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Introduction

Air Resources Board (ARB) staff has prepared this document to provide information on
scientific research that has been conducted on various building-related and site
mitigation concepts suggested as potentially effective approaches for reducing the
traffic-related exposures of those living near high traffic roadways. While it provides
useful information for consideration of potential mitigation approaches, this paper is not
intended as guidance for any specific project, and does not provide a methodology for
determining appropriate mitigation measures for purposes of compliance with the
California Environmental Quality Act. This review looked only at the current status of air
pollution research, and does not address other potential community benefits of the
concepts, such as the aesthetic and noise reduction benefits of adding vegetation or
sound walls.

The State’s current set-back requirement for schools (500 feet [ft]; PRC 21151.8) and
the ARB’s recommendations on siting for housing and other sensitive uses (e.g., 500 ft
from major roadways and 1000 ft from busy distribution centers and rail yards; ARB
2005a) are intended to help protect the public from exposure to traffic emissions. Such
emissions have been associated with a variety of serious health impacts in
epidemiological studies, including exacerbation of respiratory and cardiovascular
diseases and conditions, increased asthma and bronchitis in children, and increased
risk of premature death. Traffic pollutant concentrations near high traffic roadways have
been found to be 2 to 10 times higher than levels at a distance from the roadways.
Also, recent studies have shown elevated traffic pollutant levels at greater distances
from the roadway than previously measured.

ARB and the U.S. EPA continue to adopt increasingly stringent regulations limiting
emissions from vehicles of all types, which have substantially reduced, and will continue
to reduce, vehicle emissions. However, recently adopted regulations have compliance
dates extending as far as 2025 for full implementation, and fleet turnover to zero or
near-zero technologies will take 20 to 30 years. New reductions in vehicle emissions
are improving regional air quality throughout California, including near roadways. As the
ARB and the air districts work to reduce emissions from diesel PM and other pollutants,
the impact of proximity will also be reduced. However, the differential exposure to high
air pollution near high traffic roadways compared to other locations makes the siting of
housing in those locations a continuing health concern. Recognizing that unhealthful
levels of air pollution is a long term problem, ARB is funding research to identify
advanced technologies to further reduce vehicle emissions, to better understand traffic
related air pollution exposures, and to explore the benefits of high efficiency filtration in
California homes.

As communities plan for more compact development, the potential health impacts of
infill projects will need to be considered. Infill development can reduce urban sprawl
and has other potential health and environmental benefits. It also has the potential to
increase exposure to traffic pollution due to the proximity of the infill areas to
established traffic routes.
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Status of Research on Traffic Exposures and Health Impacts

Measurements of air pollutants near roadways show a consistent finding of elevated
levels based on proximity. Black carbon, often used as an indicator of diesel exhaust,
and ultrafine particles (particles less than 0.1 microns in size), which are emitted in very
high numbers from vehicles, are often 2 to 10 times (or more) higher near roadways and
freeways (Zhu et al., 2002a, 2002b, 2006; Kuhn et al., 2005; Westerdahl et al., 2005;
Ntziachristos et al., 2007; Kozawa et al., 2009a). Concentrations of PM2.5 (particles
2.5 microns or less in diameter) near busy roadways can be about 20% higher than
levels at a distance (Zhu et al., 2002a; Kim et al., 2004; Janssen et al., 2001). Nitrogen
oxides also are elevated near roadways, usually about 2 to 3 times the levels measured
at a distance from the roadway (Kim et al., 2004; Singer et al., 2004; Kozawa et al.,
2009a; Durant et al., 2010).

Previous studies of near roadway pollutant levels showed that concentrations of
pollutants emitted from vehicles were highest right at the roadway and decreased
substantially in the first 300-500 feet from the roadway (Zhu et al., 2002b; Knape 1999).
These results were consistent with health studies that showed a stronger association of
health impacts for those living within 300-500 ft of the roadway compared to those living
farther than 500 ft from the roadway (Brunekreef et al., 1997; Venn et al., 2001; English
et al., 1999). More recent studies have shown a somewhat longer plume of increased
pollutant concentrations farther from the roadway. Using data collected mostly during
the day and near roadways, a meta-analysis of many studies found that for almost all
pollutants, elevated levels of pollutants caused by the increased contributions from
roadways returns to background levels at 160 - 570 meters (m; 525 — 1870 ft; Karner
et al., 2010). The range of distances needed to reach background is usually a result of
local meteorological conditions, which can vary significantly; however, a more constant
observation is a steep concentration gradient observed closest to the roadway, within
500 ft, with a more gradual and extended decline at further distances. Another meta-
analysis found that the “spatial extent of impact” of motor vehicles can extend up to
400 m (1312 ft) for black carbon and particles and 500 m (1640 ft) for nitrogen dioxide
(NO2; Zhou and Levy 2007). Levels of traffic pollutants near roadways vary due to
many factors, including traffic type and density, wind direction and speed, local and
roadway topography, and time of day and season (Zhu et al., 2004; Kuhn et al., 2005;
Moore et al., 2007; Ning et al., 2007; Hu et al., 2009; Kozawa et al., 2009a, 2009b).

