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PREFACE

This draft health risk assessment document was prepared by the National Center for
Environmental Assessment (NCEA), which is the health risk assessment program in EPA’s
Office of Research and Development. The assessment has been prepared for EPA’s Office of
Mobile Sources which requested advice regarding the potential health hazards associated with
diesel engine use. As diesel exhaust emissions also affect air toxics and ambient particulate
matter, other EPA air programs also have an interest in this assessment. The previous draft of
this assessment was released for public comment in February 1998, and the Agency’s Clean Air
Scientific Advisory Committee (CASAC) met in public session in May 1998 to review the draft.
This November 1999 draft is a revision of that 1998 draft, but also builds on the 1990-1999
history of the development of this diesel health risk assessment.

The scientific literature search for this assessment is generally current through January
1999, though a few more recent publications on key topics also have been included.

This November 1999 draft assessment will be reviewed by CASAC in December 1999,
and concurrently, public comments will be accepted for a limited time. Following the receipt of
comments from CASAC and the public, NCEA plans to finalize the assessment.
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1. EXECUTIVE SUMMARY

The Health Assessment Document for Diesel Emissions represents the Agency’s first
comprehensive review of health effects from exposure to exhaust from diesel engines. In-depth
research on diesel exhaust (DE) started in the 1970s, and EPA began regulating emission levels
for certain types of diesel engines during the same period. EPA wanted to be aware of the
current health issues as it continues with Clean Air Act regu!atory programs, hence the need for
this assessment. In nine chapters, this health assessment addresses key themes-or questions such
as (1) the health effects of concern for humans, (2) the best insight as to the mode of action and
measure of dose/exposure for the toxic response(s), (3) what dose-response analysis suggests
about the possible impact/risk to a human population, and (4) the overall nature of the hazard and
the related confidence or uncertainties.

Diesel exhaust is a complex mixture of particles and gases with hundreds of chemical
compounds, including many organic compourids, present on the particlés and in the gases. The
particles have an elemental carbon core, with individual particles being very small (a mean
aerodynamic diameter of about 0.2 um) and thus highly respirable. The small particles have a
large surface area upon which many organic compounds are adsorbed. The particle organics
generally contribute 10%-30% of particle weight and, for example, contain various types of
polyaromatic hydrocarbons (PAHs). The gases have both inorganic and organic constituents
(e.g., sulfur dioxide, nitrogen oxides, benzene, ethylene, toluene, aldehydes, olefins, and low-
molecular-mass PAHs). Both the particles and the numerous organic compounds of DE have
toxicological properties that are capable of influencing a toxic response in humans, though the
role of either or both in producing a toxic effect in humans is unknown.

DE particles contribute to ambient particulate matter, e.g., PM, ;. Compared to other
sources of ambient PM, the elemental carbon core is nearly unique to DE, as are a few of the
adsorbed organic compounds. The DE gases are more ubiquitous in an urban environment.

Diesel engines may be on-road (vehicle engines) or off-road (many types of engines
powering equipment, machinery, railroad locomotives, and ships). Quantitatively, amounts of
specific emission constituents vary by type of engine and even within the same engine type.
Qualitatively, the basic composition is fairly consistent, for example, an elemental carbon core
particle with PAHs adsorbed to the particle and also present in the gases. Over the years, the
mass of particles emitted in engine exhaust has been reduced, as have the accompanying

organics.

11/5/99 . i-1 DRAFT—DO NOT CITE CR QUOTE



b -

—
owuo o s d

11
12
13
14
15
16
17

20
21
22
23
24
25
26
27
28
29
30
31
32
33

For years researchers have measured DE concentrations using particle mass per unit
volume, i.e., pg/m’ of diesel particulate matter. This assessment adopts pug/m’ as a dosimeter and
further assumes that the important toxicologic agents in DE will be proportional to pg/m’. This
leads to some uncertainty, but the best dosimeter will not be known until the mode of action for
DE toxicity is better understood. Questions have been raised as to whether toxicological findings
generated from exposure to older engine exhaust can appropriately be applied to current-day
engine exhaust exposures. This question is not resolvable with present information, except to
note that available evidence does not point to significant shifts in DE composition relative to the
total organics over the years, and that organics are believed to be in relative proportion to the
mass of particles. '

The primary chronic health concerns include nonmalignant respiratory effects and lung
carcinogenicity. The DE particulates can be a component of ambient PM, ;. Compared to
ambient PM, ; with no DE component, DE is likely to have a higher proportion of fine and
ultrafine particulates and is likely to have a higher or at least a varied content of toxicologically
active organic compounds. Although some similarities exist between DE and ambient PM, the
differences are potentially significant. A comparison of the DE RfC and the PM, s standard has
considerable complexity. For ambient PM we see increased mortality and morbidity in human
studies from various forms of chronic respiratory disease. For DE we expect adverse respiratory
effects but have not clearly observed them in human studies, possibly because few such studies
have focused on respiratory effects. Animal studies conducted at higher than ambient exposure
levels, the most prominent being in the rat, provide the basis for the expectation of human
respiratory disease. A recommended human chronic exposure level without appreciable hazard
(i.e., inhalation Reference Concentration, RfC, 5 pg/m’) from adverse noncancer respiratory
effects is provided in the assessment. From an acute exposure standpoint, DE is an irritant to the
respiratory syétem given sufficient episodic exposure and may cause a variety of inflammation-
related symptoms (e.g., headache, eye discomfort, asthma-like reactions, nausea, etc.) depending
on individual susceptibility to the DE constituents. Data also suggest that DE is a factor in
exacerbating or initiating allergenic hypersensitivity; this is an emerging area of concern.

The carcinogenicity of DE also has been of research and public health interest. Diesel
engine exhaust is "highly likely" to be carcinogenic by the inhalation route of exposure,
according to EPA’s 1996 Proposed Guidelines for Carcinogen Risk Assessment. This hazard is
viewed as being applicable to ambient (i.e., environmental) exposures. Many of the organics

present on the DE particles and in the gases, though in small quantities, are mutagenic and/or
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carcinogenic in their own right. DE shows a pattern of statistically increased lung cancer in more
than 20, but not all, human occupational studies where DE exposure is prominent. Lung cancer
increases are, on average, about 33-47% above background levels, though specific studies
suggest some modestly higher increases. There are some uncertainties about the magnitude of
the increase, because questions about exposure are almost always present in the human studies in
which the increases are seen, and with lung cancer, the question of confounding by cigarette
smoke is present. Nevertheless, analysis of the occupational studies shows that the pattern of
increased lung cancer remains after consideration of these issues. Bladder cancer also has been
elevated in some epidemiologic studies, though the totality of the evidence is too weak to form a
clear conclusion. Although rat inhalation cancer bioassays were once thought to be useful for
inferring a human cancer hazard or supporting human evidence, in recent years, the rat lung
cancer responses seen with DE exposure are thought to be less clear for human hazard prediction
and unsuitable for environmental exposure risk estimation. None of the available studies show
that the lung cancer hazard is present at environmental levels of exposure, although the margin
may be relatively small between some higher environmental exposures and occupational
exposures where lung cancer risks are thought to be present.

The plausibility of an environmental lung cancer hazard from DE by inhalation exposure
is supported by findings contained in this assessment. Overall, the evidence for a likely human
lung cancer hazard by inhalation is persuasive, even though, in the absence of complete data,
inferences and thus uncertainties are involved. Some of the key uncertainties include: (1)
methodologic limitations inherent in epidemiologic studies, as well as a lack of reliable historical
exposure data for occupationally exposed cohorts, (2) uncertainties regarding the extent of
bioavailability of organic compounds present on diesel particle;c) and their impact on the
carcinogenic process, and (3) other uncertainties regarding the mode of action of DE on lung
cancer in humans.

A decision has been made in this assessment that, despite the finding that DE is best
characterized as highly likely to be a lung cancer hazard; the available data are currently
unsuitabie to make a confideni quantitative statement about the magnitude of the lung cancer nsk
attributable to DE at ambient exposure levels. Therefore, this assessment does not adopt or
recommend a specific cancer unit risk estimate for DE. However, information is provided to put
DE cancer hazard in perspective and to assist decisionmakers and the public to make prudent
public health judgments in the absence of a definitive estimate of the upper bound on cancer risk.

Efforte to derive cancer risk estimates for environmental purposes continue, with the focus being
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on epidemiologic studies because the epidemiology-based estimates are always the ideal starting
point, while also recognizing that the rat inhalation studies are no longer favored and other
approaches identified to date have limitations.

- There 1s no DE-specific information that provides direct insight to the question of
variable susceptibility within the population. Default approaches to account for uncertainty in
inter-individual susceptibility have been included in the derivation of the RfC. Individuals with
preexisting lung burdens of particulates may have less of a reargin of safety from DE particulate-
driven hazards than might be inferred from incremental DE exposure analysis, although this
cannot be quantified. DE exposure could be additive to many other daily or lifetime exposures to
organics and PM. For example, adults who predispose their lungs to increased particle retention
(e.g., smoking or high particulate burdens from nondiesel sources), have existing respiratory or
iung inflammation or repeated respiratory infections, or have chronic bronchitis, asthma, or
fibrosis could be more susceptible to adverse impacts from DE exposure. Although there is no
information from studies of DE, infants and children could have a greater susceptibility to the
acute/chronic toxicity of DE because they have greater ventilatory frequency, resulting in greater
respiratory tract particle deposition. The issue of DE impacts on allergenicity and potential onset
and exacerbation of childhood asthma is being actively investigated, but firm conclusions await
peer review and publication of ongoing work.

Another aspect of differential susceptibility involves subgroups that may receive
additional exposure to DE because of their proximity to DE sources. Those having outside time
in their daily routine and being near a diesel emission source would likely receive more exposure
than others in the population. The highest exposed are most likel}.' the occupational subgroups
whose job brings them very close to diesel emission sources (e.g., trucking industry, machinery
operations, engine mechanics, some types of transit operations, railroads, etc.).

Ongoing analyses by EPA, other Federal agencies, and worldwide researchers are
expected to improve the existing epidemiology and related exposure databases. These will
provide new opportunities to evaluate the potential health effects of DE on the general population
and susceptible subgroups.
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2. DIESEL EMISSIONS CHARACTERIZATION, ATMOSPHERIC
TRANSFORMATION, AND EXPOSURES

2.1. INTRODUCTION

The intent of this chapter is to provide background information relating to the diesel
engine, the pollutants it emits, the history of its use in highway vehicles and railroad
locomotives, diesel exhaust composition and emissions trends, and air pollution regulatory
standards for diesel engines in the United States. The chapter also provides specific information
about physical and chemical composition of diesel exhaust, descriptions of its atmospheric
transformations, observations of measured and modeled ambient concentrations (considered
alone and as a component of atmospheric particles in general), and some preliminary estimates of
population exposures. This information provides background information that is used in
conjunction with the toxicological and epidemiology data to formulate the conclusions about
human health hazards that are discussed in later chapters of this document. The exposure
information does not represent a formal or rigorous exposure assessment; it is only intended to
provide a context for the health effects data and health hazard findings.

The diesel engine was patented in 1892 by Rudolf Diesel, who conceived it as a prime
mover that would provide much improved fuel efficiency compared with spark-ignition engines.
To the present day, the diesel engine's excellent fuel economy remains one of its strongest selling
points. In the United States, the diesel engine is used mainly in trucks, buses, agricultural and
other off-road equipment, locomotives, and ships.

The chief advantages of the diesel engine over the gasoline engine are its fuel economy
and durability. Diesel engines, however, emit a higher mass of carbonaceous particulate matter
than do gasoline engines. Over the past decade, modifications of diesel engine components have
substantially reduced particle emissions (Hammerle et al., 1994; Sawyer and Johnson, 1995).

The diesel engine compresses air to high pressure and temperature. Fuel, when injected
into this compressed air, autoigniics, reieasing 1is chérnical en€rgy. The resuiting Coinuusiion

........ = = PN -l e dlyn + T AF W +
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is controlled by the amount of injected fuel rather than by throttling the air intake. Compared to

its spark-ignited (SI) counterpart, the diesel engine's superior efficiency derives from a higher

compression ratio and no part-load throttling. To ensure structural integrity for prolonged

reliable operation at the higher peak pressures brought about by a higher compression ratio and

autoignition, the structure of a diesel engine generaliy is more massive than its SI counterpart.
Diesel engines (also called compression-ignition, C1) may be broadiy identified as being

either two- or four-stroke cycle, injected directly or indirectly, and naturally aspirated or
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supercharged. They also are classified according to service requirements suéh as light-duty (LD)
or heavy-duty (HD) automotive/truck, small or large industrial, and rail or marine.

All diesel engines use hydraulic fuel injection in one form or another. The fuel system
must meet four main objectives if a diesel engine is to function properly over its entire operating
range. It must: (1) meter the correct quantity of fuel, (2) distribute the metered fuel to the correct
cylinder, (3) inject the metered fuel at the correct time, and (4) inject the fuel so that it is
atomized and mixes well with the in-cylinder air. The first two objectives are functions of a
well-designed injection pump, and the last two are mostly functions of the injection nozzle. Asa
part of the effort to obtain lower exhaust emissions without diminishing fuel efficiency, fuel
injection systems are moving toward the use of electronic components for more flexible control
than is available with purely mechanical systems.

Both the fuel and the lubricants that are used to service diesel engines are highly finished
petroleum-based products combined with chemical additives. Diesel fuel is a mixture of many
different hydrocarbon molecules from about C,, to about C,;, with a boiling range from roughly
350 to 650°F. Many of the fuel and oil properties, such as its specific energy content (which is
higher than gasoline), ignition quality, and specific gravity, are related to its hydrocarbon
composition. Therefore, fuel and lubricant composition affects many aspects of engine
performance, including fuel economy and exhaust emissions.

Complete and incomplete combustion of fuel in the diesel engine results in the formation
of a complex mixture of gaseous and particulate exhaust. Because of concerns over health
effects associated with diesel particulate emissions, EPA began regulating emissions from diesel
engines in 1970 (for smoke) and then added regulations for gaseous emissions. EPA first
regulated particulate emissions from HD diesels in 1988.

This chapter begins with background information regarding the formation of primary
emissions resulting from diesel combustion, a summary of EPA emission standards for on-road
and locomotive diesel engines, and a description of the national trends in emissions from on- and
off-road diesel sources. The chapter continues with a description of engine technologies and the
history of dieselization for on-road vehicles and locomotives, then provides a chronological
assessment of emission rates and the chemical and physical nature of emissions. The data
describing diesel engine emissions consider primary emissions, which undergo chemical and
physical transformations in the atmosphere. Since the atmospheric transformations potentially
have important impacts on environmental and human health, the available information regarding
these transformations is discussed. This chapter concludes with a summary of the available
literature regarding concentrations and exposures to diesel particulate matter (PM) in different

exposure settings.
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2.2. PRIMARY DIESEL EMISSIONS
2.2.1. Diesel Combustion and Formation of Primary Emissions

A basic understanding of diesel combustion processes can assist in understanding the
complex factors that influence the formation of PM and other diesel exhaust emissions. Unlike
spark-ignition combustion, diesel combustion is a fairly nonhomogenous process. Fuel is
sprayed at high pressure into the compressed cylinder contents (primarily air with some residual
combustion products) as the piston nears the top of the compression stroke. The turbulent
mixing of fuel and air that takes place is enhanced by injecticn pressure, the orientation of the
intake ports (e.g., inducement of intake-swirl tangential to the cylinder wall), piston motion, and
piston bowl shape. In some cases fuel and air mixing is induced via injection of the fuel into a
turbulence-generating pre-chamber or swirl chamber located adjacent to the main chamber
(primarily in older, higher speed engines and some LD diesels). Examples of typical direct
injection (DI) and indirect injection (IDI) combustion systems are compared in Figufe 2-1.
Diesel combustion can be considered to consist of the following phases (Heywood, 1988;
Watson and Janota, 1982):

1. Anignition delay period, which starts after the initial injection of fuel and continues
until the initiation of combustion. The delay period is governed by the rate of fuel
and air mixing, diffusion, turbulence, heat transfer, chemical kinetics, and fuel
vaporization. Fuel cetane rating is an indication of ignition delay.

Rapid, premixed burning of the fuel and air mixture from the ignition delay period.

3. Diffusion-controlled burning, in which the fuel burns as it is injected and diffuses
into the cylinder.

4. A very small amount of rate-controlled burning during the expansion stroke, after
the end of injection.

Engine speed and load are conirolled Dy ihie quantity of fuel injecied. Thus, the overall
tuei-io-ais 1atio varics as caginc specd and load vary. On 2 macre ccale the cylinder contents 2re
always fuel-lean. Depending on the time available for combustion and the proximity of oxygen,
the fuel droplets are either completely or partially oxidized. At temperatures above 1300 K,
unburned fuel that is not oxidized is pyrolized (stripped of hydrogen) to form elemental carbon
soot (Dec and Espey, 1995). Soot formation occurs primarily during the diffusion-burn phase of

combustion, and is highest during high load and other conditions consistent with high fuel-air
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Figure 2-1. A comparison of IDI (A) and DI (B) combustion systems of high-speed,
HD diesel truck engines. DI engines almost completely replaced IDI engines for
these applications by the early 1980s. .

equivalence ratios. Most of the soot formed (80% to 98%) is oxidized during later stages of
combustion, most likely by hydroxyl (OH) radicals formed during combustion (Kittelson et al.,
1986; Foster and Tree, 1994). The remainder of the soot leaves as a component of PM emissions
from the engine. .

