air Cleaning Devices
I. FLAT-PLATE ELECTROSTATIC PRECIPITATORS

Five Seasons Comfort Limited
400 Eddystone Ave.
Downsview, Ontario

Canada M3N1H7

(416) Tu2-0601

Honeywell, Inc.

10400 Yellow Circle Drive
Minnetonka, MN 55343
(612) 931-4200

Oster

5055 North Lydell Avenue
Milwaukee, WI 53217
(414) 332-8300

Smokemaster Inc.

965 North County Road 18
Minneapolis, MN 55441
(612) 5u4-4426

Summit Hill Laboratories
Avalon, NJ 08202
(609) 967-4404

Trion, Inc.

P.0. Box 760
Sanford, NC 27330
(919) 775-2201

Universal Air Precipitation Corp.
1500 McCully Rd

Monroeville, PA 15146

(412) 351-3326

II. UNCHARGED MECHANICAL FILTERS

Air Techniques Inc.
1717 Whitehead Road
Baltimore, MD 21207
(301) 9uu-6037

Airomax Corp.
P.0. Box 86
Gibbstown, NJ 08027

(609) 933-1780



AllerMed Corporation
4324 Sunbelt

Dallas, TX 75248
(214) 2u48-0782

Peris Industries Inec.
P.0. Box 1008

State College, PA 16801
(814) 237-6820

Summit Hill Laboratories
Avalon, NJ 08202
(609) 967-4409

III. CHARGED FAN FILTERS

Air Control Industries, Inc.
213 McLemore St.

Nashville, TN 37203

(615) 242-3448

Bionaire Corp

P.0. Box 14
Paterson, NJ 07507
(201) 423-2661

Neo-Life Company of America
25000 Industrial Boulevard
Hayward, CA 94545

(415) 357-6226

North American Phillips Corp.
Consumer Products Division
High Ridge Park

Stamford, CT 06904

(203) 329-5700

Oreck Corp.

100 Plantation Road
New Orleans, LA 70123
(504) 733-8761
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Tobacco smoke 4-9
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