In a major 2008 review of the scientific literature by the Health Effects Institute (HEI),
proximity to busy roadways was found to be associated with a variety of adverse health
impacts, the strongest association being exacerbation of asthma, with others including
asthma onset in children, impaired lung function, and increased heart disease (HEI,
2010). More recent studies have added to the list of effects and heightened concern
regarding exposure to traffic emissions. Respiratory and cardiovascular effects seen in
these studies include an increased risk of new-onset chronic obstructive pulmonary
disease (Andersen et al., 2010), a faster progression of atherosclerosis in those living
within 100 m of highways in Los Angeles (Kinzli et al., 2010), increased risk of
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premature death from circulatory disease (Jerrett et al., 2009), and increased incidence
of new heart disease (Kan et al., 2008). Other effects include increased risk of low birth
weight (Brauer et al., 2008; Llop et al., 2010) and increased risk of pre-term delivery
(Wilhelm and Ritz, 2003; Wilhelm et al., 2011) for mothers living very near heavy traffic,
lower immune function in post-menopausal women living within 150 m of arterial roads
(Williams et al., 2009), and increased risk of Type 2 diabetes in post-menopausal
women (Kramer et al., 2010).

Children appear to be particularly vulnerable to the adverse effects of traffic emissions.
Epidemiological studies have found significant associations of children living near high
traffic areas with decreased lung function (Brunekreef et al., 1997; Gauderman et al.,
2007), increased medical visits and hospital admissions for childhood asthma (English
et al., 1999; Lin et al., 2002), increased wheezing (Venn et al., 2001), and increased
childhood asthma and bronchitis (Kim et al., 2004; Gauderman et al., 2005; McConnell
et al., 2006), including development of new asthma cases (McConnell et al., 2010;
Gehring et al., 2010). Children living near busy roadways are especially likely to
experience elevated exposures because they would also play outdoors in the
neighborhood and typically would attend nearby schools. Their higher breathing rates
per unit of body mass relative to adults (Adams, 1993) and their developing immune,
neurological, and respiratory systems make them especially susceptible to impacts from
air pollution.

ARB’s recommendation to avoid siting sensitive land uses such as new housing within
500 ft of busy roadways was based on the traffic exposure and health studies
completed as of 2005. More recent studies confirm the relationship, and indicate that in
some situations an elevated risk extends well past 500 ft. A few studies have measured
elevated pollutant levels at distances well beyond 1000 ft (305 m; Karner et al., 2010;
Zhou and Levy, 2007). For example, Hu and colleagues (2009) found that in the pre-
dawn hours in Los Angeles, elevated ultrafine particle number concentration, nitric
oxide, and particle-bound polycyclic aromatic hydrocarbons extended at least 1200 m
(3937 ft) downwind of the freeway and did not reach background levels until a distance
of 2600 m (8530 ft). More importantly, results from the Southern California Children’s
Health Study on the association of residential distance to traffic and lung function
development, performed in the same general location as the Hu et al. study, found
adverse health effects in children living as far as 1500 m (4921 ft) from roads
(Gauderman et al., 2007). These are not unique findings; in the HEI (2010) report
mentioned above, the authors noted that studies showed that people living up to 500 m
(1640 ft) from heavy traffic are most at risk from the health effects of traffic pollution.

Status of Research on Mitigation Concepts

Various building and site mitigation approaches have been suggested as potential
means to reduce exposure to traffic pollution near roadways. A review by ARB staff
found that there has been limited study of most of these approaches. Building
measures examined include high efficiency filtration for residences through either
central, in-duct type filtration or portable air cleaners; and external building design

Air Resources Board 3 August 23, 2012



measures, such as locating the air intakes for ventilation systems on the opposite side
of the building from outdoor sources, reducing the size and number of openable
windows on the side of the building nearest the outdoor sources, or housing people in
tall buildings. Site mitigation measures examined include the use of sound walls and
vegetation as barriers. These measures are all assessed further below. Studies of
elevated and below-grade roadways and freeway caps (also called freeway decks, lids
or covers), which are covers over a sunken roadway that produce a road tunnel, also
were reviewed, but studies were limited and results variable, and these measures are
not feasible or are impractical for most new housing developments. Traffic measures
such as those to reduce vehicle miles traveled also were considered; most such
measures are typically integrated into roadway and community planning for regional
benefits.

Building-related Measures: Filtration

No single building-related measure has been identified as adequate to reduce entry of
pollutants from nearby roadways to the extent expected from set-back under common
conditions. However, the use of high efficiency filtration appears to be relatively
effective in most circumstances, as discussed below. It is especially appropriate for
new homes because new homes in California must have mechanical ventilation
systems [CCR 2008, Title 24, Section 150(0)], and those systems purposely pull
outdoor air into the home that often is not filtered at all or is poorly filtered. High
efficiency filtration also appears useful in existing homes without mechanical ventilation
as discussed below. Mechanical ventilation systems and the Code requirement are
discussed further in the Addendum at the end of this paper.

Background for Filtration

Outdoor-generated pollutants enter and leave buildings through three primary
mechanisms: mechanical ventilation systems, which actively draw in outdoor air
through an intake vent and distribute it throughout the building; natural ventilation
(opening of doors or windows), which is the typical ventilation mode for most homes and
small commercial buildings in California; and infiltration, which is the passive entry of
unfiltered, outdoor air through small cracks and gaps in the building shell. Both natural
ventilation and infiltration allow unfiltered air into the building and reduce the
effectiveness of any filtration device.