During combustion, sulfur compounds present in the fuel are oxidized to sulfur dioxide
(SO,). Approximately 1% to 4% of fuel sulfur is oxidized to SO,, which combines with water
vapor in the exhaust to form sulifuric acid (H,SO,) (Wall et al., 1987; Khatri et al., 1978;

Baranescu, 1988). Upon cooling, sulfuric acid and water condense into an aerosol that is

nonvolatile under ambient conditions. The mass of sulfuric acid PM is more than doubled by the

11/5/99 2-4 DRAFT—DO NOT CITE OR QUOTE



© 0 N O O P WN =

W W W W WwWw W N NRNRNNDNDDNDDNDNDN®=DDS9 @ @ @ @3 @ @ oam -
A b WN = O 0 0N OO P WN~=20 0 0 N OO P~ WOBN-=2 O

mass of water associated with the sulfuric under typical PM measurement conditions (50%
relative humidity, 20-25 °C) (Wall et al., 1987).

Oxide of nitrogen (NO,) emissions from combustion engines, primarily (at least initially)
in the form of NO, are generally thought to be formed via the Zeldovich mechanism, which is
highly temperature dependent. High combustion temperatures cause reactions between oxygen
and nitrogen to form NO and some NO,. The majority of NO, formed during combustion is
rapidly decomposed. NO can also decompose to N, and O, but the rate of decomposition is very
slow because of the rapidly decreasing temperatures from the expansion of combustion gases
during the expansion stroke (Heywood, 1988; Watson and Janota, 1982). Thus, most of the NO,
emitted is NO.

Some organic compounds from unburned fuel and from lubricating oil consumed by the
engine can be trapped in crevices or cool spots within the cylinder and thus are not sufficiently
available to conditions that would lead to their oxidation or pyrolysis. These compounds are
emitted from the engine and either contribute to gas-phase organic emissions or to PM emissions,
depending on their volatility. Within the exhaust system, temperatures are sufficiently high that
these compounds are entirely present within the gas phase (Johnson and Kittelson, 1996). Upon
cooling and mixing with ambient air in the exhaust plume, some of the less volatile organic
compounds can adsorb to the surfaces of soot particles. Lacking sufficient soot adsorption sites,
the organic compounds may condense on sulfuric acid nuclei (Abdul-Khalek et al., 1999).

Metallic compounds from engine component wear, and from compounds in the fuel and
lubricant; contribute to PM mass. Ash from oil combustion also contributes trace amounts to PM

mass.

2.2.2. Diesel Emission Standards and Emission Trends Inventory

EPA set a smoke standard for on-road HD diesel engines beginning with the 1970 model
year, and then added a CO standard and a combined hydrocarbon (HC) and NO, standard for the
1974 model year, as detailed in Table 2-1. Beginning in the 1979 model year, the EPA added a
HC standard while retaining the combined HC and NO, standard. All of the testing for HC, CO,
and NO, was completed using a steady state test procedure. Beginning in the 1985 model year,
the EPA added a NO, standard, dropped the combined HC and NO, standard, and converted from
steady-state to transient testing‘for HC, CO, and NO, emissions. EPA introduced a particulate
standard for the 1988 model year.

Since the 1985 model year, only the NO, and particuiate standards have been tightened
for diesel engines. For truck and bus engines, the particuiate standard was reduced in 1991, and

again in 1994 for truck engines. For urban bus engines, the particulate standard was reduced in
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Table 2-1. Emission standards: HD highway diesel engines

Model Pollutant (g/bhp-hr)
year Smoke*

HC CcO NO, HC + NO, Particulate (PM) '

. t=truck, b=bus,

ub=urban bus

1970 T I B B - A:40%; L:20%
1974 -~ 40 | ----- 16° o A:20%; L:15%; P:50%
1979 1.5 25 | - 10° ---- A:20%; L:15%; P:50%
1985¢ 1.3 15.5 10.7 - - A:20%; L:15%; P:50%
1988 1.3 15.5 10.7 - 0.60 A:20%; 'L:15%; P:50%
1990 1.3 15.5 6.0 - 0.60 A:20%; L:15%; P:50%
1991 1.3 15.5 5.0 --m- 0.25 A:20%; L:15%; P:50%
1993 1.3 15.5 5.0 - 0.25t,0.10b A:20%; L:15%; P:50%
1994 1.3 15.5 5.0 | . 0.10t,0.07 ub A:20%; L:15%; P:50%
1996 1.3 15.5 5.0 - 0.10t,0.05 ub A:20%; L:15%; P:50%
1998 - 1.3 15.5 4.0 - 0.10t, 0.05 ub A20%; L:15%; P:50%
2004 1.3 15.5 e 2.4 NMHC* 0.10t,0.05 ub A:20%; L:15%; P:50%

*Emissions measured in percent opacity during different operating modes: A=Acceleration; L=Lug; P=Peaks
during either mode.

*Total HC.

“In 1985, test cycle changed from steady-state to transient operation for HC, CO, and NO,, measurement and in
1988 for PM.

40r 2.5 plus a limit of 0.5 nonmethane hydrocarbon (NMHC).

1994 and again in 1996. The NO, standard was reduced in 1998 for all on-road diesel engines,
bus and truck. For 2004, the standards were further lowered in a 1997 rulemaking, with limits on
non-methane hydrocarbon (NMHC) and NO, combined, but no further reductions in CO,
particulate matter, or smoke. These lower NMHC-plus-NO, levels will very likely be confirmed
in the "1999 technology review" of these standards. EPA is currently evaluating further
reductions in NO, and particulate matter for the post-2004 time frame.

In December 1997, the EPA adopted emission standards for NO,, HC, CO, PM, and
smoke for newly manufactured and remanufactured railroad locomotives and locomotive
engines. The rulemaking, which takes effect in the year 2000, applies to locomotives originally
manufactured from 1973, any time they are manufactured or remanufactured (locomotives

originally manufactured before 1973 are not regulated). Three sets of emission standards have
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manufactured from 1973 through 2001 (Tier 0), from 2002 through 2004 (Tier 1), and in 2005
and later (Tier 2) (Table 2-2; see EPA web page at http://www.epa.gov/omswww/ or

http://www.dieselnet.com/standards/ for current information on mobile source emission
standards). The emissions are measured over two steady-state test cycles which represent two
different types of service, including the line-haul (long-distance transport) and switch (involved
in all transfer and switching operations in switch yards) locomotives.

The EPA emission trends report (U.S. EPA, 1998a) provides emission inventories for
criteria pollutants (PM10, PM2.5, SO,, NO,, VOC, CO, Pb, and NH;) from point, area, and
mobile sources, which indicate how emissions have changed from 1970 to 1977. For the
purposes of this document, primary and secondary emissions from diesel engines (on-
and off-road) are briefly discussed for PM10, sulfur dioxide (SO,), nitrogen oxides (NO,), and
volatile organic compounds (VOC). ’

Mobile-source particulate emissions come from both gasoline- and diesel-powered
engines in on-road vehicles and from a number of nonroad sources. Nonroad sources include
aircraft, commercial boats (which are mainly diesel-powered), construction equipment,
agricultural equipment, lawn/garden equipment, and other sources. The EPA emission trends
report shows that among point, area, and mobile sources (excluding fugitive dust sources),
mobile sources are responsible for 24% of PM10 emissions, with stationary sources (fuel
combustion and industrial processes) responsible for the remainder.

Particulate emissions from diesels are much greater than those from gasoline-fueled
engines. Particulate emissions (PM10) from gasoline-fueled engines decreased dramatically in
1975 with the widespread introduction of unleaded gasoline. Particulate emissions from diesel

highway vehicles have decreased recently because of EPA emission standards for new model

Table 2-2. Emission standards: locometives (g/bhp/hr)

Year® (80) HC NO, ' PM
Line-haul 1973-2001 (Tier 0) 5.0 1.0 9.5 0.6
Switch 1973-2001 (Tier 0) 8.0 2.1 14.0 0.72
Line-haul 2002-2004 (Tier 1) 22 0.55 7.4 0.45
Switch 2002-2004 (Tier 1) 2.5 1.2 11.0 0.54
Line-haul 2005 + (Tier2) 1.5 0.3 5.5 0.20
Switch 2005 + (Tier 2) 2.4 0.6 8.1 0.24

*Date of engine manufacture.

11/5/99 2-7 DRAFT—DO NOT CITE ORQUOTE



N OO gy Ny -

11
12
13
14
15
16
17

18
19

21
22
23
24
25
26
27
28
29
30
31
32
33
34

year HD diesel trucks that were first implemented in 1988 and became increasingly stringent in
1991 and 1994, as presented in Table 2-1 above.

The EPA emission trends report indicates that annual on-road vehicle PM10 emissions
decreased from 397,000 tons to 268,000 tons from 1980 to 1997. Passenger car particulate
emissions decreased from 120,000 to 56,000 tons (53%) in this time frame while diesel vehicle
emissions decreased much less, from 208,000 to 163,000 tons (22%). Nonroad diesel engine
particulate emissions decreased from 439,000 tons in 1980 to 316,000 tons in 1997 (28%).
Emissions data for PM2.5 are available only for the period from 1990 to 1997, prohibiting an
analysis of emission trends over the same time period as the other pollutants. For comparison to
PM10, annual on-road diesel vehicle PM2.5 emissions were estimated at 144,000 tons in 1997
and nonroad diesel PM2.5 emissions in 1997 were 290,000 tons. .

Diesel engines also contribute to secondary PM formation from NO, and SO, emissions
that are converted to nitrate and sulfate, although the direct emission of carbonaceous diesel
particulates are much greater than secondary nitrate or sulfate formation. In 1997, about 50% of
total ambient NO, came from mobile sources, with diesels responsible for 26%, or approximately
half of the mobile source contribution. About 6% of SO, came from mobile sources in 1997,
with diesels responsible for 80% of that total. VOC emissions from diesel engines in 1997 were

estimated at 4% of the total emissions from all sources.

2.2.3. Engine Technology Description and Chronology

NO, emissions, PM emissions, and brake-specific fuel consumption (BSFC) are among
the parameters that are typically considered during the development of a diesel engine. Many
engine variables that decrease NO, can also incréase PM and BSFC. One manifestation of the
interplay among NO,, PM, and BSFC is that an increase in combustion temperatures will tend to
increase NO formation via the Zeldovich mechanism, will often improve thermal efficiency, can
improve BSFC, and can increase the rate of PM oxidation, thus lowering PM emissions. One
example of this is the tradeoff of PM emissions and BSFC versus NO, emissions with fuel
injection timing. Many recent advances in reducing the engine-out emissions of diesel engines
are combinations of technologies that provide incremental improvements in the tradeoffs among
these different emissions and fuel consumption. The sum total, though, can be considerable
reductions in regulated emissions within acceptable levels of fuel consumption.

The majority of current HD diesel truck engines certified for use in the United States

utilize:

11/5/99 2-8 DRAFT—DO NOT CITE OR QUOTE



0 N OO R WOWN =

W WWwwWwWWNNNNNNMNNMNNRN-=SD= 2@ 2 4o a2 aia 4 a
O P O 2 O O 0 N O O H WK = 0 ® W ~NOO O H W -2 O ©

e a4-stroke cycle;

e direct-injection, high-pressure (1200 bar to >2000 bar) fuel injection systems with
electronic control of injection timing and, in some cases, injection rate;

o centrally located multihole injection nozzles;

e 3 or 4 valves per cylinder;

e turbochargers;

e in many cases, air-to-air aftercooling; and

e in some cases, the use of an oxidation catalyst.

These features have phased into use'with HD truck engines because they offer a relatively
good combination of fuel consumption, torque-rise, emissions, durability, and the ability to better
"tune" the engines for specific types of applications. Fuel consumption, torque-rise, and
drivability have been maintained or improved while emissions regulations have become more
stringent. Many Class 8a and 8b diesel truck engines are now capable of 700,000 to 1,000,000
miles of driving before their first rebuild, and can be rebuilt several times because of their heavy
construction and the use of removable cylinder liners. This is several times the regulatory
estimate of full useful life for HD engines (290,000 miles) previously used by EPA.

Current 4-stroke locomotive engines use engine technology similar to on-highway diesel
engines, except that electronic controls have only recently been introduced. It is difficult to
separate the components of current high-speed diesel engines for discuésion of their individual
emissions effects. Most of the components interact in numerous ways that affect emissions,

performance, and fuel consumption.

2.2.3.1. Injection Rate

- Decreasing the duration of diffusion combustion and promoting soot oxidation during the
expansion stroke can reduce formation of soot agglomerates (Stone, 1995). Both of these effects
are enhanced by increasing the fuel injection rate. The primary means of accomplishing this is
by increasing fuel injection pressure. Increased injection rate can significantly reduce soot
emissions, but it can also increase combustion temperatures and cause an increase in NO,
emissions (Springer, 1979; Watson and Janota, 1982; Stone, 1995). However, when combined
with turbocharging, aftercooling, and injection timing retard, low NO,, low PM, and relatively
good BSFC and brake mean engine pressure (BMEP) are possible.

In 1977 Robert Bosch introduced a new type of high-pressure pump capabie of prodiicing

injection pressures of 1700 bar at the nozzie (Voss et ai., 1977). This increased fuel injection

pressure by roughly a factor of 10. Unit injection, which combines each fuel injection nozzle
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with individual cam-driven fuel pumps, can achieve very high injection pressures (>2000 bar).
The first combination of unit injectors with electronically controlled solenoids for timing control
was offered in the United States by Detroit Diesel Corporation in the 1988 model year (Hames et
al., 1985). Replacement of the injection cam with hydraulic pressure, allowing a degree of
injection rate control, was made possible with the hydraulic-electronic unit injection (HEUI)
jointly developed by Caterpillar and Navistar, introduced on the Navistar T444E engine (and
variants) in 1993.

It is widely known that high fuel injection pressures have been used to obtain compliance
with the PM standards that went into effect in 1988 (Zelenka et al., 1990). Thus, it is likely that
a transition to this technology began in the 1980s, with the vast majority of new engine sales
employing this technology by 1991, when the 0.25 g/bhp-h Federal PM standard went into effect.

The use of electronic control of injection rate is rapidly increasing on medium-HD diesel
engines equipped with HEUI (currently available on Caterpillar 3126 and Navistar T444E,
DT466, and 530E engines). Engines are currently under development, perhaps for 2002-2004
introduction, that use common-rail fuel injection systems with even more flexible control over

injection pressure and timing than previous systems.

2.2.3.2. Turbocharging, Charge-Air Cooling, and Electronic Controls

Use of exhaust-driven turbochargers to increase intake manifold pressure has been
applied to both IDI and DI diesel engines for more than 40 years. Turbocharging can decrease
fuel consumption compared to a naturally aspirated engine of the same power output.
Turbocharging utilizes otherwise wasted exhaust heat to generate intake boost. The boosted
intake pressure effectively increases air displacement and increases the amount of fuel that can be
injected to achieve a given fuel-air equivalence ratio. Turbocharging increases the power density
of an engine. Boosting intake pressure via turbocharging and reducing fuel-to-air ratio at a
constant power can significantly increase both intake temperatures and NO, emissions.
Increased boost pressure can significantly reduce ignition delay, which reduces VOC and PM
soluble organic fraction (SOF) emissions (Stone, 1995) and increases the flexibility in selection
of injection timing. Injection timing on turbocharged engines can be retarded further for NO,
emission control with less of an effect on PM emissions and fuel consumption. This allows a
rough parity in NO, emissions between turbocharged (non-aftercooled) and naturally aspirated
diesel engines (Watson and Janota, 1982).

Turbocharging permits the use of higher initial injection rates (higher injection pressure),
which can reduce particulate emissions. - Although this may offer advantages for steady-state

operation, hard accelerations can temporarily cause overly fuel-rich conditions because the
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turbocharger speed lags behind a rapid change in engine speed (turbo-lag). This can cause
significant increases in PM emissions during accelerations. Before the advent of electronic
controls, the effect of acceleration on PM emissions could be limited by mechanically delaying
demand for maximum fuel rate with a "smoke-puff eliminator.” Since this device also limited
engine response, there was considerable incentive for the end-users to remove or otherwise
render the device inactive. Charge-air cooling, for example using an air-to-air aftercooler (air-
cooled heat exchanger) between the turbocharger compressor and the intake manifold, can
greatly reduce intake air and peak combustion temperatures. When combined with injection
timing retard, charge-air cooling allows a significant reduction in NO, emissions with acceptable
BSFC and PM emissions when compared to either non-aftercooled or naturally aspirated diesel
engines (Hardenberg and Fraenkle, 1978; Pischinger and Cartellieri, 1972; Stone, 1995) (Figure
2-2).

Electronic control of fuel injection timing allowed engine manufacturers to carefully
tailor the start and length of the fuel injection events much more precisely than through

~ mechanical means. Because of this, newer on-highway turbocharged truck engines have

virtually no visible smoke on acceleration. Electronic controls also allowed fuel injection retard
under desirable conditions for NO, reduction, while still allowing timing optimization for
reduced VOC emissions on start-up, acceptable cold-weather performance, and acceptable
performance and durability at high altitudes. Previous mechanical unit injected engines (e.g., the
1980s Cummins L10, the non-DDEC DDC 6V92) were capable of reasonably high injection

- 'u.“,“‘.“ i
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Figure 2-2. Effect of turbocharging and aftercooling on NO, and PM (Mori, 1997).
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pressures, but had fixed injection timing that only varied based on the hydraulic parameters of
the fuel system. Many other engines with mechanical in-line or rotary injection pumps had only
coarse injection timing control or fixed injection timing. '

Precise electronic control of injection timing over differing operating conditions also
allowed HD engine manufacturers to retard injection timing for low NO, emissions during highly
transient urban operation similar to that found during emissions certification, and advance the
injection timing during less transient operation (such as freeway driving) for fuel consumption
improvements (~3% to 5%) at the expense of greatly increascd NO, emissions (~3 to 4 times
regulated levels). This particular situation resulted in the recent consent-decree settlements
between the Federal Government and most of the HD engine manufacturers to assure effective
NO, control in all driving conditions.