Filter efficiency is rated using several scales, the most common of which is the Minimum
Efficiency Reporting Value (MERV) rating system (ASHRAE 52.2-2007 as cited in EPA
2009). Flat fiberglass filters are the most common filters used in residential heating and
air systems, and are rated at only MERYV 1 to 4; they remove only a portion of the
largest particles in the airstream that passes through the filter. MERV 5 to 8 filters are
medium efficiency filters that remove some additional types of particles such as mold
spores and cat and dog dander, but they still do not remove the finer particles produced
on roadways. MERV 9 to 12 filters begin to remove particles smaller than PM2.5.
Higher efficiency MERV 13 to 16 filters are rated to remove a portion of the ultrafine and
submicron particles emitted from vehicles. True HEPA (high efficiency particle
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arrestance) filters (equivalent to MERV 17 to 20) remove 99.97% to 99.999% of
particles less than 0.3 microns, but these generally have not been available for
residential applications. High efficiency filters associated with central heating,
ventilating and air conditioning (HVAC) systems must be carefully selected to assure
the mechanical system can handle the increased airflow resistance. Additional
information on MERV ratings, the size particles they remove, and typical applications
are provided in Table 1 in the Addendum at the end of this paper.

High Efficiency Filtration with Mechanical Ventilation

Because mechanical ventilation has not been used in residential buildings until recently,
there has been limited assessment of its impact on entry of particles and other
pollutants into homes. However, a few recent studies of homes and schools have
shown that high efficiency filtration in mechanical ventilation systems can be effective in
reducing levels of incoming outdoor particles. In a seven-home study in northern
California, Bhangar et al. (2010) found that the two homes with active filtration in a
mechanical system had a notably lower portion of indoor particles from outdoors when
the systems were on (filtration active) than when they were turned off (no filtration). In a
modeling study of Korean residential units with mechanical ventilation, Noh and Hwang
(2010) found that filters rated lower than MERV 7 were insufficient for reducing
contaminants that enter through the ventilation filter, and concluded that filters should
exceed MERYV 11. In a school pilot study, a combination of MERV 16 filters used as a
replacement for the normal panel filter in the ventilation system and in a separate
filtration unit reduced indoor levels of outdoor-generated black carbon, ultrafine particles
and PM2.5 by 87% to 96% in three southern California schools (SCAQMD, 2009). Use
of the MERYV 16 panel filter alone in the HVAC system achieved average particle
reductions of nearly 90%. In a study of a single school in Utah, indoor submicron
particle counts were reduced to just one-eighth of the outdoor levels in a building with a
mechanical system using a MERYV 8 filter (Parker et al., 2008). The investigators noted
that the building shell and other mechanical system components appeared to play a
significant role in the submicron particle removal as well.

These findings are similar to those from earlier studies of mechanically ventilated office
buildings (e.g., Jamriska et al., 2000; Fisk et al., 1998). Fisk et al. (2000) concluded
that use of higher efficiency filters instead of normal filters can reduce indoor numbers
of submicron particles by 90% and that there is evidence of a large rate of removal of
submicron indoor patrticles by processes (e.g., deposition) other than ventilation and
filtration.

Because most of the studies discussed above were conducted in buildings with few or
no indoor sources of submicron particles, the measured efficiencies of filters for
reducing indoor concentrations of submicron particles from all sources may be
overestimated. Many other studies have identified activities such as unvented cooking,
cigarette smoking, and use of unvented gas appliances as indoor sources of submicron
particles (ARB, 2005b, studies cited). These would only be removed by filtration to the
extent the indoor air is re-circulated through the filters.
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High Efficiency Portable Air Cleaning Devices

Portable or stand-alone air cleaners are generally not as capable as in-duct air cleaners
and those associated with mechanical ventilation systems for cleaning large areas such
as an entire home (Consumer Reports, 2007). However, when they are appropriately
sized for the space to be treated, and when they use high efficiency or HEPA filters,
portable air cleaners can significantly reduce particles in the treated area and serve as
an adjunct to other pollutant reduction measures (Hacker and Sparrow, 2005;
Shaughnessy et al., 1994; Shaughnessy and Sextro, 2006; Skulberg et al., 2005;

Ward et al., 2005). In the pilot study conducted in three southern California schools
(discussed above), a large stand-alone air cleaner with MERYV 16 filters reduced black
carbon, ultrafine particles and PM2.5 counts by 90% or more, and PM2.5 mass by 75%,
when the HVAC system was not running (SCAQMD, 2009). Barn et al. (2008) found
median removal efficiencies of 55% to 65% for PM2.5 from fires and wood burning by a
HEPA air cleaner in 21 winter homes and 17 summer homes. In other work, Fisk et al.
(2002) estimated an 80% reduction in outdoor fine mode particles with stand-alone air
cleaners using filters in the MERV 11 to 13 range.

Because new California homes are now required to have mechanical ventilation, stand-
alone air cleaners are less relevant to the assessment of measures for new California
home construction. However, highly efficient portable air cleaners may be useful in
reducing indoor exposure to pollutants in existing homes that do not have mechanical
ventilation, and in homes that use bathroom exhaust type mechanical ventilation
systems, which by their design cannot incorporate filtration of the incoming air because
the supply air enters through leakage points throughout the building.

Removal of Gaseous Pollutants

There are limited options for effective removal of gaseous pollutants such as volatile
organic chemicals, or VOCs, and NO; in central systems, and although the number and
variety of technologies are increasing, there has been only limited research to date on
their effectiveness. However, a few studies have examined the effectiveness of stand-
alone filtration technologies intended to remove gaseous pollutants from the airstream
(Shaughnessy and Sextro, 2006). The most comprehensive study was conducted by
Chen et al. (2005), who tested the initial performance of 15 air cleaners with a mixture
of 16 representative VOCs in a chamber study. Sorption filtration (e.g., activated
carbon) removed some but not all VOCs (light and very volatile gases such as
aldehydes and dichloromethane were not well removed). However, devices that
included sorption media such as activated alumina impregnated with potassium
permanganate showed better VOC removal efficiencies. In the schools study discussed
above, the stand-alone unit used in one of the schools included charcoal sorbent for
removal of gaseous pollutants; it removed 52% of the benzene indoors and 15% of total
VOCs when operated with the HVAC turned off (SCAQMD, 2009). In a children’s
daycare center in Finland, Partti-Pellinen et al. (2000) found that up to 50% to 70% of
nitrogen oxides could be removed by chemical filtration using a combination of charcoal,
aluminum oxide and potassium permanganate, while another study found about 50%
NO, removal by a HEPA air cleaner with large quantities of carbon in the adsorption
bed, but little or no removal by other types of air cleaners (Shaughnessy et al., 1994).
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Results from these studies show effectiveness for some technologies but are not
conclusive due to their limited number and scope, including a relative lack of real world
measurements. Additionally, some investigators have found that some filters re-emit
VOCs that have been removed over time, or emit reaction products from the matter
collected on the filter (Daisey and Hodgson, 1989; Fisk, 2007; Destaillats et al., 2011,
Hyttinen et al., 2006, 2007).

Limitations of High Efficiency Filtration

Although they can substantially reduce indoor concentrations of pollutants, mechanical
filtration systems alone are insufficient to fully protect occupants from particles and
other emissions from nearby roadways, for several reasons.

e First, most people tend to open their windows or doors at least part of each day
(Offermann, 2009; Phillips et al., 1990), and such natural ventilation involves no
filtration of incoming air and can diminish any pollutant reductions attained
through the use of the mechanical system. The effectiveness of high efficiency
filtration in homes whose occupants open their doors and windows regularly has
not been quantified.

e Second, as higher MERYV filters are used, greater attention must be paid to the
increased air flow resistance that occurs with some filter types; mechanical
system motors must be sufficiently sized to accommodate the air flow needs.

e Third, studies have shown that homeowners are not provided with sufficient
information regarding use and maintenance of their central HYAC systems, or do
not read and follow instructions for maintaining their filters (EPA, 2009;
Offermann, 2009). Filtration is only effective if filters are well-fitted and are
replaced or maintained according to the manufacturer's recommendations, and
duct leakage is minimized (Thatcher et al., 2001; Wallace et al., 2004). Older
(aged) filters have been associated with increased irritant health symptoms and
decreased work performance in studies of filtration maintenance in workplaces
(Clausen, 2004; Seppanen and Fisk, 2002; Wargocki et al., 2004).

e Finally, as discussed above, gaseous pollutants are not removed by most particle
filters, and the technologies for VOC removal in residential applications are
limited and still evolving.

Expected Benefits of High Efficiency Filtration

High efficiency filtration has been used in homes and schools only recently, and there is
a range of highly variable building characteristics, filtration technologies, and occupant
behaviors that determine the effectiveness of high efficiency filters in reducing the
overall levels of pollutants indoors. Accordingly, it is difficult to accurately quantify the
actual reduction in particulate matter that would be achieved by introducing high
efficiency filtration on a widespread basis across the population of California homes and
schools. For example, while filters with a MERV 16 rating remove more than 95% of
particles from 0.3 to 3 microns in diameter, only those patrticles in the airstream actually
passing through the filter are removed. Factors that determine the fraction of particles
removed from the air in a building include the airflow rate through the unit, the amount
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of time that the system is “on”, the extent to which windows and doors are opened, and
other factors. While results from the studies conducted in homes and schools to date
appear promising, those studies usually limited the opening of windows and doors or
followed other specific protocols. Thus, although a substantial reduction in particles
would be expected, the reduction that would be realized across the wide variety of
conditions in California homes and schools cannot be confidently estimated.

Two kinds of programs are currently being implemented that will provide critical
information needed to help confirm and quantify the effectiveness of high efficiency
filtration. First, ARB is funding two key studies of high efficiency filtration in homes.
Second, several local air quality management districts and school districts are
implementing programs to install high efficiency filtration devices in a substantial
number of schools in California, and collecting data regarding the performance of the
filtration units. These are discussed below.