Turbocharged engines entered the market very slowly beginning in the 1960s. During the
years 1949 to 1975 the total improvement in emissions for the on-road diesel fleet was
considerably less than 10%-20% for gaseous emissions and. for particulates, there was really no
change at all until the advent of particulate standards in 1988. Charge air cooling was introduced
during the 1960s and was initially performed in a heat exchanger using engine coolant. Cooling
of the charge air using ambient air as the coolant was introduced by Mack in 1977 with
production of the ETAY(B)673A engine (Heywood, 1988). Use of ambient air allowed cooling
of the charge air to much lower temperatures. Most HD diesel engines sold today employ some
form of charge air cooling, with air-to-air aftercooling the most common. Johnson and co-
workers (Johnson et al., 1994) have presented a comparison of similar engines that differ in that
the charge air is cooled by engine coolant (1988 engine) and by ambient air with a higher boost
pressure for the second (1991 engine). The 1991 engine also used higher pressure fuel injectors.
The 1991 engine exhibited both lower PM (50%) and NO, emissions. Higher injection pressure
likely enabled the reduced PM emissions, while the lower charge air temperature and the ability
to electronically retard the injection timing under some conditions likely enabled the lower NO,
emissions. ,

It is apparent on the basis of both the literature and certification data that turbochargers
with aftercoolers can be used in HD engines in conjunétion with other changes to result in a
decrease in emissions. NO, was probably reduced on the order of 10% to 30% in turbocharged
aftercooled engines with retarded injection timing. Prior to the late 1970s, only a portion of all
HD diesel engines were turbocharged, so the total improvement in emissions that could be
associated with these changes was considerably less until more stringent emissions regulatjons
were implemented. The lowest combination of in-use NO, and PM emissions would likely be

for turbocharged aftercooled engines that used retarded, high-pressure unit injection without
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electronic control in the early 1990s. Although tighter NO, standards phased in for model years
1994 and 1998, this is complicated by the instances of defeating NO, control during cruise
conditions by most engine manufacturers. Defeat of NO, control occurred to a different extent
with all Class 8 electronically controlled engines beginning with their introduction in 1988. PM
emissions were likely much lower for engines on which electronic controls were introduced, but
NO, emissions in-use were likely much higher than for early electronic or late mechanically
injected versions of the engines. Overall, it is expected that engines in the 1950 to 1980 time
frame would have PM emissions similar to those of the mid-1980 engines that were not yet

controlled for particulates, while later engines would have lower PM emissions.

2.2.3.3. Indirect and Direct Injection High-Speed Diesel Engines

Prior to the 1930s, diesel engine design was limited to relatively low-speed applications
because sufficiently high-pressure fuel injection equipment was not available. With the advent of
high-speed and higher pressure pump-line-nozzle systems, introduced by Robert Bosch in the
1930s, it became possible to inject the fuel directly into the cylinder for the first time, although
IDI diesel engines continued in use for many years. As diesels were introduced into the heavy
truck fleet in the 1930s through the 1950s, both IDI and DI naturally aspirated variants were
evident. A very low-cost, rotary injection pump technology was introduced by Roosa-Master in
the 1950s, reducing the cost of DI systems and allowing their introduction on smaller
displacement, higher speed truck engines.

DI diesel engines have now all but replaced IDI diesel engines for HD on-highway
applications'. IDI engines typically required much more complicated cylinder head designs, but
generally were capable of using less sophisticated, lower pressure injection systems with less
expensive single-hole injection nozzles. IDI combustion systems are also more tolerant of lower
grades of diesel fuel. Fuel injection systems are likely the single most expensive component of
many diesel engines. Caterpillar continued producing both turbocharged and naturally aspirated
IDI diesel engines for some on-highway appiications into thc 1280s. Caterpillar and Deutz still
produce engines uf Wiis {ype, primarity for use in underground mining anplications. DI
combustion systems are still used in many small-displacement (<0.5 L/cylinder), very high-speed
(>3000 rpm rated speed) diesel engines for small offroad equipment (small imported tractors,

skid-steer loaders), auxiliary engines, and small generator sets.

'The GM Powertrain/AM General 6.5L electronically controlled, turbocharged IDI-
swirlchamber engine, certified as a light-HD diesel truck engine, is the last remaining HD on-
highway IDI engine soid in the United States.
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IDI engines have practically no premixed burn combustion, and thus are often quieter and
have somewhat lower NO, emissions than DI engines. Electronic controls, high-pressure
injection (e.g., GM 6.5), and 4-valve/cylinder designs (e.g.. the 6-cylinder Daimler LD engine)
can be equally applied to IDI diesel engines as with their DI counterparts, but negate any
advantages in cost over DI engines. DI diesel engines of the same power output consume 15%-
20% less fuel than IDI engines (Heywood, 1988). Considering the sensitivity of the HD truck
market to fuel costs, this factor alone likely accounts for the demise of IDI diesel engines in these
types of 'applications. Throttling and convective heat transfer through the chamber-connecting
orifice, and heat rejection from the increased surface area of IDI combustion systems, decreases
their efficiency and can cause cold-start difficulties when compared to DI designs. Most IDI
diesel engine designs require considerably higher than optimum (from an efficiency standpoint)
compression ratios to aid in cold starting (19:1 to 21:1 versus ~15:1 to 17:1 for DI engines).

Because of the early introduction of DI technology into truck fleets, it is likely that by
end of the 1970s, only a small fraction of the HD diesel engines sold for on-highway use were
IDI engines. It is unlikely that the gradual shift from IDI to DI engine designs through the 1960s

and 1970s had any significant impact on emissions.

2.2.3.4. Two-Stroke and 4-Stroke High-Speed Diesel Engines

A detailed discussion of the 2- and 4-stroke engine cycles can be found in Heywood,
Taylor, or Stone, and so will not be presented here (Heywood, 1988; Taylor, 1990; Stone, 1995).
Nearly all high-speed 2-stroke diesel engines utilize uniflow scavenging assisted by a positive
displacement blower (Figure 2-3). Uniflow-scavenged 2-stroke diesels use poppet exhaust
valves similar to those found in 4-stroke engines. The intake air enters the cylinder through a
pressurized port in the cylinder wall. A crankshaft-driven, positive-displacement blower (usually
a roots-type) pressurizes the intake port to ensure proper scavenging. A turbocharger may be
added to the system to provide additional boost upstream of the blower at higher speeds, and to
reduce the size and parasitic losses associated with the positive-displacement blower. '

Two-stroke diesel engines can achieve efficiency comparable to 4-stroke counterparts and
have higher BMEP (torque per unit displacement) (Heywood, 1988). It is useful to note that the
2-stroke cycle fires each cylinder once every revolution, while the 4-stroke cycle fires every
other revolution. Thus, fora given engine size and weight, 2-strokes can produce more power.
However, 2-stroke diesel engines are less durable than their 4-stroke counterparts. Lubricating

oil is transferred from the piston rings to the intake port, which causes relatively high oil
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Figure 2-3. An example of uniflow scavenging of a 2-stroke diesel engine with a positive
displacement blower (Adapted from Taylor, 1990). Scavenging is the process of
simultaneously emptying the cylinder of exhaust and refilling with fresh air.

consumption relative to 2-stroke designs. Durability and low oil consumption are desirable for
on-highway truck applications. This may be why 4-stroke engines have been favored for these -
applications since the beginning of dieselization in the trucking industry, with the notable
exception of urban bus applications. Although it is no longer in production, the Detroit Diesel
6V92 series of 2-stroke diesel engines is still the most popular for urban bus applications, where
the high power density allows the engine to be more easfly packaged within space limitations.
The primary reason that 2-stroke engines like the 6V92 are no longer offered for urban bus
applications is PM emissions. The reduced lubricating oil control with 2-strokes tends to
increase VOC and organic PM emissions relative to 4-stroke designs. This was particularly
problematic for urban bus applications because urban bus engines must meet tighter Federal and
California PM emissions standards. The current urban bus PM standard (0.05 g/bhp-hr) is half of
the current on-highway HD diesel engine PM standard. No 2-stroke diesel engine designs have
been certified to meet the most recent urban bus PM emissions standards, and Detroit Diesel
Corporation has not certified a 2-stroke diesel engine for on-highway truck use since 1995.

A comprehensive review of emissions from hundreds of later model vehicles (1976-1998)
found no significant difference between 2- and 4-stroke vehicles (Yanowitz et al., 1999a).
Overall, regulated emissions changes due to changing proportions of 2- and 4-stroke engines in
the in-use fleet during the years 1949-1975 do not appear to be significant for HD truck and bus
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engines. Furthermore, it appears that the proportion of 2-stroke engines in the in-use fleet was
relatively constant until the 1980s.

2.2.3.5. Near-Term Diesel Emission Reduction Technologies .

2.2.3.5.1. Exhaust gas recirculation. Exhaust gas recirculation (EGR) (i.e., routing some of the
exhaust gas to the intake manifold) is widely used in LD SI gasoline engines to control NO,
emissions. Unlike most SI applications, use of EGR with diesels necessitates both electronic
control of the EGR as well as EGR cooling to limit the associated increase in PM. Because EGR
displaces part of the intake air, it can increase the overall fuel-to-air equivalence ratio to a point
that can lead to large increases in PM emissions. Hot EGR further exacerbates this problem by
increasing the temperature of the intake air. The increased temperature decreases air density and
further reduces the volume of intake air entering the engine.

Cooled EGR systems typically use an engine coolant heat exchanger to cool the
recirculated exhaust gases before mixing with the intake air. EGR cooling has the potential to
significantly reduce the increase in intake air temperature associated with EGR. This would
mitigate (though not eliminate) the PM emissions penalty associated with diesel EGR systems.
Though EGR cooling greatly extends the operational range over which EGR can be used,
electronic control of the EGR will be necessary to prevent large PM increases under hard
acceleration, near peak torque conditions, or at high altitudes. EGR cooling can also reduce
combustion temperatures beyond uncooled EGR, resulting in further decreases in NO, emissions
relative to uncooled EGR under certain conditions (Kakoi et al., 1998; Leet et al., 1998).

Cooled EGR is currently used with the relatively small number of LD diesel vehicles sold
for the U.S. market. Although it is not widely used in HD diesel engines today, many believe that
cooled EGR will be an important technology for future NO, reductions (Johnson et al., 1994;
Zelenka, 1990). Most, if not all, of the diesel engines that will meet either the 2002 consent
decree requiréments (early compliance with 2004 standards) or the 2004 emissions standards for
HD trucks will incorporate some form of cooled EGR into their engine designs to meet the 2.5
g/bhp-hr NO, + NMHC standard.

Ladomatos et al. (1996-1997) have described the three mechanisms by which EGR is
thought to lead to reduced emissions of NO,:

° Dilution: Recirculating exhaust gas leads to a reduction in the oxygen content of
the intake charge. Although this increases ignition delay, it also reduces peak
temperature. With respect to NO formation, the increased ignition delay and

premixed burn fraction are more than offset by the dilution effects on peak
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temperature, resulting in a significant reduction in NO, emissions. The reduction
in oxygen content can also cause an increase in HC, CO, and PM emissions. The
dilution mechanism is thought to be, by far, the most important mechanism
affecting diesel engine emissions.

o Thermal: The recirculated exhaust gas contains CO, and water vapor, which
increase the specific heat of the intake charge. This lowers peak temperature and
hence formation of NO, is decreased.

. Chemical: 1t is possible that endothermic dissociation of recirculated CO, and

water lowers peak temperature, leading to a reduction in formation of NQ,.

Early studies of uncooled diesel EGR were conducted by Pischinger and Cartellier (1972)
and Springer (1979). Although sub-4 g/bhp-hr NO, emissions levels were possible, the high PM
emissions associated with the NO, reductions delayed the introduction of EGR until fuel sulfur
levels were low enough to enable engine-coolant cooling of EGR. Theoretically, further cooling
of the EGR (for example, air cooling) would extend the range of engine operating conditions
under which EGR could be used, but is not possible at current fuel sulfur levels because of the
potential for very high levels of sulfuric acid condensation in the EGR cooler (McKinley, 1997;
Kreso et al., 1998a; Leet et al., 1998).

Johnson (1994) noted that engine durability is a serious concern with EGR because
recirculation of soot through the engine can increase wear. Kreso and co-workers (Kreso et al.,
1998b) recently examined a 1995 Cummins M-11 at two steady-state modes and two EGR rates.
The EGR system included cooling of the recirculated gas. EGR was effective at reducing NO,,
and reductions as high as 56% were observed under some conditions. Emissions of PM
increased by as much as 57%, while emissions of the SOF portion of PM were somewﬁat lower.
Examination of the mutagenicity of SOF with the Ames assay indicated that the SOF produced
by EGR was more mutagenic.

It is clear that any EGR system will require careful control so that EGR is applied only
nnder operating conditions where significant NO, reductlons can be obtained without a major
increase in PM. There is little evidence to suggest that the character of PM, SOF, or gaseous
hydrocarbon emissions is dramatically altered by use of EGR.

2.2.3.5.2. Diesel oxidation catalysts (DOC). DOCs for HD diesel applications were originally
developed for underground mining equipment for exhaust cdor and CO centro! (typically not
maantcel Tha nee r\‘:norlv | % n‘-\ mlatinnmo

-~ £
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content DOCs was an issue for these applications because of their high levels of NO to NO, and
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SO, to SO; oxidation (McClure, 1992). McDonald et al. (1995) found that the SO, oxidation rate
was sufficient to produce ~0.2 g/bhp-hr sulfate PM emissions at high load conditions even with a
relatively low-sulfur diesel fuel (0.01% S).

~ Later DOCs were developed that relied more on base metals and less on precious metals
for VOC oxidation (lowering SOF PM) while limiting high-temperature formation of sulfuric
acid PM. These types of catalysts were first applied to LD diesel vehicles in the 1980s, some
urban bus applications (1994 Cummins L10), and a number of medium-HD diesel engines after
1993 (Navistar T444E, some versions of the Caterpillar 311€ and 3126). There are also a
number of DOCs that are now being retrofitted to older urban buses as part of the EPA Urban
Bus Retrofit and Rebuild Program. Current DOCs oxidize more than 70% of the VOCs that
contribute to SOF PM, leading to a 15%-30% reduction in total PM emissions (Farrauto et al.,
1996; Brown and Rideout, 1996; Tamanouchi et al., 1998).

DOC:s are highly effective at oxidizing lube o0il components (Farrrauto et al., 1996) as
well as most PAHs (Mitchell et al., 1994; Pataky et al., 1994; Bagley et al., 1996; McDonald,
1997; Bagley et al., 1998). There are conflicting data as to whether DOCs catalyze the formation
or oxidation of nitro-PAH compounds. Bagley and co-workers (Bagley et al., 1998) and
McDonald (1997) found reductions in both PAHs and nitro-PAH and associated mutagenic
activity for a low-sulfate-forming base-metal/Pt/Pd oxidation catalyst that were statistically
significant at p<.01, and found only one nitro-PAH (1-nitropyrene) above minimum detection
limits in either catalyzed or uncatalyzed exhaust . Mitchell and co-workers (1994) found
decreases in PAHs with twofold increases in nitro-PAH (statistical significance is not known).
More comprehensive testing will be necessary to draw further conclusions about the effects of
DOCs on nitro-PAH.

2.2.3.6. Future (2004+) Diesel Emission Reduction Technologies

2.2.3.6.1. NO, storage catalysts. NO, storage catalysts currently under development might be
used to meet 2007 HD diesel engine standards if diesel fuel sulfur levels are considerably
reduced (0-30 ppm S fuel may be necessary). A generalized schematic of the operation of this
device is included in Figure 2-4. This catalyst system employs a high-platinum (Pt) content
catalyst for oxidation of NO to NO, (in the absence of an oxidation catalyst, total NO, in diesel
exhaust is primarily NO [typically >90%] with lesser amounts of NO,). The NO, is then stored,
using one of a number of barium compounds, as barium nitrate. For approximately 2-second
durations every 2 minutes, diesel fuel is either sprayed into the exhaust or injected into the
cylinder after combustion to provide the necessary hydrocarbons to remove the NO, from the

storage components. The NO, is then reduced over a standard three-way catalytic converter.
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Figure 2-4. NO,-storage catalyst operation under oxidizing and reducing conditions.

The average NO, reduction potential for this technology over the FTP is 50% to 75%, with a fuel
consumption penalty of approximately 3% to 5% (Wall, 1998). Figure 2-5 compares the NO,
reducing capabilities of a NO, storage catalyst system to a representative sulfur-tolerant NO,
catalyst system.

2.2.3.6.2. Lean-NO, catalysts. Various types of active (requiring a post-combustion fuel
injection event) and nonactive (no post-injection) lean-NO, catalysts are in production or are
under investigation for continuous reduction of NO, emissions in lean exhaust environments
such as those present in diesel exhaust. (These are continuous devices, as oppesed to the cyclic
nature of NO, reduction using NO, storage catalysts.) ILean-NO,, catalysts typically reduce NO,
efficiently over a very narrow range of exhaust temperatures. There are voin nign- and iow-
temperature varieties of lean-NO, catalysts. Low-temperature, platinum-based lean-NO,
catalysts using zeolites for support, catalyst promotion, and adsorption of NO, and HC would be
typical of a lean-NQ, catalyst technology for medium and light—HD diesel applications.
High~temperature base-metal lean-NO, catalyst formulations (Cu-ZSM, for example) are under
investigation primarily for highly loaded HD diesel engine applications.