ARB’s Planned High Efficiency Filtration Research

ARB is funding a project entitled “Reducing In-Home Exposure to Air Pollution” to
measure the exposure reduction and energy use of combinations of mechanical
ventilation and filtration systems in order to identify compatible, low-energy systems that
are effective at reducing indoor exposures to indoor, and incoming outdoor, pollutants.
The study will be conducted by Drs. Brett Singer and lain Walker of Lawrence Berkeley
National Laboratory. The investigators plan to evaluate 15 current and new systems,
and test seven of the most promising systems in a test home near a major roadway in
an area with high ambient ozone and PM2.5 levels. They will measure fine and ultrafine
particles, ozone, VOCs, NO, and black carbon, both indoors and outdoors, along with
energy consumption and the performance of systems as filters age. This project is
needed because new California homes are now required to have mechanical ventilation
as discussed above, and the most widely used, low energy mechanical ventilation
systems, bathroom exhaust systems, do not filter the incoming air; hence, the
occupants’ indoor exposure to outdoor air pollutants can potentially increase with these
systems.

ARB is also funding a second study entitled “Benefits of High Efficiency Filtration to
Children with Asthma”. Dr. Deborah Bennett from the University of California at Davis
will conduct this 4-year study of 200 children with asthma in Fresno and Riverside to
guantify the exposure and asthma reduction benefits of high efficiency filtration in their
homes. One intervention group will have high efficiency filters or filtration systems
installed in their homes’ central heating and air conditioning systems. The second
group will have high efficiency portable air cleaners placed in the child’s bedroom and in
the main living area. Filters with a MERYV rating of 15 or higher will be used.
Improvements in asthma symptoms will be evaluated in a randomized cross-over
design, with each participant receiving high efficiency air filtration for a year and no
filtration for a year, allowing the investigators to identify the improvements related to the
air filtration. During the control periods, “sham” filters with little or no particle removal
capability will be used. Half of the homes with portable air cleaners will also have filters
that remove ozone and VOCs. The extent to which particulate matter (PM10, PM2.5
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and ultrafine particles), ozone, black carbon, and nitrogen oxides are reduced will be
measured. Key asthma health endpoints will also be examined, including unplanned
utilization of the healthcare system for asthma-related illness, short-term medication

use, symptom diaries, peak exhaled flow, spirometry and exhaled nitric oxide.

Current Programs Using High Efficiency Filtration

Several programs have been completed or are underway in the State to install and/or
test high efficiency filters, primarily in schools, to reduce exposures to pollutants from
heavy traffic and/or port-related emissions. Since 2008, the South Coast Air Quality
Management District (SCAQMD) has approved $3 million for installation of high
efficiency air filtration devices in a total of 18 schools and one community center in the
Long Beach and Los Angeles Unified School Districts, San Bernardino and the Boyle
Heights area (Kwon, 2012). SCAQMD also has agreed to oversee implementation of a
program to utilize $5.4 million in settlement funds to install and maintain high
performance air filtration devices at about 47 schools in Wilmington and San Pedro.
Installation of the filtration devices was scheduled to begin in summer 2012. Detailed
site assessments of the schools are underway prior to installation in order to determine
the best filtration device for each classroom and to facilitate assessment of actual
improvements in classroom air.

Also, the Bay Area Air Quality Management District (BAAQMD) is conducting a school
air filtration project in five schools for about $300,000 (Smith, 2012). In 2010, a
contractor completed installation of high efficiency air filtration equipment at five
elementary schools located in the Bay View Hunters Point neighborhood of San
Francisco. The filtration equipment is designed to reduce exposure inside the schools
to particles from outdoor sources, as well as indoor-based particles such as some
allergens. Initial monitoring results indicate that there has been a substantial reduction
of particulate matter (up to about 50% to 75% for PM2.5 and higher for very small
particles) inside the classrooms as a result of the newly installed high performance
filters (1QAIr, 2012).

To date, these programs appear successful, but overall cost, changes to the operation
of the classrooms’ central HVAC systems (such as running the system continuously
rather than allowing it to switch on and off based on temperature needs) and other
considerations (noise, drafts) may reduce the feasibility of the current technologies for
use in all classrooms and require further refinements. However, because of the
similarities of schools to homes with mechanical ventilation systems, one would expect
comparable reductions in particle levels from high efficiency HVAC filtration in new and
retrofitted homes.

Cost of High Efficiency Filtration

About a dozen companies offer high efficiency filtration devices incorporated into, or
suitable for, residential mechanical ventilation systems, and most offer just one or two
models. The devices are rated from MERV 11 to 16, plus several are true HEPA filters
(equivalent to about MERV 17 to 20). Initial costs range from about $200 to $2800 for a
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very high end system; however, most cost less than $500. This range does not include
installation, although in a new home the added cost over the installation of the
mechanical system itself would be expected to be minimal. Annual filter replacement
and/or maintenance cost ranges from about $25 to $255 per year, depending on MERV
rating, number of filter changes needed per year, and whether the system includes a
carbon filter for VOCs (which increases the cost of filter replacement, as these typically
need to be replaced several times per year).

For existing homes and those that are renovated and do not have a mechanical
ventilation system, either higher efficiency filters in the central heating and air system or
portable high efficiency filtration devices could be used. High efficiency filters for central
systems that can accept them cost about $20. However, the increased airflow
resistance may cause the central system to be less efficient. Effective, high efficiency
portable units range in purchase cost from about $200 to $1250 depending on the size
of the room or space to be treated and the specific technologies included (e.g., MERV
rating and charcoal or other VOC removal filters) and would typically not involve any
installation costs. Replacement filters and maintenance range from about $75 to $500
per year, again depending on the types of filters included and how dirty the air is, which
would determine the frequency of filter changes needed. To adequately treat the living
areas of most homes (e.g., bedrooms, family room, living room), two or more portable
units may be needed.

External Building Design Measures

Moving Air Intakes

Research focused on assessing external building design measures is generally not
readily available. Locating air intakes for mechanical ventilation systems on the opposite
side of the building from the nearby outdoor source and prevailing wind direction seems
logical. However, the reduction of pollutant entry in such a case would depend on the
distance of the intake from the outdoor source, the consistency of the prevailing wind
direction, and any local geographical or structural objects that might produce wind
turbulence or eddies near the building and the air intake. One patrticle expert has noted
that moving the intake would likely only be beneficial when the outdoor source is very
near the intake and the intake is moved fairly far away; otherwise, because particles
tend to disperse quickly and particle plumes “flow” around buildings, elevated particle
concentrations around the building will be fairly consistent (Thatcher, 2010). This view
appears at least partially substantiated by an Australian study that found that the
concentration of submicron particles was consistently high and relatively undiluted
around a building that was within 15 m of the roadway (Morawska et al., 1999).
However, because this option has received little scientific study, and because all new
California homes are required to use mechanical ventilation, which will often include a
supply air intake, this option warrants further study to determine whether there are
conditions under which strategic placement of air intakes might provide some benefits.
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Reducing Openable Windows

Reducing the size and number of openable windows on the side of the building nearest
the outdoor source would likely do little to reduce entry of particles and other pollutants
into homes. Furthermore, this potential measure may not be acceptable to
homeowners, who often open windows to take advantage of the breeze, from which the
benefit arises primarily from opening windows on the prevailing wind side of the
building. Windows opened only on the opposite side may result in little air movement in
the home. In regions of the State where window opening currently replaces air
conditioning in the summer evening and nighttime periods, there could be substantial
energy and cost penalties for the increased use of mechanical air conditioning to cool
the home. Additionally, increased indoor air stagnation and condensation may occur,
which can result in mold issues. Thus, for all of these reasons, this option does not
appear practical for single family dwellings. This measure might be acceptable in multi-
family dwellings, depending on the specific building design and the ventilation systems
used. However, inclusion of a sufficient number of windows (even if unopenable) would
allow more daylight into the building, which would reduce energy use for indoor lighting
and provide the satisfaction and efficiency benefits that accompany daylighting
(Heschong Mahone Group, 2003a, 2003b).

Taller Buildings

Housing people in taller buildings has also been suggested as a possible exposure
reduction measure. However, one of the few relevant studies of multi-story buildings
near busy roadways found that vertical differences in fine and ultrafine particle
concentrations outside buildings with 9 to 26 stories were not significant and can be
highly variable, depending on other local sources and local meteorological conditions
(Morawska et al., 1999). A second study, conducted in New York, found significant
decreases for outdoor black carbon and non-volatile polycyclic aromatic hydrocarbons
for floors 6 to 32 during the non-heating season only (Jung et al., 2011). Additionally,
floors 3 to 5 showed the highest median outdoor concentrations for all pollutants
measured, although the trend was not statistically significant and the elevated pollutants
were believed to come from nearby rooftop exhausts. Thus, multi-story housing may
reduce exposure in some situations but requires further research to determine
conditions under which tall buildings might provide a reliable approach to reduce
exposure near busy roadways.

Site-related Measures

The primary site-related measures reviewed by ARB staff were sound walls and
vegetation barriers.

Sound Walls

Sound walls appear to reduce pollutant concentrations near the roadway; near-road
concentrations (within 15-20 m [49-66 ft]) have shown reductions up to about 50% (Ning
et al., 2010; Baldauf et al., 2008; Bowker et al., 2007; Hagler et al., 2012). However, in
some studies higher levels of pollution were seen behind the barrier and at a distance
from the sound walls and roadways, although in some of these studies the higher levels
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appear related to other sources of pollution (Ning et al., 2010; Bowker et al., 2007;
Hagler et al., 2010; Baldauf et al., 2008). In one of the few field measurement studies of
sound walls, conducted along two southern California freeways, Ning et al. (2010) found
that concentrations at farther distances (about 80 to 100 m from the roadway) were
typically greater for the portions of the roads with sound walls, and background levels
behind sound walls were not reached until 250 to 400 m as compared to 150 to 200 m
without sound walls. Modeling and tracer studies (Heist et al., 2009; Finn et al., 2009)
showed that barriers reduced air pollution downwind of the barrier, although in some
cases trapping of pollution and increased levels on the road would occur (Hagler et al.,
2011; Finn et al., 2009). Nearby buildings and structural barriers can also affect the
attenuation and dispersion of pollution from roadways, but results vary with different
meteorological conditions (Bowker et al., 2007; Hagler et al., 2010; Hagler et al., 2012).