A number of new common-rail fuel injection systems are capable of injecting fuel after

combustion to provide additional hydrocarbons for use as an NO, reductant with lean-NO,

11/5/99 2-19 DRAFT-DO NOT CITE OR QUOTE



FO(O(D\JO)(H-POON—‘

Pt/Rh/Ba

100%T o
= NOx-Storage
.2
§ 80% - Catalyst
B Active Pt-Zeolite
¢ 60% TLean NOx Catalyst
o)
Z 40%
X
20%+ '
0
200 300 400 500

Catalyst Inlet Temperature (°C)

Figure 2-5. A comparison of the NO, reduction efficiency over a range of temperature
conditions for the sulfur-intolerant NO, storage catalyst system and the more sulfur-
tolerant, active Pt-zeolite catalyst system. Although peak NO, reduction efficiencies for
various types of nonstorage lean-NO, catalysts (similar to the Pt-Zeolite catalyst shown
here) approach 50%-60%, average reductions are 15% to 30% over various (FTP-75,
NEDC) driving cycles.

catalysts. Although active Pt-zeolite catalyst systems have higher NO, removal efficiencies than
similar nonactive catalyst systems, NO, removal efficiencies are still only in the range of 15% to
35% over the New European Drive Cycle NEDC) (Peters et al., 1998; Engler et al., 1998) and
significantly below those of NO, storage catalyst systems (Figure 2-5). Newer systems use a
controlled fuel-exotherm over the platinum catalysts with feedback control to maintain a more

constant catalyst temperature, enabling higher NO, reduction efficiencies.

2.2.3.6.3. Selective catalytic reduction. Selective catalytic reduction (SCR) for NO, control is
currently available for stationary diesel engines, and has been proposed for mobile light- and
heavy-diesel applications. SCR uses ammonia as a reducing agent for NO, over a catalyst

composed of precious metals, base metals, and zeolite. The ammonia is supplied by introducing
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a urea/water mixture into the exhaust upstream of the catalyst. The urea/water mixture is
typically stored in a separate tank that must be periodically replenished. Ammonia has extremely
high selectivity as a reductant for NO,. NO, reductions of 70% to 90% over a broad range of
operating conditions are possible using such systems (Brown, 1998). These systems appear to be
tolerant of current U.S. on-highway diesel fuel sulfur levels for exhaust temperatures that are
consistent with heavier (Class 7, 8) HD on-highway applications and over the HD FTP test cycle
(40 CFR, Subpart N). NO, reduction efficiency drops considerably at exhaust temperatures less
than 200°C in the presence of SO, in the exhaust. Therefore, the practical fuel sulfur limit for
LD diesel applications is probably somewhat less than 100 ppm. This reduced efficiency at low
temperatures and higher fuel sulfur levels may also have implications for "not-to-exceed" NO,
requirements for HD on-highway diesel engines introduced in the consent decrees and likely to
be a component of both the 2004 and 2007 HD diesel emissions standards.

Control of the quantity of urea injection into the exhaust, particularly during transient
operation, is an important issue with SCR systems. Injection of too large of a quantity of urea
leads to a condition of "ammonia slip," whereby excess ammonia formation can lead to both
direct ammonia emissions and oxidétion of ammonia to produce (rather than reduce) NO,. There
are also a number of potential hurdles to overcome with respect to using a major emission control
system that requires frequent replenishing of a consumable fluid in order to function. This raises
issues related to supply, tampering, and the possibility of running the urea storage tank dry.
Packaging of the urea supply within the constraints of modern LD vehicles may also be -
particularly challenging. Packaging of SCR systems does not appear to be a major problem for
HD truck or bus applications.

2.2.3.6.4. Continuously regenerating traps. One method of exhaust aftertreatment for
controlling diesel PM emissions is to pass diesel exhaust through a ceramic or metallic filter or
"PM trap" to collect the PM, and to use some means of burning the collected PM so that the trap
can be either periedically or continuously regenerated. Previous traps have used catalyzed
coatings, fuel additives. and electrical heating to assist trap regeneration. Failure to consistently
regenerate the trap can lead to plugging, excessive exhaust back-pressure, and eventually
overheating and permanent damage to the trap. Inconsistent regeneration due to the high
frequency of fairly low exhaust temperatures has been a particular problem in applying PM traps
to some lightly loaded diesel applications.
The recently developed continuously regenerating trap (CRT) has shown considerable

t

promise in a broad range of diese! applications because of its ability to regenerate even at fairly

[958 348
o

low exhaust temperatures. The CRT uses nitrogen dioxide (NO,) to assist trap regeneration.
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NO, can oxidize soot collected within the trap at exhaust temperatures as low as 250°C (Hawker
et al., 1997), which is within the typical exhaust temperature range of many diesel vehicle and
truck applications (Liiders et al., 1997). The NO, is produced by oxidizing NO in the exhaust
using a high-platinum-content oxidation catalyst brick located immediately upstream of the
ceramic trap-filter. A general schematic of the CRT system is presented in Figure 2-6.

The CRT is capable of reducing PM emissions by more than 80% (Hawker et al., 1997;
Hawker et al., 1998). SO, inhibition of NO oxidation effectively limits the CRT to use with
diesel fuel sulfur levels below 50 ppm.

In some cases, excess fuel can be used to induce an exotherm over the Pt-catalyst to
ensure that minimum soot oxidation temperatures are reached.

It appears likely that introduction of emission standards that would force the use of CRT
or similar catalyst/trap technologies would likely be accompanied by steep reductions in toxic
emissions. Hawker and co-workers found substantial reductions in gas- and PM-phase VOC,
soot, acetaldehyde, formaldehyde, and total particle number (Hawker, 1998). Considering that
the CRT incorporates a Pt-DOC, PAHs oxidation is probably also high, but this was not
determined in the study.

2.2.3.6.5. Possible effects of advanced aftertreatment systems. NO, formation: One constant
among many of the various proposed diesel exhaust aftertreatment devices is the reliance on high

Pt content for some components. In some cases, lean reactions of NO to NO, are integral to the

NO oxidizes PM collects
to NO, in trap
NO, PM other 4 NO, oxidizes PM,
exhuast constituents ) forming NO, CO,, CO
ﬁ Pt Catalyst »‘ - PM ﬁ
Trap

Figure 2-6. Schematic showing the operating principles of the continuously regenerating
trap (CRT).
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design of the device (CRT, NO, storage catalyst). In the case of the CRT, >50% conversion of
NO to NO, is desired for efficient trap regeneration (Figure 2-7). This could result ina
significant increase in direct NO, emissions from diesel exhaust. In the case of NO, storage
catalysts and SCR, there may be less cause for concemn because of the relatively high NO,
reduction efficiencies. Low-temperature lean-NO, catalysts have relatively high Pt contents, but
no data were fbund in the literature that quantified NO/NO, emissions for these devices.

Sulfate PM: The relatively high conversion rates of fuel sulfur to sulfuric acid aerosol
possible with high-Pt content diesel exhaust aftertreatment systems are similar to those found
with early high-Pt DOCs (for example, a Pt lean-NO, catalyst in Figure 2-8), although it is likely
that broad introduction of advanced diesei exhaust aftertreatment systems through reductions in
standards for regulated emissions would be accompanied by significant fuel sulfur control.

Ammonia: Widespread use of urea-SCR catalyst systems could increase ammonia
emissions. Newer SCR designs are incorporating electronic control of urea injectioh and the use
of a "cleanup" catalyst for oxidation of excess ammonia to minimize ammonia emissions.

PM and VOC: Most of the aftertreatment systems under development are still too new to
have been subjected to comprehensive exhaust speciation analyses. The CRT has the additional
problem that PM emissions are so low that it is difficult to collect a large enough PM sample for
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Figure 2-7. Efficiency of NO to NU, conversion over the oxidation catafyst component o1
the CRT at different exhaust temperatures and at differing diesel fuel sulfur levels.

11/5/99 2-23 DRAFT—DO NOT CITE OR QUOTE



Tler 1 LOV PM Standard

0.1

0.09]

0.08]

0.07}

0.06]

0.05]

0.04]

Sulfate PM Emissions (g/mi)

0.03]

0.02]

Proposed Ca-LEV U LEV PM Standard

0.0T1]

0 v v — T J
0 100 200 300 400 500 600

Fuet Sulfur Content (ppm)

Figure 2-8. Estimated sulfate (primarily H,SO,) PM emissions from a LD truck equipped
with a low-temperature Pt-zeolite lean-NO, catalyst system (Wall, 1998).

compounds to be above their minimum detection limits. Because all of these devices incorporate
oxidation catalyst functions to some extent, some of the comments related to oxidation catalysts
also apply here. One major difference is that some of the aftertreatment devices rely on (lean-
NO, catalyst, NO,-storage catalyst), or are sometimes assisted by (CRT), the introduction of
additional fuel hydrocarbons, either as a reductant or to maintain a high exhaust temperature.

The possible species formed from the oxidation or partial oxidation of fuel hydrocarbons have

not been determined.

2.2.4. History of Dieselization
2.2.4.1. Dieselization of the On-Road Fleet

Understanding the prevalence of diesel engine penetration into the motor vehicle market
is an important aspect of estimating the potential health effects of diesel emissions, past and
present. Two classification systems based on rated gross vehicle weight are in use for trucks.
These are listed below (Table 2-3).
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Table 2-3. Vehicle classification and weights for on-road trucks

Class Weight (Ib)
3 10,001-14,000
4 14,001-16,000
5 16,001-19,500
6 19,501-26,000
7 26,001-33,000
8A* 33,001-60,000
8B* >60,000
Medium duty (MD) 10,001-19,500 (same as Classes 3-5)
Light-heavy duty (LHD) 19,501-26,000 (same as Class 6)
Heavy-heavy duty (HHD) >26,001 (same as Class 7-8)

*Class 8A and Class 8B are often considered together.

New diesel vehicle sales data for weight classes 5-8 are shown in Figure 2-9 for the years
1957-1998. The number of Class 7 and 8 diesel trucks sold has increased steadily with time
while the number of smaller Class 5 and 6 trucks sold peaked in the 1960s and early 1970s and
has since decreased. Retail and factory sales data show an increase in the percentage of diesel
engines used in trucks sold in Classes 5-8. Using data from factory and retail sales, the
percentage of diesel trucks sold by class is shown for the years 1957-1998 in Figure 2-10. The
increase in the use of diesel relative to other fuels first occurred for Class 8 trucks. By 1983
more than 97% of the Class 8 trucks sold had diesel engines, according to Navistar and Motor
Truck Facts (Bunn, 1999; AAMA Motor Vehicle Facts & Figures, 1983). Before 1980, about
60% of the Class 7 trucks were diesel but very few of the Class 5 and 6 trucks were diesel (< 16%
combined). Usc of diesel engines in these weight classes increased substantially in the 1980s,
with roughly 80% of Class 6 and 67% of Class 7 trucks sold in 1997 being diesel.

Additional insight into dieselization of the on-road fleet can be gained from the 1992 U.S.
Census of Transportation (1995). A summary of resulis is presented in Table 2-4. These data
indicate that in 1992 the Class 7 plus Class 8 fleet was 88% diesel. The data presented in Figure
2-10 for the combined fleet in 1992 are in agreement with this value. Dieselization for Class 6 in
1992 was only 37% and for Classes 3-5 only 26%.

The 1992 Census of Transportation also provides information on the model year

distribution for vehicles of various weight classes (Figure 2-11). A few 1993 model year
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Figure 2-9a. Number of HD diesel trucks sold in years 1957-1998 based on industry sales

data.
Source: Bunn (1999).
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Figure 2-9b. Diesel truck sales (domestic) for the years 1939-1997.
Source: AMA/AAMA Motor Truck Facts.

Table 2-4. Truck fleet results for 1992 from Census 6f
Transportation (1995), results in thousands

Truck class 1992 trucks [1992 diesel| % Diesels
Class 3.4.and 5 1,259.0 326.3 25.9
(Medium duty) '

Class 6 (Light 732.0 269.7 36.8
heavy-duty)

Class 7 and 8 1,966.2 1725.3 87.8
(Heavy heavy- D A

duty)
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Figure 2-10a. Diesel truck sales as a percentage of total truck sales for the years 1957-1998.

Source: Bunn (1999).
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Figure 2-10b. Diesel truck sales as a percentage of total truck sales for the years
1939-1997.
Source: AMA/AAMA Motor Truck Facts.
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vehicles were in use in 1992. For all three vehicle classes in 1992 there were a large number of
vehicles more than 10 years old: 54% for medium duty, 60% for light HD, and 43% for heavy
HD. For heavy HD trucks (Classes 7 and 8) there are roughly 100,000 vehicles in each model
year from 1983 to 1993. Assuming this is also true before 1983, a large number of trucks
(400,000) must be more than 14 years old. This suggests a truck life of around 18 years. The
EPA MOBILES model assumes a vehicle life of 20 years and MOBILE6 assumes a vehicle life
of 25 years, with aging vehicles having fewer vehicle miles traveled on an annual basis (U.S.
EPA, 1999a). Motor Truck Facts and later American Automobile Association "Facts and
Figures" (AMA, 1927-1975), indicate that 53% of trucks from model years 1947-1956 were still
on the road after 14 years and 55% of trucks from model years 1960-1969 were still on the road
after 14 years. The proportion of trucks in use after 14 years is 63% for model years 1974-1983,
suggesting that the lifespan of trucks built in later years is longer.

In the years since 1950 to 1990 and beyond, vehicle miles traveled by all types of
vehicles have increased significantly. For example, Department of Transportation Federal
Highway Administration statistics show that paésenger car vehicle miles traveled increased from
about 400 billion in 1951 to 1,400 billion in 1995 and 1,500 billion in 1997, an increase of about
360% and 380% for these years compared to 1951. Meanwhile, vehicle miles traveled by
combination trucks increased from about 20 billion in 1951 to 94,000 billion in 1990 and
124,500 billion in 1997, a somewhat larger increase of 470% and 620% for these years compared
to 1951. These data highlight the fact that combination truck usage has increased more than
passenger car usage from the early 1950s to the 1990 and 1997 time frame. The Department of
Transportation statistics are also available for other vehicle categories such as lighter trucks.

The EPA MOBILES and PARTS models calculate that about 2.6% of total vehicle miles
traveled in the 1950 time frame came from diesels with a gross vehicle weight over 33,000
pounds (Classes 7 and 8). In 1990, about 3.3% of total vehicle miles traveled came from diesel
trucks in these weight categories. In the 1950-1990 time frames and beyond, diesel trucks are
responsible for an increasing fraction of the vehicle miles traveled.

2.2.4.2. Dieselization of Railroad Locomotive Engines

Early in the 20th century the political and economic pressure on the railroads to replace
steam locomotives was substantial. Railroads were losing business to other forms of transport.
The diesel-electric locomotive provided 90% in-service time compared to 6nly 50% for steam
locomotives, and had three times the thermal efficiency (Klein, 1991; Kirkland, 1983).
Additionally, several cities had passed laws barring steam locomotives within the city limits

because the large quantities of smoke obscured visibility, creating a safety hazard. The first
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prototype diesel locomotive was completed in 1917. By 1924 General Electric was producing a
standard line of switching locomotives on a production basis. Electro-Motive Corporation was
founded the same year to produce diesel locomotives in competition with GE. This company
was purchased in 1929 by General Motors and became the Electro-Motive Division. After this
acquisition, GM began to develop the 2-stroke engine for this application. Up to this time, all
locomotive diesel engines were 4-stroke. Two-strokes offered a much higher power-to-weight
ratio and GM’s strategy was to get a large increase in power by moving to the 2-stroke cycle.
The first true high-speed, 2-stroke diesel-electric locomotives were produced by GM in 1935.
However, because of the economic climate of the Great Depression few of these were sold until
after the Second World War.” At the end of the war most locomotives were still steam-driven but
were more than 15 years old, and the railroads were ready to replace the entire locomotive fleet.
Few if any steam locomotives were sold after 1945 as the entire fleet was converted to diesel
(Coifman, 1994).

The locomotive fleet has included significant percentages of both 2- and 4-stroke engines.
The 4-stroke diesel engines were naturally aspirated in the 1940s and 1950s. It is unlikely that
any of the 2-stroke engines used in locomotive applications were strictly naturally aspirated.
Nearly all 2-stroke diesel locomotive engines are uniflow scavenged, with a positive-
displacement blower for scavenging assistance. In 1975, it was estimated that 75% of the
locomotives in service were 2-stroke, of which about one-half used one or more turbochargers in
addition to the existing positive-displacement blower for additional intake boost pressure.

Almost all of the 4-stroke locomotive engines were naturally aspirated in 1975 (Hare and
Springer, 1972). Electronic fuel injection for locomotive engines was first offered in the 1994
model year (U.S. EPA, 1998b). All locomotive engines manufactured in recent years are
turbocharged, aftercooled or intercooled 4-stroke engines. In part, this is because of the
somewhat greater durability of 4-strokes, although impending emissions regulations may have
also been a factor in this shift. The typical lifespan of a locomotive has been estimated to be
more ihan 40 years (U.5. EPA, 1998b). Many of the smaller railrcads are ctil! using engines
built in the 19405, although the engines may kave heen rehnilt several times since their original

manufacture.

2.2.4.3. Historical Trends in Diesel Fuel Use and Impact of F wel Propeﬂiés on Emissions
Use of diesel fuel has increased steadily in the second half of this century. According to
statistics from the Federal Highway Admnistration (1595; 1557a), in 1549 diesel fue!l was

approximately 1% of the total motor fuei used, and i 1555 ii was aboui 18%. Over tie saind
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time diesel fuel consumption increased from about 400 million gallons to 26 billion gallons per
year in the United States, an increase by a factor of more than 75 (Figures 2-12 and 2-13).

The chemistry and properties of diesel fuel have a direct effect on engine emissions.
Researchers have studied the effect of sulfur content, total aromatic content, polyaromatic
content, fuel density, T90/T95, oxygenate content, and cetane. Lee et al. (1998) have
comprehensively reviewed literature studies of the effect of these fuel properties on regulated
emissions. Their conclusions were based on fleet and multiple engine tests cqnducted over both
transient and steady-state cycles, and were limited to studies in which the effects of the various
fuel characteristics could be decoupled from each other. Sulfur content, cetane number, density,
total aromatics and polyaromatics content: as well as boiling point distribution can have an
impact on emissions. It was concluded that the effect of most fuel changes on modern engines is
less than the effect on older, higher emitting engines.

Most important for emissions, the chemical makeup of diesel fuel has changed over time,
in part because of new regulations. EPA currently regulates diesel fuel and requires sulfur
content to be less than 500 ppm for on-road applications, and that cetane index (a surrogate for
actual measurements of cetane number) be greater than or equal to 40, or the maximum aromatic
content to be 35% or less (CFR 40:80.29). California has placed additional restrictions on the
cetane number and aromatic content of diesel fuel (California Code of Regulations, Title 13).

Prior to 1993, diesel fuel sulfur levels were not federally regulated in the United States.
Only recommended industry practices were in place (e.g., the ASTM D 975 specified 0.5% fuel
sulfur limit). During the years 1960 to 1986, fuel sulfur content showed no chronological
increasing or decreasing trends and ranged from 0.23-0.28wt%, while the average cetane number
of U.S. diesel fuel declined steadily from 50.0 to 45.1, or about 0.2 per year (NIPER, 1986).
Based on a linear regression analysis, the average cetané number was 52.2 in 1949 and 46.8 in
1976. This declining trend in cetane number was likely accompanied by an increase in aromatic
content and density (Lee et al., 1998). The reason for the decline was that as diesel demand
grew, straight-run diesel became a smaller part of the pool and light-cycle oil from catalytic
cracking became important. Light-cycle oil is high in aromatics. One study measuring the
impact of changes in cetane number and aromatic content found that increasing the aromatic
content from 20% to 40%, with an accompanying decrease in the cetane number from 53 to 44
resulted in a 4% increase in NO, and a 7% increase in PM (McCarthy et al., 1992). These values
can be considered reasonable upper bounds for the small effect changes in fuel quality likely had
on NO, and PM emissions during the years 1949-1975.

11/5/99 2-32 DRAFT—DO NOT CITE OR QUOTE
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Figure 2-12. Diesel fuel use since 1949.

Source: Federal Highway Administration, 1995.
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Figure 2-13. On-highway diesel fuel consumption since 1949, values in thousands of
gallons.
Source: Federal Highway Administration, 1995.
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In wintertime, on-road No. 2 diesel may contain some percentage (~15% or more) of No.
1 diesel to improve cold flow properties. Blending of No. | may also lower the aromatic content,
resulting in improved emissions performance. Thus, there may also be some small but
perceptible seasonal changes in emissions from diesel engines. ,

A maximum allowable fuel sulfur content in the United States for on-road diesel fuel was
established at 0.05 mass % in 1993 in advance of a new 0.10 g/bhp-hr PM standard for HD on-
highway trucks. This reduced total PM emissions through reduction of sulfate PM (primarily
present as sulfuric acid). Approximately 1% to 4 % of fuel sulfur is oxidized to SO;, which forms
sulfuric acid in the presence of water vapor in the exhaust (Wall et al., 1987; Khatri et al., 1978;
Baranescu, 1988). Considerably higher sulfuric acid PM emissions are possible with diesel
exhaust aftertreatment systems containing precious metals (oxidation catalysts, lean NO,
catalysts, catalyzed PM traps). At temperatures over 350 to 500 °C (depending on device), SO,
in the exhaust can be oxidized to SO, and increase sulfuric acid PM emissions (McClure et al.,
1992; McDonald et al., 1995; Wall, 1998). Sulfur content remains at unregulated levels for off-
highway diesel fuels. Nationally, on-road fuels éveraged 0.032% sulfur in 1994 while off-
highway fuels averaged 0.322% (Dickson and Stufm, 1994).

2.2.5. Chronological Assessment of Emission Factors
2.2.5.1. On-Road Vehicles

Historically, measured emissions from HD diesel vehicles have been widely variable. -
However, certain chronological trends can be identified, driven primarily by tightening
regulatory standards since the mid-1970s. Prior to that time, changes in average fuel
composition and engine technologies were implemented for reasons other than emissions control.
Although there is a reasonable amount of data upon which to base an emission factor for late
1970s and later engines, there are virtually no transient test data available to EPA on engines
earlier than the mid-1970s. Nevertheless, there are some factors that help lead to conclusions
about the cmissicns of these engines. Diesel truck engine technology changed little in this time
frame, and over this whaole neriod nsed ronghly the same means of tuning the engine’s air-fuel
ratio; that is, tuning was done to not permit air-fuel ratios richer than the "smoke limit" of about
22:1. This tuning, in essence, formed an "upper limit" on particulate emissions and was d_one
before EPA smoke standards (for customer satisfaction reasons). There is only qualitative
correlation between smoke and particulate emissions over the transient driving cycle, but there is
semiquantitaﬁve corielation between smoke and particulates over steady-state operating modes
(vicGuckin and RyKowski, 1581). Th€ 1aci iliat €iigiii€s, wiroocharged of niot, warc tuncd ©©

avoid smoky operation makes it reasonable to assume that they had emissions roughly at the

11/5/99 2-35 DRAFT—DO NOT CITE OR QUOTE



mid-1970s level. Other than the increased use of turbochargers, HD diesel engine technology
was reasonably stable. Thus, it is reasonable to conclude that the emission factors developed
above for mid-1970s (and later) engines adequately represent the engines in use in the 1950-1970
time frame. ‘

There have been numerous studies of emissions from in-use on-road HD (greater than
8,500 Ibs GVWR) diesel vehicles. Emissions of regulated pollutants from these studies have
been reviewed (Yanowitz et al., 1999b) and the review findings, which encompass vehicles from
model years 1976 to 1998, are summarized below.

Figures 2-14 through 2-16 below show chassis dynamometer data from more than 200
different vehicles, reported in 20 different published studies (approximately half of which are
from transit buses) (Yanowitz et al., 1999a; Warner-Selph and Dietzmann, 1994; Dietzmann et
al., 1980; Graboski et al, 1998a; McCormick et al., 1999; Clark et al., 1997; Bata et al., 1992;
Brown and Rideout, 1996, Brown et al., 1997; Clark et al., 1995; Dunlap et al., 1993; Ferguson
et al., 1992; Gautam et al., 1992; Katragadda et al., 1993; Rideout et al., 1994; Wang et al., 1993;
Wang et al., 1994; Williams et al., 1989; Whitfield and Harris, 1998), as well as a large amount
of additional data collected by West Virginia University and available on the World Wide Web
at www.afdc.nrel.gov. The results from vehicles tested more than once using the same test cycle,
and without any additional mileage accumulated between tests, are averaged and reported as one
data point. Emissions results from vehicles tested under different test cycles or at different points
in the engine's life cycle have been reported as separate data points. Note that all NO, mass
emissions data are reported as equivalent NO,.

Figures 2-14 through 2-16 show emissions trends for NO,, PM, and HC in g/mile. A
least-squares linear regression is plotted on each graph and yields the following equations for

predicting emissions trends (applicable to the years 1976-1998):

Log NO, (g/mile) = (Model year * -0.008) + 16.519 2-1)
Log PM (g/mile) = (Model year * -0.044) + 88.183 (2-2)
Log HC (g/mile) = (Model year * -0.055) + 109.390 (2-3)

As shown in Figures 2-14, 2-15, and 2-16, which include 95% confidence limits and
regression lines, changes in NO, emissions have been relatively small, with an emission rate
averaging about 26 g/mile. PM, CO, and THC emissions, though widely variable within any
model year, have shown a pronounced declining trend. PM emissions from chassis
dynamometer tests decreased from an average 3.0 g/mi in 1977 to 0.47 g/mi in 1997, suggesting

a decrease in PM emissions of a factor of 6. Although it is clear that emissions of CO, HC, and
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Figure 2-14. Model year trends in NO, emissions (g/mile).
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Figure 2-16. Model year trends in HC emissions (g/mile).
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PM have declined significantly since the early 1970s, emissions of NO, have remained
approximately constant.

Other approaches for measuring emissions from in-use, on-road diesel vehicles include
remote sensing and tunnel tests. The literature reports of those studies are summarized in Tables
2-5 and 2-6. Gram-per-mile emission factors vary substantially for the various tunnels, with NO,
ranging from 9 to 24 g/mile, PM ranging from 0.6 to 1.8 g/mile, CO ranging from 6 to 14 g/mile,
and THC ranging from 0.16 to 2.55 g/mile. Remote sensing produces results in terms of
pollutant emissions per unit of fuel, not on a per-mile basis. On a g/gallon of fuel consumed
basis, agreement between the studies for NO, emissions is reasonably good, suggesting an
average level for the fleet of-about 130 g/gal for both tunnel tests and remote sensing,
comparable to the average emissions factor generated from chassis dynamometer studies.
Generally, chassis dynamometer tests and engine dynamometer test results are corrected for
ambient humidity in accordance with the Federal Test Procedure (CFR 40, Subpart N). Tunnel
tests and remote sensing tests have typically not included corrections for humidity. Appropriate
humidity corrections for NO, and PM can be gréater than 20% and 10%, respectively (or a total
difference of more than 45% and 20% between low- and high-humidity areas), under normally
occurring climatic conditions. Additionally, the remote sensing literature has not addressed how
to determine the correct value for the NO/NO, ratio, and there is reason to believe that this value
may differ systematically from site to site although, again, most of the NO, is NO.

There are no reported instances of HD diesel PM measurement by remote sensing, but
there were several tunnel tests that measured PM. In addition to the humidity correction
discussed above, several factors must be taken into account when comparing PM measurements
from tunnel tests to the chassis dynamometer measurements (Yanowitz et al., 1999b): (1) Chassis
dynamometer testing measures only tailpipe emissions; tunnel tests include emissions from other
sources (tire wear, etc). (2) Tunnel tests typically measure emissions under steady-speed freeway
conditions, whereas most chassis dynamometer tests are measured on cycles that are more
representative of stop-and-go urban driving conditions. This latter limitation also applies to
remote sensing readings, which measure instantaneous emissions versus emissions over a,
representative driving cycle. PM is emitted from HD vehicles at the greatest rate during
accelerations.

Because THC emissions for diesel vehicles are very low in comparison to gasoline
vehicles, tunnel test results for THC have a high degree of uncertainty. A regression analysis to
determine the contribution of the limited number of HD vehicles to THC emissions is somewhat
unstable, i.e., small errors in the total measurements can change estimates. Similarly, CO

emissions are comparable to automobile emissions on a per-vehicle-mile basis, but since there
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Table 2-5. Emissions results from tunnel tests (adapted from Yanowitz et al., 1999b)

Test Tunnel Location Fuel NO” | NMHC | CO PM CO2 | NO,’ | NMHC | CO PM
efficiency | (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (g/gal) | (g/gal) | (g/gal) | (g/gal)
(miLgral)
Pierson and Allegheny, 170-74 | 5.42° 90-1.80 4998
Brachaczecl;, 1983 Allegheny, 175 1.75 +/-.19 9.49+/-1.03
Allegheny, 1676 1.5+/-10 8.1 +/- .54
Allegheny, 1¢76 1.4 +/-.07 7.6 +/-4
Tuscarora, 1976 1.3 +/-.19 70+/-1.0
Tuscarora, 1976 1.39 +/- 26 7.5 +/-1.40
Allegheny, 1€77 1.3 +/- .08 7.0 +/-43
Allegheny , 1979 1.2 +/- .03 6.5 +/-.16
Allegheny, 1€79 1.4 +/- .04 7.6 +/-.19
Rogak et al., 1998 Cassiar Tunnel, 8.03° 19.50 +/- | -0.16 +/- | 6.79 +/- 1280 +/- | 157 +/- | -14/-7 | 55 +/-
1995, Vancouver 4.22 0.88 11.78 40 34 95
Miguel et al., 1998 Caldecott Tur nel, 5.42°¢ 23.82 +/- 1.67 +/- 129 +/- 9.0 +/-
1996, San Francisco 4.17 0.24¢ 23 1.3¢
Weingartne: et al., Gubrist Tunnel, 5.60° 0.62 +/- 3.5+4/-
1997 1993, Zurich 0.02f 0.1f
Pierson et a.., 1996 Fort McHenry 11.46° 9.66 +/- | 092 +/- | 6.8 +/- 897 +/- 1ib+/- | 11 +/-2 | 78 +/-
Tunnel, downaili, 0.32 0.21 1.5 48 4 17
1992, Baltintcre
Piersoneta ., 1996 Fort McHenry 5.42°  122.50 +/-] 2.55+/- | 14.3 +/- 1897 +/- ] 122 +/- | 14+/-6 | 78 +/-
Tunnel, uph:l, 1.00 1.05 5.5 168 5 30
1992, Baltinicre
Piersoneta ., 1996 Tuscarora Turnel 6.44° 19.46 +/- | 0.68 +/- | 6.03 +/- 1596 +/- | 125+/- | 4+/-1 { 39 +/-
1992, Pennsy:vania_| 0.85 0.20 1.61 78 5 10
Kirchstetter et al., Caldecott Turnel, 5.42° 23.82 +/- 1.43 +/- 129 +/- 7.7 +-
1999 1927, San Francisco 2.98 0.128 16 0.6%

*NO, reportf:i-; NO,.

bCalculated from observed CO, emissions assuming fuel density 7.1 Ib/gal and C is 87% of diesel fuel by weight.

Since CO, emissions not available, fucl efficiency assumed to be the same as in slightly uphill tunnel (Fort McHenry).

9Reported as. black carbon, assumed that 50% of total PM emissions are BC.
*Slope of tunnel unknown, so used ave-age fuel efficiency for the United States.

PM,.
5PMy 5.

"Uncertainty reported as +/-1.0 standerd deviation, except where literature report did not specify standard deviation; in those cases uncertainty listed as reported.’




Table 2-6. Remote sensing results for hd vehicles (Yanowitz et al., 1999b)

Reference Year Emissions (g/gal)
study
conducted
NO, Jimenez et al., 1998 1997 1503be
(reported
as NO»)
Cohen et al., 1997 1997 108 abe
Countess et al., 1999 1998 1872be
CO Bishop et al., 1996 1992 59°
Cohen et al., 1997 1997 54°b
Countess et al., 1999 1998 85®
THC Bishop et al., 1996 1992 0.002 HC/CO, mole ratio ¢
Cohen et al., 1997 1997 0.00073 HC/CO, mole ratio ¢

*Remote sensing measures NO. The reported value was corrected to a NO, (as NO,) value by
assuming 90% (mole fraction) of NO, is NO.

*Emissions in g/gal calculated by assuming that fuel density is 7.1 Ib/gal and C is 87% by weight
of fuel. '

“No humidity correction factor is included.

9In order to calculate emissions in g/gal, an average molecular weight is needed.

are generally many more automobiles than HD diesels in tunnel tests, CO measurements may be
associated with a high degree of uncertainty.

Given the variability between testing methods, and assuming the on-road fleet measured
in tunnel and remote sensing tests is primarily vehicles 0 to 10 years old, there is reasonable
comparability between chassis dynamometer results and averége tunnel and remote sensing
results for PM, CO, and HC. Neither tunnel testing nor remote sensing results show any
pronounced chronological trends for these regulated pollutants, primarily because virtually all of
the testing was done over a short period in the 1990s. The average model year for HD vehicles
was reported in only one case (Kirchstetter et al., 1999) and was found to be 1988 for a tunnel
test conducted in 1997. However, even in the case of tunnel testing, measurements of PM from
the 1970s PM levels are not significantly different from what was measured in the 1990s.

The data on regulated emissions do allow a comparison of emissions from 2- and 4-stroke
engines for PM (Figure 2-17). Itis clear that there is no significant difference in PM mass
emissions for 2- and 4-stroke engines over the time period covered. This is true even in 1993. In
model year 1994 there were no on-road 2-stroke engines. Similarly, no significant difference

was observed for emissions of HC, CO, or NO,.
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Figure 2-17. Comparison of 2-stroke and 4-stroke engines PM emissions on a
g/mi and g/gal basis (low altitude data only).
Source: Yanowitz et al., 1999b.
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2.2.5.2. Locomotives

Locomotive engines generally range from 1000 horsepower up to 6000 horsepower.
Similar to the much smaller truck diesel engines, the primary pollutants of concern are NO,, PM,
CO, and HC. Unlike truck engines, most locomotive engines are not mechanically coupled to
the drive wheels. Because of this decoupling, locomotive engines operate in specific steady-state
modes rather than the continuous transient operation normal for trucks. Because the locomotive
engines operate only at certain speeds and torques, the measurement of emissions is considerably
more straightforward for locomotive engines than for truck engines. Emissions measurements
made during the relatively brief transition periods from one throttle position to another indicate
that transient effects are very short and thﬁs could be neglected for the purposes of overall
emissions estimates.