Vegetation Barriers

Results for vegetation alone are more variable than those for sound walls. Vegetation
can remove some gaseous pollutants by uptake or absorption, and particles are
removed primarily by interception (impaction or physical adherence; Nowak et al., 2006;
Fujii et al., 2008; Smith, 1990; Pardyjak et al., 2008; Baldauf et al., 2008). However,
particles can be resuspended, apparently even at very low wind speeds (Fujii et al.,
2008; Smith, 1990). Vegetation may restrict dispersion and increase concentrations on-
road in street canyons with closer spacing of trees, particularly in low wind conditions
(Gromke, 2011; Gromke and Ruck, 2007, 2009; Buccolieri et al., 2009). Another study
has further shown the complexity of the effects of vegetation; investigators found
different results depending on particle size and wind speed, and a non-linear increase of
particle removal with increased leaf area density, which varies by tree species and
season (Steffens et al., 2012). Gaps in vegetation barriers can have a significant
negative impact on their effectiveness (Hagler et al., 2012), which needs to be
addressed in future California research because California roadside vegetation tends to
be less dense than that in the eastern U.S., where most previous field studies have
been conducted. Also, some types of vegetation can trigger asthma and allergy
attacks, and some emit reactive VOCs that contribute to the formation of ozone.

Sound Walls and Vegetation Combined

A combination of sound walls and vegetation appears to be more effective than either
one alone. The two used together have been shown to disperse pollutants more
consistently and to greater distances than either alone, with up to about a 60%
reduction in near roadway levels (Baldauf et al., 2008; Bowker et al., 2007). While
sound walls alone and sound walls combined with vegetation show promise, the
increase in concentrations on-road and at a distance seen in some studies can increase
exposures of others in the population and thus redistributes, rather than removes,
pollutants. Additionally, the complexity of pollutant movement under varying conditions
makes accurate prediction of exposure reduction difficult. Specific conditions under
which sound walls and vegetation can reliably and consistently reduce exposures to air
pollution have not been identified, especially in California.
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Reduction of Indoor-generated Pollutants to Reduce Overall Exposure

Particles, NO, and other pollutants emitted by vehicles and other outdoor sources also
have indoor sources that can produce higher indoor concentrations at times (ARB,
2005b, Section 2, and sources cited). Therefore, a reduction in indoor emissions and
exposures can reduce the overall health impact of exposure to outdoor pollutants
because the total exposure (indoor plus outdoor) to those pollutants experienced by the
building occupants would be reduced. A number of studies have identified unvented
cooking, cigarette smoking, the use of unvented gas appliances, burning of candles and
incense, and woodburning as indoor sources of fine and ultrafine particles (Bhangar

et al., 2010; ARB, 2005b; Fortmann et al., 2001; Wallace, 1996; Wallace, 2005; Wallace
et al., 2008). High fine and ultrafine particle counts have been measured from such
indoor sources. In homes with such sources, average indoor concentrations and
occupants’ personal exposures to fine and ultrafine PM are dominated by those indoor
sources. Thus, measures to reduce indoor sources can help to significantly reduce
occupants’ peak and overall daily exposures to key pollutants emitted from both traffic
and indoor sources.

Summary of Research Review

ARB has developed and adopted increasingly stringent regulations limiting emissions
from passenger cars, trucks and buses, which have substantially reduced, and will
continue to reduce, vehicle emissions. However, recently adopted regulations have
compliance dates extending as far as 2025 for full implementation, and fleet turnover to
zero or near-zero technologies will take 20 to 30 years. The set-back of buildings from
high traffic roadways remains the most certain approach for preventing the residual
health risk from traffic pollution exposures for those living closest to the roadways
because it distances them from the highest pollutant concentrations. Research
conducted since the publication of ARB’s recommendations in 2005 further supports the
use of set-back.

There are two mitigation measures that can be effective for exposure reduction.
Increased filtration of air and reduction of indoor pollution sources potentially can reduce
the overall pollution burden in homes. These measures warrant consideration
especially in light of recent studies showing that the pollutant plumes at times can
extend beyond 1000 ft (305 m) from the roadway. For most residential applications
near busy roadways, high efficiency (MERV 13 to 16, or higher) pleated patrticle filters
would generally be considered the most effective approach to filtration because they
can remove the very small particles emitted by motor vehicles without emitting ozone,
formaldehyde, or other harmful byproducts. Based on a limited number of studies, such
high efficiency filtration has been shown to reduce indoor PM2.5 and ultrafine particle
levels by up to 90% relative to incoming outdoor levels when doors and windows are
kept mostly closed. Purchase costs for high efficiency filtration devices or systems that
are compatible with residential mechanical ventilation systems (which are now required
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in new residential construction in California) range from $200 up to $2800, but most are
available for under $500. Because Title 24 now requires mechanical ventilation for new
residential construction, enhanced filtration can help avoid increased exposures to
outdoor pollutants that may occur. The use of high efficiency air filters in central heating
and air systems or stand-alone air cleaning devices can also reduce exposures in
existing homes and homes that use certain types of mechanical ventilation systems that
cannot accommodate central filtration.

While research shows that high efficiency filtration can be effective, it has several
limitations. Filtration cannot remove all incoming outdoor pollutants because of normal
building leakage and the fact that most people open windows and doors at least a
portion of the day, allowing entry of unfiltered air. Additionally, not all pollutants are
filtered by the filter media. Moreover, studies show irregular homeowner maintenance
of filters and central systems, and regular maintenance is critical for effective removal of
pollutants. ARB is funding two studies that should help further identify the approximate
reduction in exposure that high efficiency filtration can provide in homes. High
efficiency filtration is already being used or is planned for use in over 70 schools in
California; these programs should provide comparable information for high efficiency
filtration in classrooms.

The benefits are less clear for most of the other potential mitigation measures
examined. Studies have shown that the use of sound walls alone, or sound walls and
vegetation together, can reduce near roadway concentrations by about 50% and 60%,
respectively. However, the extent of exposure reduction is quite variable under different
conditions of meteorology and topography, and increased levels of pollutants can occur
on-road and at a distance from the roadway. Thus, unlike the situation with filtration,
pollutants are primarily redistributed rather than removed; while individuals living near
the roadway would benefit, those traveling on the road or living at a distance could
experience elevated exposures at times. The effectiveness of vegetation alone is even
more variable, and has not been well-quantified. Furthermore, vegetation with low
allergenic potential and low reactive VOC formation needs to be identified and tested,
and other limitations of vegetation as a pollution barrier need to be better understood.
Research is needed that identifies the specific conditions under which sound walls and
vegetation can consistently provide a reliable exposure reduction benefit with limited
disbenefits. In particular, California field studies are needed because of the significant
differences in California meteorology, building practices, and flora from those of the
eastern U.S.

The limited studies conducted to date on other potential mitigation concepts are not
promising, although further research may identify situations in which they are generally
effective. Placement of air intakes on the side of the building opposite the roadway may
make little difference in terms of exposure, due to rapid particle movement around
buildings. Locating windows only on the side of the building opposite the roadway
reduces indoor daylighting, air circulation and cooling, and may do little to reduce
exposure. Finally, taller buildings do not necessarily experience substantially reduced
pollutant levels at higher floor levels, depending on local meteorology and other nearby
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sources of pollution. However, further research on placement of air intakes and housing
in taller buildings may identify conditions under which these measures reliably reduce
exposures. Research is warranted on these measures and the measures discussed
above as effective or showing promise in order to further identify cumulative measures
that together can assure sufficient exposure reduction and health protection for those
living near busy roadways.
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ADDENDUM

Current California Building Code Requirements

Section 150(0) of Title 24 of the California Code of Regulations (CCR 2008) requires
mechanical ventilation in all new residential construction in California built after

January 1, 2010. Section 150(0) allows the requirement to be met through a variety of system
types (CEC 2010). “Exhaust only” type systems increase the entry of unfiltered outdoor air
through leakage points in the building shell and can result in negative pressure indoors, thus
increasing the possibility of backdrafting of combustion emissions from gas water heaters,
fireplaces and other combustion appliances. These are the most widely used systems in
California. “Supply systems” typically use a small motor to bring outdoor air in through a ducted
supply and can include high efficiency filters to filter the air as it is brought in, prior to circulation
of the air throughout the home. Combination (supply and exhaust) systems are available, with
some linked to the central heating and air system; these include filtration of incoming outdoor
air. However, the Code requires only a MERYV 6 air filter (an increase to MERYV 8 is proposed in
the 2012 revisions to Title 24), which does not remove the smaller particles emitted by vehicles
which are the particles of greatest concern. In future construction, the type of mechanical
system used in new homes will have a major impact on the entry of outdoor pollutants indoors -
if filtration is not included or is weak, indoor exposures to outdoor pollutants likely will increase.

Table 1. MERV Ratings*
MERV Average Particle Size Efficiency Typical Controlled Typical Building
Rating (PSE), microns — % Removal Contaminant or Material Applications
Sources (ASHRAE 52.2)
0.3-1.0 1.0-3.0 3.0-10.0
> 10 Microns Window AC units
1-4 <20% Textile Fibers Common Residential
Dust Mites, Dust, Pollen Minimal Filtration
5 20-35 3.0to 10.0 Microns Industrial Workplace
Cement Dust, Mold Better Residential
3 70 Spores, Dusting Aids Commercial
1.0 to 3.0 Microns Hospital Laboratories
9 <50 >85 Legionella, Some Auto Better Commercial
Emissions, Humidifier Superior Residential
12 >80 >90 Dust
0.3to 1.0 Microns Superior Commercial
13 <75 >90 >90 Bacteria, Droplet Nuclei Smoking Lounge
(sneeze), Most Tobacco Hospital Care
16 >95 >95 >95 Smoke, Insecticide Dust General Surgery
17** >99.97 <0.3 Microns Clean Rooms
(HEPA/ULPA filters)** Carcinogenic &
18* 2 99.99 Viruses, Carbon Dust, Radioactive Matls.,
19, 20** >99.999 Fine Combustion Smoke Orthopedic Surgery

* Adapted from EPA 2009; originally from ANSI/ASHRAE Standard 52.2-2007.
** Not part of the official ASHRAE Standard 52.2 test, but added by ASHRAE for comparison purposes.
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