. Emissions measurements are made at the various possible operating modes with the
engine in the locomotive, and then weighting factors for typical time of operation at each throttle
position are applied to estimate total emissions under one or more reasonable operating
scenarios. In the studies included in this analysis, two scenarios were considered: line-haul
(movement between cities or other widely separated points) and switching (the process of
assembling and disassembling trains in a switchyard).

The Southwest Research Institute made emissions measurements for three different
engines in locomotives in 1972 (Hare and Springer, 1972) and five more engines in locomotives
using both low- and high-sulfur fuel in 1995 (Fritz, 1995). Two engine manufacturers (the
Electromotive Division of General Motors, or EMD, and the General Electric Transportation
Systems, or GETS) tested eight different engine models and reported the results to EPA (U.S.
EPA, 1998b). There are also additional data. All available data on locomotives are summarized

in the regulatory impact assessment and shown in Figure 2-18.

2.2.6. Physical and Chemical Composition of Particles

Diesel PM is defined by the measurement procedures summarized in Title 40 CFR, Part
86, subpart N. These procedures define PM emissions as the mass of material collected on a
filter at a temperature of 52°C or less after dilution of the exhaust. As the exhaust is diluted and
cooled, nucleation, condensation, and adsorption transform volatile material to solid and liquid
PM. Diesel exhaust particles are aggregates of primary spherical particles consisting of solid
carbonaceous material and ash, and which contain adsorbed organic and sulfur compounds
(sulfate) combined with other condensed material. The organic material includes unburned fuel,
lube oil, and partial combustion and pyrolysis products. This is frequently quantified as the
soluble organic fraction, or SOF. The SOF can range from less than 10% to more than 90% by
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Figure 2-18. Line-haul and switch emissions data.

Source: U.S. EPA, 1998a.
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mass, with the highest values occurring at light engine load where exhaust temperature is low
(Kittelson, 1998). The SOF fraction can also vary with engine design, with high lube oil
emitting older engines producing higher SOF. Sulfate depends on fuel sulfur content primarily.

Carbonaceous diesel particulate matter has a high specific surface area (30-50 m%g) (Frey
and Com, 1967). Because of this high surface area diesel particles are able to adsorb large
quantities of drganic materials. After removal of the organic material by extraction, the surface
area increases to as high as 90 m?%g (Pierson and Brachaczek, 1976). A variety of solvents have
been used to extract the SOF (Levson, 1988). Soxhlet extraction with a binary solvent consisting
of an aromatic and an alcohol appears to give the best recovery of PAHs, although
dichloromethane is also used. Some studies have then used liquid chromatography to separate
the extract into various fractions on the basis of chemical composition and polarity. ’

The distribution of emissions between the gas and particle phases in diesel exhaust
(gas/particle partitioning) is determined by the vapor pressure of the individual species, the type
and amount of particulate matter present (surface area available for adsorption), and the
temperature (Zielinské et al., 1998). Two-ring and smaller compounds exist primarily in the gas
phase while five-ring and larger compounds are completely adsorbed on the particles. Three-
and four-ring compounds are distributed between the two phases. Some studies use sampling
trains designed to collect both gas-phase and particle-phase compounds, while others simply
report the amount or emission of a given compound in the PM SOF. During the collection of
particulate and organic compounds, filter adsorption, blow-off (loss from the filter), and
chemical transformation of the semivolatile compounds have been reported to occur (Schauer et
al., 1999; Cantrell et al., 1986; Feilberg et al., 1999; Cautreels and Cauwenberghe, 1978).

For diesel engine emissions, approximately 57% of the extracted organic mass is
contained in the nonpolar fraction (Schuetzle, 1983). About 90% of this fraction consists of
aliphatic hydrocarbons from approximately C,, to about C,, (Black and High, 1979; Pierson et
al., 1983). Polycyclic aromatic hydrocarbons and alkyl-substituted PAHs account for the
remainder of the nonpolar mass. The moderately polar fraction (~9% w/w of extract) consists
mainly of oxygenated PAHs species, substituted benzaldehydes, and nitrated PAHs. The polar
fraction (~32% w/w of extract) is composed mainly of n-alkanoic acids, carboxylic and
dicarboxylic acids of PAHs, hydroxy-PAHs, hydroxynitro-PAHs, nitrated N-containing
heterocyclic compounds, etc. (Schuetzle, 1983; Schuetzle et al., 1985).

Rogge et al. (1993) reported the composition of the extractable portion of fine particulate
matter emitted from two HD diesel trucks (1987 model year). No HPLC separation step was
employed and the extract (hexane followed by benzene/2-propanol) was analyzed by capillary
gas chromatography/mass spectrometry (GC/MS) before and after derivatization. The

unresolved organic mass, which comprises 90% of the elutable organic mass, consists mainly of
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branched and cyclic hydrocarbons. From the mass fraction that is resolved as discrete peaks by
GC/MS, ~42% was identified as specific organic compounds. Most of the identified resolved
organic mass (~60%) consists of n-alkane, followed by n-alkanoic acids (~20%). PAHs account
for ~3.5% and oxy-PAHs (ketones and quinones) for another ~3.3%. Taking into account the
differences in the analytical procedurés and the percentage of identified peaks, this distribution is -
roughly similar to those reported by Schuetzle (1983). '

2.2.6.1. SOF and Elemental Carbon Content of Particles

Chassis dynamometer results indicate that SOF emissions have trended downward over
the years as engine manufacturers have tried to reduce oil consumption. This is shown in Figure
2-19, where the trend can be seen as both reduction in SOF weight percent and in SOF g/mi
emissions. The downward trend is driven primarily by the need to reduce oil consumption, and
thereby reduce engine wear and maintenance costs, as well as the need to meet PM emission
standards. There is no significant difference in SOF emissions from 2- and 4-stroke engines in
later years, while 2-stroke engines in the 1970s tended to emit greater amounts of SOF compared
with typical 4-stroke engines. The downward trend in SOF as a percentage indicates that the
solid carbonaceous material as a percentage of PM has been increasing. Figure 2-20 shows the
PM solids g/mile emissions (TPM-SOF) for several vehicles tested on chassis dynamometers. A
decreasing trend in PM solids is also evident, consistent with the observed decline in total PM
emissions. It is tempting to assume that this solid carbonaceous portion is approximately the
same as elemental carbon (EC, a quantity not commonly measured in HD studies). This
assumption is validated, to a good approximation, by a study in which both SOF and EC were
measured (SOF measured by Yanowitz and co-workers [1999a] and EC measured on the same
samples by Zielinska and co-workers [1998]); a parity.'plot of these results is shown in Figure 2-
21. The data reported by Zielinska and co-workers currently appear to be the only measurements
of EC for in-use vehicles. These data are for 4-stroke engines. EC ranged from 31% to 84% of
PM. and averaged 63%. It is apparent from Figure 2-20 that g/mile EC emissions have declined
with model year. '

Engine testing studies show SOF percentage to be highly variable, ranging from 20% io
60%, and exhibiting a declining trend with model year (McCarthy et al., 1992; Springer, 1979;
Johnson et al., 1594; Bagley et al., 1998; Tanaka et al., 1998; Rantanen et al., 1993; Mitchell et
al., 1994; Hansen et al., 1994). On a g/bhp-h basis SOF emissions deciined significantly in the
earlv 1990s and are typically in the range of 0.02-0.05 g/bhp-h. Engine dynamometer data
provide confirmation that total SOF and PM solids (or EC) emissions have declined. Nofe that
there are many more engine testing studies available, which this document does not attempt to

comprehensively review.

11/5/99 2-47 DRAFT—DO NOT CITE OR QUOTE



70
60 1 . ¢ 4sice
0 2stioke
QO
50
¢ .
)
£ 4 o®
I
[ ]
20 1 . l.
° o0 * °
O o Se° . s
10 0 [ ]
®o o " o 8
[ ]
o . :
75 80 85 =) %5
Model Year
20
o dsroke
15 - o) . O 2sioke
o
0
) .
£ o
> 19 °« ®
g |° o °
[ ]
[ ]
)
o e°%,
05 o, ° °
] ’.
. o e
® [
Y ... .
00 . : ®
75 80 85 % %
Model Year

Figure 2-19. Comparison of SOF emissions for 2- and 4-stroke engines in
g/mi and as a percentage of total PM.

Sources: Warner-Selph et al., 1984; Dietzmann et al., 1980; Graboski et al.,
1998b.
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Figure 2-20. Trends in PM solids emissions with model year, a reasonable
surrogate for elemental carbon content. ,
Sources: Yanowitz et al., 1999a; Warner-Selph and Dietzmann, i984; Dietzmann
etal, 1980; Rogoe ot 2l | 1993,

Loy &SNy A

11/5/99 2-49 DRAFT—DO NOT CITE OR QUOTE



PM Solids (TPM-SOF), g/mi

3.0

[ J
2.5 1
[ J
2.0 A
1.5 4 LA
[ J
1.0 1
[ )
o8
0.5 -
0.0 T T T - T
0.0 0.5 1.0 1.5 2.0 25

Elemental Carbon, g/mi

3.0

Figure 2-21. Parity plot showing approximate agreement between PM
elemental carbon and PM solids measurements in g/mi.
Sources: Yanowitz et al., 1999a; Zielinska et al., 1998.
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2.2.6.2. PAHs and Nitro-PAH Emissions

PAHs, nitro-PAHs, and oxidized derivatives of these compounds have attracted
considerable attention because of their known mutagenic and, in some cases, carcinogenic
character. Nitrated polycyclic aromatic compounds have caused lung cancer and remote
metastases in laboratory animals (HEI, 1995). 1-Nitropyrene has been speéulated to be the major
source of mutagenicity in diesel soot (Noorkhoek and Bos, 1995); however, a large number of
other nitro-PAHs are present (Paputa-Peck et al., 1983) and other studies suggest that it is the
oxygenated nitro-PAH species that are responsible (Schuetzle et al., 1981; Schuetzle ef al., 1985;
Ciccioli et al., 1986). For example, Grosovsky and co-workers (1999) have shown that 2-
nitrodibenzopyranone (2NDBP) is highly mutagenic in human cells. 3-Nitrobenzanthrone has
been shown to be one of the most potent bacterial mutagens known (Enya et al., 1997). 3-
Nitrobenzanthrone is also known to be a component of diesel PM, while 2NDBP is proposed to
be an atmospheric transformation product of phenanthrene, but may also be present in diesel
exhaust. '

A few engine and chassis studies have measured PAH emissions. Dietzmann and co-
workers (1980) examined four vehicles equipped with late 1970s turbocharged DI engines.
Emissions of benzo(a)pyrene from particle extracts were reported and ranged from 1.5 to 9
pg/mi. No gas-phase PAH measurements were reported. No correlation with engine technology
(one of the engines was 2-stroke) was observed. Table 2-7 gives the approximate concentrations
of several of the abundant nitro-PAHs quantified in early 1980s LD-diesel particulate extracts
(with the exception of 3-nitrobenzanthrone, reported recently), in pg/g of particles.
Concentrations for some of the nitro-PAHs identified range from 0.3 pg/g for 1,3-dinitropyrene
to 8.6 ug/g for 2,7-dinitro-9-fluorenone and 75 pg/g for 1-nitropyrene. More recent nitro-PAH
and PAH data for HD diesel engines are reported in units of g/hgp-hr or mass/volume of
exhaust,making it impossible to compare them to the older data (Norbeck et al., 1998; Bagley et
al., 1996, 1998; Baumgard and Johnson, 1992; Opris et al., 1993; Hansen et al., 1994; Harvey et
al., 1994; Kantola et al.. 1992; Kreso et al., 1998b; McClure et al., 1992; Pataky et al., 1994).

Rogge and co-workers (1993) reported PAH emissions from particle extracts for two
1987 model year trucks (averaged together, 4-stroke and turbocharged engines). They report
results for many specific PAH compounds with total PAHs summing to 0.43 mg/mi and
benzo(a)pyrene emissions of 2.7 pg/mi. Particle-phase PAH was about 0.5% of total PM mass.
Schauer and co-workers (1999) have recently reported gas- and particle-phase PAH emissions for
a 1995 medium-duty turbocharged and intercooled truck. They also report resulits for a large
number of individual PAHs, but summed emissions were 6.9 mg/mi (gas phase) and 1.9 mg/mi
(particle phase). Particle-phase PAHs were about 0.7% of total PM mass. Emissions of

benzo(a)pyrene were not reported, but emissions of individual species of similar molecular
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Table 2-7. Concentrations of nitro-polycyclic aromatic
hydrocarbons identified in a LD diesel particulate

extract

Nitro-PAH® Concentration
(ng/g of particles)

4-nitrobiphenyl 2.2
2-nitroﬂuorene ~1.8
2-nitroanthracene 4.4
9-nitroanthracene 1.2
9-nitrophenanthrene 1.0
3-nitrophenanthrene 4.1
2-methyl-l-nitroanthracene 83
1-nitrofluoranthene 1.8
7-nitrofluoranthene 0.7
3-nitrofluoranthene 44
8-nitrofluoranthene 0.8
1-nitropyrene 18.9; 75°
6-nitrobenzo[a]pyrene 25
1,3-dinitropyrene® 0.30
1,6-dinitropyrene® 0.40
1,8-dinitropyrene® 0.53
2,7-dinitrofluorene® 4.2;6.0
2,7-dinitro-9-fluorenone* 8.6;3.0
3-nitrobenzanthrone? 0.6 t0 6.6

*From Campbell and Lee (1984) unless noted otherwise. Concentrations recalculated from ug/g of
extract to pg/g of particles using a value of 44% for extractable material (w/w).

*From Paputa-Peck et al, 1983.
*From Schuetzle, 1983.

From Enya et al., 1997 (Isuzu Model 6HEL 7127c¢c).
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weight were approximately 10 pg/mi. Measurements of particle- and gas-phase PAHs conducted
for the Northern Front Range Air Quality Study (Zielinska et al., 1998) found the benzo(a)pyrene
emission rate to average 13 pg/mi for 15 vehicles ranging from 1983-1993 model years.
Summing of individual PAH emissions from this study yields a total PAH rate (combined gas
and pérticle phase) of 13.5 mg/mi. '

Benzo(a)pyréne emissions were also reported in the engine dynamometer studies of
Springer (1979). A comparison of turbocharged and naturally aspirated engines (both about 1
ug/bhp-h), and of DI and IDI engines (both about 0.15 pg/bho-h) showed no significant effect of
these technology changes on emissions of this compound, as shown in Table 2-8. The difference
between 1 and 0.15 pg/bhp-h cannot be attributed to specific technology changes. The engines
were from different manufacturers. Bagley and co-workers (1998) studied a 1983 model year
IDI, naturally aspirated engine and observed emission levels listed in Table 2-8 from particulate
matter extracts. These results can be compared to data presented by Mitchell and co-workers
(1994) for two DI turbocharged engines. It is likely that there are also other differences in
technology between the 1983 and 1991 engines; however, it is clear that total PM emissions are
substantially lower for the newer engines. Results for SOF are inconclusive. Total PAH
emissions are the same for the 1983 and 1991 engines and range from 0.05% to 0.15% of the
total PM mass. 1-Nitropyrene emissions are near to detection limits and thus the apparent
differences are probably not significant.

On the basis of these limited data it is difficult to draw a precise, quantitative conclusion
regarding how PAH emissions have changed over time. However, it seems likely that total PAH
emissions have been in the range from 0.1 to 15 mg/mi from the early 1970s to the early 1990s.
PM-associated PAHs make up on the order of 0.1% of PM mass. Emissions of benzo(a)pyrene
were on the order of 10 pg/mi. It is also highly likely that PAH emissions have declined in
parallel with emissions of total PM and SOF, which have declined by a factor of approximately 6
over this time period. There is no evidence for a change in PAH emissions out of proportion to

¢ cbserved changes in mass emissions of PM or SOF.

One chassis study has reported emissions of 1-nitropyrene in PM extracts from 17 HD
diesel vehicles (Warner-Selph and Dietzmann, 1984). All engines were turbocharged and direct
injected. Results are shown in Figure 2-22; unfortunately there are no distinct trends in these
data and the data do not extend to the period of strict emission regulations in the late 1980s. The
results suggest, however, that the introduction of new technologies, which did occur to some
extenit cver the model years covered, has not produced dramatic changes in emissions of 1-
nitropyrene. Again, it seems likely that nitro-PAH emissions have declined in parallel with
decreasing emissions of total PM and SOF.
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Table 2-8. bComparison of PAH and nitro-PAH emissions for IDI naturally aspirated engines and two DI turbocharged

engines
Emissions, 1977 Mack 1977 1977 1977 1977 1983 1991 DDC 1991 Navistar
pg/bhp-h ETAY(B)673A | Caterpillar Caterpillar Daimler-Benz | Daimler- Caterpillar | Series 60 DI, DTA466, DI,
DI, turbo- 3206, DI, 3206, IDI, OM-352A, Benz OM- 3304 IDI, turbocharged, | turbocharged,
charged, turbocharged, | turbocharged, | DI, turbo- 3524, DI, naturally aftercooled aftercooled
aftercooled aftercooled aftercooled charged, naturally aspirated
aftercooled aspirated
PM (g/bhp-h) 0.61 35 0.28 0.56 0.99 0.56 0.12 0.1
SOF (%) 16 18 11 34 29 57 26 55
PAH - - - - - 132.5 131 145
Benzopyrene 2.23 0.15 0.10 0.87 1.07 1.5 - 0.05
Nitro-PAH - - - - = - 0.18 0.65
1-Nitro- - - - - - 22 0.06 0.32
pyrene

Sources: Springer, 1979; Bagley et al., 1998; Mitchell et al., 1994.
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Figure 2-22. 1-Nitropyrene emission rates from several HD diesel vehicles.
Source: Warner-Selph et al., 1984.

11/5/99 2-55 DRAFT—DO NOT CITE OR QUOTE



(OCD\IO’)(.‘H.(AJN—A

10
~_11
12
13
14
15
16
17
18
19

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

2.2.6.3. Aldehyde Emissions

Many aldehydes of interest typically occur in the gas phase rather than the particle phase
of diesel exhaust. Some aldehydes are also known carcinogens and there are considerable data
on aldehyde emissions from diesel engines. Figure 2-23 reports mg/mile total aldehyde
emissions from chassis dynamometer studies (Warner-Selph and Dietzmann, 1984; Schauer et
al., 1999; Unnasch et al., 1993). The results indicate no diffeérence between 2 and 4-stroke
engines, although aldehyde emissions appear to have declined substantially since 1980 on the
basis of a limited number of data points (only 2). Engine dynamometer studies show aldehyde
emission levels of 150-300 mg/bhp-h for late 1970s engines with no significant effect of
turbocharging, or IDI versus DI. High-pressure fuel injection may have resulted in a marginal
increase in aldehyde emissions (Springer, 1979). By comparison, 1991 model year engines (DI,
turbocharged) exhibited aldehyde emissions in the 30-50 mg/bhp-h range (Mitchell et al., 1994).
It seems likely that aldehyde emissions have declined by perhaps one order of magnitude since
about 1980, on average, in line with the decline in total PM and SOF emissions. Insufficient
information is available to determine the cause of this decline; however, more complete
combustion because of higher pressure fuel injection coupled with leaner operation because of
turbochaiging with aftercooling is the most likely cause.

- 2.2.6.4. Dioxin and Furan Emissions

Dioxin and furan emissions from on-road HD diesel vehicles were measured in the Fort
McHenry Tunnel in Baltimore, MD (Gertler et al., 1998). For the limited range of vehicle
operating conditions in the tunnel, the average HD diesel emission factor was 0.28+0.13 ng-
TEQ/mi. This is a factor of 3 lower than the initial EPA estimate (Gertler et al., 1998). The
recent dynamometer measurements from a HD diesel engine (Cummins L10) showed negligible
dioxin and furan emission rates (Norbeck et al., 1998).

2.2.6.5. Particle Size

Figure 2-24 shows the general size distribution for diesel particulate based on mass and
particle number. Most of the mass is accumulation mode particles rangmg in size from 50 to 700
nm and averaging about 200 nm. Aggregated carbonaceous particles and absorbed organic
material are primarily in this mode. The nuclei mode consists of particles in the 5-50 nm range,
averaging about 20 nm. These are believed to form from exhaust constituents during cooling and
to consist of sulfuric acid droplets, ash particles, condensed organic material, and perhaps
primary carbon spherules (Abdul-Khalek et al., 1998; Baumgard and Johnson, 1996). The nuclei
mode typically contains from 1%-20% of particle mass and from 50%-90% of the particle

number.
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Figure 2-23. Chassis dynamometer measurements of total aldehyde
emissions from HD diesel vehicles.

Sources: Wamer-Selph and Dietzmann, 1984; Schauer et al., 1999; Unnasch et
al., 1993. '
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Figure 2-24. Particle size distribution in diesel exhaust, taken from Kittelson
(1998).

Measurements made on diluted diesel exhaust typically show higher numbers of nuclei-
mode particles than do measurements made on raw exhaust because of condensation to form
nuclei mode aerosol upon cooling of the exhaust.” Dilution ratio, sampling temperature, and other
sampling factors can therefore have a large impact on the number and makeup of nuclei mode
particles (Abdul-Khalek et al., 1999). Just as diesel exhaust particulate matter is defined by how
it is collected (i.e., on a filter at or below 52 °C); the size distribution of diesel exhaust is also
determined by how is it measured. Baumgard and Johnson (1996) have proposed that
accumulation-mode particles are formed in the combustion chamber whereas nuclei-mode
particles are formed during the dilution and measurement process. It seems likely that the .
situation is not nearly so clear-cut and that both accumulation and nuclei-mode particles are
formed in the combustion chamber, but that a large number of additional nuclei-mode particles
are formed during dilution.

Several groups have shown that decreasing sulfur content decreases the number of nuclei-
mode particles measured in the exhaust, assuming temperature is low enough and residence time
is long enough for nucleation and condensation of sulfate aerosol and water (Baumgard and
Johnson, 1992; Opris et al., 1993; Baumgard and Johnson, 1996; Abdul-Khalek et al., 1999).
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The application of this finding to real-world conditions is difficult to predict, as the number of
nuclei-mode particles formed from sulfate and water in the atmosphere will be determined by
atmospheric conditions, not by dilution tunnel conditions.

More controversial is the suggestion that PM emission size distribution from newer
technology engines (1991 and later) may be shifted to have a much higher number concentration
of nuclei-mode particles, independent of fuel sulfur content (Kreso et al., 1998b; Abdul-Khalek
et al., 1998; Baumgard and Johnson, 1996; Bagley et al., 1996). For example, in the study of
Kreso and coworkers (1998b), a comparison of emissions from a 1995 model year engine
measured in that work with measurements made on 1991 (Bagley et al., 1996) and 1988 (Bagley
et al., 1993) model year engines in earlier studies is presented. Dilution conditions (relatively
low temperature, low primary dilution ratio, long residence time of more than 3 seconds)
strongly favor the formation of nucleation products. The 1991 and 1988 engines were tested
with 100 ppm sulfur fuel while the 1995 engine was tested with 310 ppm sulfur fuel, which may
confound the results to some extent. Nuclei-mode particles made up 40% to 60% of the -number
fraction of PM emissions for the 1988 engine and 97%+ of the PM from the 1991 and 1995
engines. Number concentrations were also roughly two orders of magnitude higher for the newer
engines. SOF made up 25%-30% of PM in the 1988 engine and 40%-80% of PM for the newer

engines. Total PM was significantly reduced for the newer engines. It was suggested that

increased fuel injection pressure leads to improved fuel atomization and evaporation, leading to
smaller primary carbonaceous particles, but there appears to be no more direct experimental or
computational evidence supporting this hypothesis. The high degree of SOF with the 1991
engine, particularly at high-load test modes, was also inconsistent with measured SOF values of
other engines using similar types of technology (Last et al., 1995, Ullman et al., 1995). Kittelson
(1998) notes that there is far less soot-type particulate and that higher number concentrations of
the small particles are formed from nucleation of VOC and sulfuric acid-type compounds.

At present, no conclusions can be made regarding the reported shift in size distribution

because:

e  The result may simply be a sampling artifact because of the substantial effect of
dilution conditions on measured particle size distributions. The results may also be
a sampling artifact because no study has reported back-to-back testing of engihes’
with varying technology. All results are based on a comparison of results from
individual studies performed over several years. Only recently has the impact of
sampling conditions begun to be understood, and thus early results. and results that
are not ciearly obtained under identical sampling conditions, may lead to erroneous

conclusions. Extensive research is underway to understand the factors in the
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1 sampling procedure that affect the PM size distribution and to determine the actual
2 size distribution (Kittelson et al., 1999).
3
. e  The result may not be relevant to the fate of engine exhaust in the atmosphere. It is
5 unclear what sampling conditions are appropriate for these studies. If
6 understanding the fate of the exhaust in the atmosphere is the intended use of the
7 study, then simulation of atmospheric dilution conditions is desirable. On the other
8 hand, some studies may be more interested in the impact of engine technology on
9 engine emissions with no sampling artifacts. Given an understanding of the
10 atmospheric chemistry and physics, engine emissions might also be used to predict
11 the formation of aerosol in the atmosphere. An understanding of these factors can
12 only come through knowledge of the chemical composition of nuclei-mode particles,
13 and through studies of the fate of diesel exhaust in the atmosphere (an alarmingly
14 complex situation).
15
16 e  Particle sizing studies have been performed under steady-state conditions that are
17 probably not representative of how nearly all diesel particulate is actually formed in
18 use. Engine transients create temporary situations that favor PM production, and in
19 all likelihood more than 90% of diesel PM in use is generated under these

conditions.

2.3. ATMOSPHERIC TRANSFORMATION OF DIESEL EXHAUST

Primary diesel emissions are a complex mixture containing hundreds of organic and
inorganic constituents in the gas and particle phases, the most abundant of which are listed in
Table 2-9. The more reactive compounds with short atmospheric lifetimes will undergo rapid
transformation in the presence of the appropriate reactants, whereas more stable pollutants can be
transported over greater distances. A knowledge of the atmospheric transformations of gaseous
and particulate components of diesel emissions and their fate is important in assessing
environmental exposures and risks. This section describes some of the major atmospheric
transformation processes for gas-phase and particle-phase diesel exhaust, focusing on the
primary and secondary organic compounds that are of significance for human health. For a more
comprehensive summary of the atmospheric transport and transformation of diesel emissions see
Winer and Busby (1995).
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Table 2-9. Classes of compounds in diesel exhaust

Particulate phase

Heterocyclics, hydrocarbons (C,,-C;;), and
PAHs and derivatives:

Acids Cycloalkanes

Alcohols Esters

Alkanoic acids Halogenated cmpds.

n-Alkanes Ketones

Anhydrides Nitrated cmpds.

Aromatic acids Sulfonates
Quinones

Elemental carbon

Inorganic sulfates and nitrates
Metals

Water

Gas phase

Heterocyclics, hydrocarbons (C,-C,o), and

derivatives:

Acids Cycloalkanes, Cycloakenes

Aldehydes Dicarbonyls

Alkanoic acids Ethyne

n-Alkanes Halogenated cmpds.

n-Alkenes Ketones

Anhydrides Nitrated cmpds.

Aromatic acids Sulfonates
Quinones

Acrolein

Ammonia

Carbon dioxide, carbon monoxide

Benzene

1,3-Butadiene

Formaldehyde

Formic acid

Hydrogen cyanide, hydrogen sulfide
Methane, methanol

Nitric and nitrous acids

Nitrogen oxides, nitrous oxide
Sulfur dioxide

Toluene

Water

Source: Mauderly (1992), which summarized the work of Lies et al., 1986; Schuetzle and Frazier,
1986; Carey 1987; Zaebst et al., 1988; updated from recent work by Johnson, 1993; McDonald,

1997; Schauer et al., 1999.

2.3.1. Gas-Phase Diesel Exhaust

Gas-phase diesel exhaust contains of several organic and inorganic compounds which

undergo various chemical and physical transformations in the atmosphere depending on the

abundance of reactants and meteorological factors such as wind speed and direction, solar

irradiance, humidity, temperature, and precipitation. Gaseous diesel exhaust will primarily react

with the following species (Atkinson, 1988):

¢ Sunlight, during daylight hours;

¢ Hydroxyl radical (OH), during daylight hours;

e Ozone (O,), during daytime and nighttime;

e Hydroperoxyl radical HO,, typically during afternoor/evening hours;

e Gaseous nitrate radicals (NO,) or dinitrogen pentoxide (N,Os), during nighttime

hours; and.

e Gaseous nitric acid (HNO;) and other species such as nitrous acid (HONO) and

sulfuric acid (H,SO,).
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The major loss process for most of the diesel exhaust emission constituents is oxidation,
which occurs primarily by daytime reaction with OH radical (Table 2-10). For some pollutants,
photolysis, reaction with ozone, and reactions with NO; radicals during nighttime hours are also
important removal processes. The atmospheric lifetimes do not take into consideration the
potential chemical or biological importance of the products of these various reactions. For
example, the reaction of gas-phase PAHs with NO; appears to be of minor significance as a PAH
loss process, but is more important as a route of formation of mutagenic nitro-PAHs. The
reaction products for some of the major gaseous diesel exhaust compounds are listed in Table 2-
11 and are discussed briefly below.

2.3.1.1. Organic Compounds

The organic fraction of diesel exhaust is a complex mixture of compounds, very few of
which have been characterized. The atmospheric chemistry of several organic constituents of
diesel exhaust (which are also produced by other combustion sources) has been studied. A few
of these reactions and their products are discussed below. For a complete summary of the
atmospheric chemistry of organic combustion products, see Seinfeld and Pandis (1998).

Acetaldehyde forms peroxyacetyl nitrate (PAN), which has been shown to be a direct-
acting mutagen toward S. typhimurium strain TA100 (Kleindienst et al., 1985) and is phytotoxic.
Benzaldehyde, the simplest aromatic aldehyde, forms peroxybenzoyl nitrate or nitrophenols )
following reaction with oxides of nitrogen (Table 2-11).

For those PAHs present in the gas phase, reaction with the hydroxyl radical is the major
removal route, leading to atmospheric lifetimes of a few hours. The gas-phase reaction of PAHs
containing a cyclopenta-fused ring, such as acenaphthene, acenaphthylene, and
acephenanthrylene with the nitrate radical may be an important loss process during nighttime
hours. Relatively few data are available concerning the products of these gas-phase reactions. It
has been shown that, in the presence of NO,, the OH radical reactions with naphthalene, 1- and
2-methylnaphthalene, acenaphthylene, biphenyl, fluoranthene, pyrene, and acephenanthrylene
lead to the formation of nitroarenes (Arey et al., 1986; Atkinson et al., 1986; 1990; Zielinska et
al., 1988; 1989a; Arey, 1998). In addition, in a 2-step process involving OH radical reaction and
NO, addition, 2-nitrofluoranthene and 2-nitropyrene can be formed and eventually partition to
the particle phase, as will other nitro-PAHs.

The addition of the NO; radical to the PAH aromatic ring leads to nitroarene formation
(Sweetman et al., 1986; Atkinson et al., 1987, 1990; Zielinska et al., 1989a). The gas-phase
reactions of NO; radical with naphthalene, 1- and 2-methylnaphthalene, acenaphthene, .
phenanthrene, anthracéne, fluoranthene, and pyrene produce, in general, the same nitro-PAH
isomers as the OH radical reaction, but with different yields (Arey et al., 1989; Sweetman et al.,
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Table 2-10. Calculated atmospheric lifetimes for gas-phase reactions of
selected compounds present in automotive emissions with important reactive

species
Atmospheric lifetime resulting from reaction with;

Compound OH* o, NO;¢ HO,° hve
NO, 1.3 days 12 h 24 min 2h 2 min
NO 2.5 days I min 1.2 min 20 min -
HNO, 110 days - - - -
SO, 16 days >200 years >1.4x10" years | >600 years -
NH, 90 days - - - -
Propane 12 days >7000 years - - -
n-Butane 5.6 days >4500 years 3.6 years - -
n-Octane 1.9 days - 1.2 years - -
Ethylene 1.9 days 9 days 1.2 years - -
Propylene 7h 1.5 days 6 days - -
Acetylene 19 days 6 years >5.6 years - -
Formaldehyde 1.9 days >2 - 104 years 84 days 23 days 4h
Acetaldehyde 0.6 day >7 years 20 days - 60 h
Benzaldehyde 1.2 days - 24 days - -
Acrolein 0.6 day 60 days - - -
Formic acid 31 days - - - -
Benzene 11 days 600 years >6.4 years - -
Toluene 2.5 days 300 years 3.6 years - -
m-Xylene 7h 75 years 0.8 years - -
Phenol 6h - 8 min - -
Naphthalene * 68h >80 days 1.5 years - -
2-Methylnaphthalene * 2.8h >40 days 180 days -
1-Nitronaphthalene * 2.3 days >28 days 1 8 years 1.7h
Acenaphthene * 1.5h >30 days 12h - -
Acenaphthylene 1.3h ~43 min 6 min - -
Phenanthrene f 112h 41 days 46h - -
Anthracene f 86h - - - -
Fluoranthene { ~29h - ~1 year - -
Pyrene | ~29h - ~ 120 days - -

 For 12-h average conceiitration of CH radical of 1.6x10° molecule/cm’ (Prinn et al., 1992).

® For Z4-n average O; LondEnuation of
¢ For 12-h average NO, concentration of 5x10°® molecule/cm?® (Atkinson, 1991).

-
i

lllllllllll

d For 12-h average HO, concentration of 10® molecule/cm’.

© For solar zenith angle of 0°.

f Lifetimes from Arey (1998), for 12-h conceniration of OH radical of 1.9x10® molecule/cm®.

Source: Winer and Busby (1995) unless noted otherwise.
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Table 2-11. Major components of gas-phase diesel engine emissions and their
known atmospheric transformation products

Emission component Atmospheric reaction products
Carbon dioxide
Carbon monoxide
Oxides of nitrogen Nitric acid, ozone
Suifur dioxide Sulfuric acid
Hydrocarbons:
Alkanes (<C,g) Aldehydes, 2lkyl nitrates, ketones
Alkenes (<C,) (e.g., 1,3-butadiene) Aldehydes. ketones
Aldehydes:
Formaldehyde Carbon monoxide, hydroperoxyl radicals
Higher aldehydes (e.g., acetaldehyde, acrolein) | Peroxyacyl nitrates
Monocyclic aromatic compounds (e.g., benzene, Hydroxylated and hydroxylated-nitro derivatives-
toluene) :
PAHs (<4 rings) (e.g., phenanthrene, Nitro-PAHs (4 rings)®
fluoranthene)®
Nitro-PAHs (2 and 3 rings) (e.g., Quinones and hydroxylated-nitro derivatives
nitronaphthalenes)

= Some reaction products expected to partition into the particle phase.
®Nitro-PAHs with more than two rings will partition into the particle phase.
‘PAHs containing four rings are usually present in both the vapor and particle phases.

Source: Adapted from Winer and Busby, 1995.

1986; Atkinson et al., 1987, 1990; Zielinska et al., 1986, 1989a). For example, the same 2-NF is
produced from both OH radical and NO, gas-phase reactions, but the reaction with NO, produces
a much higher yield. While the production of several nitroarene compounds has been studied in
environmental chambers (Arey et al., 1989; Zielinska et al., 1990; Atkinson and Arey, 1994;
Arey, 1998; Feilberg et al., 1999), generally the same nitro-PAH isomers formed from reaction
with OH and NO; radicals are observed in ambient air samples. Secondary formation of
nitroarenes through the gas-phase reactions of the 2-, 3-, and 4-ring PAHs is the major source for
many of the nitroarenes observed in ambient air (Pitts et al., 1985a,b,c; Arey et al., 1986;
Zielinska et al., 1988). Photolysis is the major removal pathway for nitroarenes with lifetimes of
approximately 2 hours (Feilberg et al., 1999; Nielsen and Ramdahl, 1986).

2.3.1.2. Inorganic Compounds

Sulfur dioxide (SO,) and oxides of nitrogen (primarily NO) are emitted from diesel engines.
Sulfur dioxide is readily oxidized by the OH radical in the atmosphere, followed by formation of
the HO, radical and HSO,, which rapidly reacts with water to form sulfuric acid (H,SO,)

aerosols. Because SO, is soluble in water, it is scavenged by fog, cloud water, and raindrops. In
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aqueous systems, SO, is readily oxidized to sulfate by reaction with H,O,, O;, or O, in the
presence of a metal catalyst (Calvert and Stockwell, 1983). Sulfur emitted from diesel engines is
predominantly (~98%) in the form of SO,, a portion of which will form sulfate aerosols by the
reaction described above. Off-road equipment, which typically uses fuel containing 3300 ppm
sulfate, emits more SO, than on-road diesel engines, which use fuels currently containing an
average of 340 ppm sulfur because of EPA regulations effective in 1993 decreasing diesel fuel
sulfur levels. EPA (1998b) estimates that mobile sources are responsible for about 7% of
nationwide SO, emissions, with diesel engines contributing 80% of the mobile source total (the
majority of the diesel SO, emissions originate from nonroad engines) (U.S. EPA, 1998b).

Nitric oxide (NO) is also oxidized in the atmosphere to form NO, and particulate nitrate.
The fraction of motor vehicle NO, exhaust converted to particulate nitrate in a 24-hour period
has been calculated using a box model to be approximately 3.5% nationwide, a portion of which
can be attributed to diesel exhaust (Gray and Kuklin, 1996). EPA estimates that in 1997, mobile
sources were responsible for about 50% of nationwide NO, emissions, with diesel engines being
responsible for approximately half of the mobile source total (U.S. EPA, 1998b).

2.3.1.3. Atmospheric Transport of Gas-Phase Diesel Exhaust

Gas-phase diesel exhaust can be dry deposfted, depending on the deposition surface,
atmospheric stability, and the solubility and other chemical properties of the compound. Dry
deposition of organic species is typically on the order of weeks to months, with dry deposition
velocities of approximately 10 cm/sec (Winer and Busby, 1995). In contrast, inorganic species
such as sulfur dioxide and nitric acid have relatively fast deposition rates (0.1-2.5 cm/sec) and
will remain in the atmosphere for shorter time periods compared with the organic exhaust
components. Some gas-phase species will also be scavenged by aqueous aerosols and potentially
deposited via precipitation. These processes can greatly reduce the atmospheric concentration of
some vapor-phase species. Atmospheric lifetimes for several gas-phase components of diesel

avh ust are on tha Av-dnv- AF hAarnea Ar Aaus, Au'-;ng ‘vVhiCb fivna ofmr\spheric t‘urbulence and
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advection can disperee these pnlintants widely

2.3.2. Particle-Phase Diesel Exhaust

Particle-associated diesel exhaust is composed of primarily carbonaceous material
(organic and elemental carbon) with a very small fraction composed of inorganic compounds and
meials. The organic carbon fraction adsorbed on diesel PM is composed of high-molecular-
welghii curnpounds, sudit as TAs, wildl aic gelcially iii0i€ (Esistalit 0 alinoSpheTic Taciions

than PAHs in the gas phase. The elemental carbon component of diesel exhaust is inert to
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atmospheric degradation, while the PAH compounds are degraded by reaction with the following

species:

. Sunlight, during daylight hours;

e  Ozone (03), during daytime and nighttime;

o Niﬁate radical (NO,) and dinitrogen pentoxide (N,Os), during nighttime hours;

o Hydroxyl (OH) and hydroperoxyl radicals (HO,);

e  NO,, during nighttime and daytime hours;

e  Hydrogen peroxide (H,0,); and

e  Gaseous nitric.acid (HNO;) and other species such as nitrous acid (HONOQ) and
sulfuric acid (H,SO,).

Since many of the PAH derivatives formed by reaction with some of the reactants listed
above have been found to be highly mutagenic, a brief discussion of PAH photolysis, nitration,
and oxidation follows. Some of the major degradation products from particulate diesel exhaust
are listed in Table 2-12.

Table 2-12. Major components of particle-phase diesel engine emissions and
their known atmospheric transformation products

' Emission component Atmospheric reaction products
Elemental carbon _— :
Inorganic sulfate _— ;
Hydrocarbons (C,4-Css) Little information; ,

possibly aldehydes, ketones, and alkyl |
nitrates ‘;
PAHs (>4 rings) (e.g., pyrene, Nitro-PAHs (>4 rings); Nitro-PAH i
benzo[a]pyrene) lactones j
| Nitro-PAHs (23 rings) (e.g., Hydroxylated-nitro derivatives
| nitropyrenes)

Source: Adapted from Winer and Busby, 1995.
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2.3.2.1. Particle-Associated PAH Photooxidation

Laboratory studies of photolysis of PAHs adsorbed on 18 different fly ashes, carbon
black, silica gel, and alumina (Behymer and Hites, 1985, 1988) and several coal stack ashes
(Yokely et al., 1986; Dunstan et al., 1989) have shown that the extent of photodegradation of
PAHs depends very much on the nature of the substrate to which they are adsorbed. The
dominant factor in the stabilization of PAHs adsorbed on fly ash was the color of the fly ash,
which is related to the amount of black carbon present. It appears that PAHs were stabilized if
the carbon black content of the fly ash was greater than approximately 5%. On black substrates,
half-lives of PAHs studied were on the order of several days (Behymer and Hites, 1988).

The environmental chamber studies of Kamens et al. (1988) on the daytime decay of
PAHs present on residential wood smoke particles and on gasoline internal combustion emission
particles showed PAH half-lives of approximately 1 hour at moderate humidities and
temperatures. At very low-angle sunlight, very low water-vapor concentration, or very low
temperatures, PAH daytime half-lives increased to a period of days. The presence and
composition of an organic layer on the aerosol seems to influence the rate of PAH photolysis
(Jang and McDoW, 1995; McDow et al., 1994; Odum et al., 1994).

Because of limited understanding of the mechanisms of these complex heterogeneous
reactions, it is currently impossible to draw any firm conclusion concerning the photostability of
particle-bound PAHs in the atmosphere. Because diesel particulate matter contains a relatively
high quantity of elemental carbon, it is reasonable to speculate that PAHs adsorbed onto these
particles might be relatively stable under standard atmospheric conditions, leading to an
a.nticipated half-life of 1 or more days.

2.3.2.2. Particle-Associated PAH Nitration

Since 1978, when Pitts et al. (1978) first demonstrated that benzo(a)pyrene deposited on
glass-fiber filters exposed to air containing 0.25 ppm NO, with traces of HNO, formed nitro-
benzo(a)pvrene, numerous studies of the heterogeneous nitration reactions of PAHs adsorbed on
a variety of substrates in different simulated atmospheres have been carried out (Finlayson-Pitts
and Pitts, 1986). PAHs deposited on glass-fiber and Teflon-impregnated glass-fiber filters react
with gaseous N,Os, yielding their nitro derivatives (Pitts et al., 1985b,c). The most abundant
isomers formed were 1-nitropyrene (1-NP) from pyrene, 6-nitro-benzo(a)pyrene from
benzo(a)pyrene, and 3-nitroperylene from perylene.

The formation of nitro-PAHs during sampling may be an important consideration for
diesel PM collection because of the presence of NO, and HNO. (Feilberg et al., 1999). Ho»\./ever.
Schuetzle (1983) concluded that the artifact formation of 1-NP was less than 10%-20% of the 1-

NP present in the diesel particles if the sampling time was less than 23 min (one FTP cycle) and
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if the sampling temperature was not higher than 43 °C. The formation of nitroarenes during
ambient high-volume sampling conditions has been reported to be minimal, at least for the most
abundant nitropyrene and nitrofluoranthene isomers (Arey et al., 1988).

Diesel PM contains a variety of nitroarenes, with 1-NP being the most abundant among
identified nitro-PAHs. The concentration of 1-NP was measured in the extract of particulate
samples collected at the Allegheny Mountain Tunnel on the Pennsylvania Turnpike as 2.1 ppm
and ~5 ppm by mass of the extractable material from diesel and SI vehicle PM, respectively.
These values are much lower than would be predicted on the basis of laboratory measurements
for either diesel or SI engines (Gorse et al., 1983).

Several nitroarene measurements have been conducted in airsheds heavily affected by
motor vehicle emissions (Arey et al., 1987; Atkinson et al., 1988; Zielinska et al., 1989a,b;
Ciccioli et al., 1989, 1993). Ambient PM samples were collected at three sites in the Los
Angeles Basin during two summertime periods and one wintertime period. Concentrations of 1-
NP ranged from 3 pg/m?> to 60 pg/m’ and 3-NF was also present in diesel PM at concentrations
ranging from not detectable to 70 pg/m°.

2.3.2.3. Particle-Associated PAH Ozonolysis

Numerous laboratory studies have shown that PAHs deposited on combustion-generated
fine particles and on model substrates undergo reaction with O, (Katz et al., 1979; Pitts et al,
1980, 1986; Van Vaeck and Van Cauwenberghe, 1984; Finlayson-Pitts and Pitts, 1986). The
dark reaction toward O, of several PAHs deposited on model substrates has been shown to be
relatively fast under simulated atmospheric conditions (Katz et al., 1979; Pitts et al., 1980, 1986). -
Half-lives on the order of one to several hours were reported for the more reactive PAHs, such as
benzo[a]pyrene, anthracene, and benz[a]anthracene (Katz et al., 1979).

The reaction of PAHs deposited on diesel particles with 1.5 ppm '03 under high-volume
sampling conditions has been shown to be relatively fast, and half-lives on the order of 0.5 to 1
hour have been reported for most PAHs studied (Van Vaeck and Van Cauwenberghe, 1984).

The most reactive PAHs include benzo(a)pyrene, perylene, benz[a]anthracene, '
cyclopentalcd]pyrene, and benzo[ghi]perylene. The benzofluoranthene isomers are the least
reactive of the PAHs studied, and benzo[e]perylene is less reactive than its isomer
benzo[a]pyrene. The implications of this study for the high-volume sampling ambient POM are
important: reaction of PAHs with O, could possibly occur under high-volume sampling
conditions during severe photochemical smog episodes, when the ambient level of O; is high.
However, the magnitude of this artifact is difficult to assess from available data.
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2.3.2.4. Atmospheric Transport of Diesel Exhaust Particle Matter

Ultrafine particles emitted by diesel engines undergo nucleation, coagulation, and
condensation to form fine particles. PM can be removed from the atmosphere by dry and wet
deposition. Particles of small diameter (<] um), such as diesel PM, are removed less efficiently
than larger particles by wet and dry deposition and thus have longer atmospheric residence times.
Dry deposition rates vary depending on the particle size. Because of their small size, diesel
exhaust particles will have residence times of several days (dry deposition velocities of
approximately 0.01 cr/sec) (Winer and Busby, 1995). Diesel particulates may be removed by
wet deposition if they serve as condensation nuclei for water vapor deposition, or are scavenged
by precipitation in- or below-cloud.

In a study designed to assess the atmospheric concentrations and transport of diesel
exhaust particles, Horvath et al. (1988) doped the sole source of diesel fuel in Vienna with an
organometallic compound of the heavy earth element dysprosium. The authors found that in
some of the more remote sampling areas, diesel PM comprised more than 30% of the particulate

mass, indicating that diesel PM can be dispersed widely.

2.3.3. Diesel Exhaust Aging

After emission from the tailpipe, diesel exhaust undergoes dilution, reaction, and
transport in the atmosphere. The primary emission is considered "fresh," while "aged" diesel
exhaust is considered to have undergone chemical and physical transformation and dispersion
over a period of a day or two. Laboratory dilution tunnel measurements represent a
homogeneous environment compared to the complex and dynamic system into which real-world
diesel exhaust is emitted. The physical and chemical transformation of diesel exhaust will vary
depending on the environment into which it is emitted. In an urban or industrial environment,
diesel exhaust may enter an atmosphere with high concentrations of oxidizing and nitrating
radicals, as well as nondiesel organic and inorganic compounds that may influence the toxicity,
chemical stability, and atmospheric residence time. In general, secondary pollutants formed in
an aged aerosol mass are more oxidized, and therefore have increased polarity and water
solubility (Finlayson-Pitts and Pitts, 1986). These oxidized compounds may be removed at rates
different from their precursor compounds and may exhibit different biological reactivities.

In addition, particle size distributions may vary depending on aggregation and - -
coagulation phenomena in the aging process. People in vehicles, near roadways (e.g., cyclists,
pedestrians, people in nearby buildings) and on motorcycles will be exposed to more fresh
exhaust than the general population. In some settings where emissions are entrained for long
periods through metedrological or other factors, exposures would be expected to include both

fresh and aged diesel exhaust. The complexities of transport and dispersion of emission arising
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from motor vehicles have been the subject of extensive modeling and experimental studies over
the past decades and have been summarized by Sampson (1988); exposures to diesel PM are
discussed in the next section of this chapter. '

The major organic constituents of diesel exhaust and their potential degradation
pathways described above provide evidence for (1) direct emission of PAHs, (2) formation of
nitroarenes, and (3) secondary sulfate and nitrate formation. Since nitro-PAH products are often
more mutagenic than their precursors, the formation, transport, and concentrations of these

compounds in an aged aerosol mass are of significant interest.

2.4. AMBIENT DIESEL EXHAUST CONCENTRATIONS AND EXPOSURES
2.4.1. Diesel Exhaust Gases in the Ambient Atmosphere

Diesel exhaust gas is a complex mixture composed mainly of nitrogen, carbon dioxide,
carbon monoxide, sulfur dioxide, and volatile organic compounds including aldehydes, alkanes,
alkenes, and aromatic compounds such as benzene, toluene, 1,3-butadiene, naphthalene, and
other low-molecular-weight aromatics. The primary source of these gas-phase compounds is
incomplete fuel combustion and lubricating oil, with some contribution from compounds formed
during the combustion process or by reaction with catalysts (Johnson et al., 1994). While direct
emissions of several diesel exhaust components have been measured, few studies have attempted
to elucidate the contribution of diesel-powered engines to atmospheric concentrations of these
components, most of which are emitted by several combustion sources.

The emission profile of gaseous organic compounds is different for diesel and SI
vehicles; the low-molecular-weight aromatic hydrocarbons and alkanes (<C,) are more
characteristic of SI engine emissions, whereas the heavier alkanes (>C,,) and aromatic
hydrocarbons (such as naphthalene, methyl- and dimethyl- naphthalenes, methyl- and dimethyl-
indans) are more characteristic of diesel engine emissions. These differences were the basis for
apportionment of gasoline- and diesel-powered vehicle emissions to ambient nonmethane
hydrocarbon (NMHC) concentrations in the Boston and Los Angeles (South Coast Air Basin)
urban areas. The chemical mass balance receptor model (described below) was applied to
ambient samples collected in these areas, along with appropriate fuel, stationary, and area source
profiles (Fujita et al., 1997). The average of the sum of NMHC attributed to diesel exhaust,
gasoline-vehicle exhaust, liquid gasoline, and gasoline vapor was 73% and 76% for Boston and
the South Coast Air Basin (SoCAB), respectively. The average source contributions of diesel
exhaust to NMHC concentrations were 22% and 13% for Boston and the SOCAB, respectively.
The relative contribution of diesel exhaust will clearly depend on several factors including fleet
composition, saxnpling location (e.g., near a bus station vs. near a highway or other sources), and
the contribution from point and area sources. The source apportionment in the Fujita et al.
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(1997) study indicates that mobile vehicle-related emissions account for the majority of ambient
NMHC in the two urban areas studied and the results can likely be extrapolated to other urban

areas with similar source compositions.

2.4.2. Ambient Concentrations of Diesel PM

The EPA Office of Air Quality Planning and Standards report on national air pollutant
emission trends indicates that annual emissions of diesel PM less than 2.5 um (PM2.5)
nationwide are 5.7% of the total PM2.5 inventory (21% excluding natural and fugitive dust
sources) (U.S. EPA, 1998b). The inventory includes on-road and off-road sources that have
specific local and regional distributions. As a result of inhomogeneous source distributions,
ambient diesel PM concentrations will vary by location. Only a few studies have been conducted
to assess diesel PM concentrations in urban and rural areas, local "hotspots,” and the potential for
diesel PM episodes. The main aipproaches used to estimate the contribution of diesel exhaust to
ambient PM concentrations are receptor modeling, elemental carbon surrogate calculations, and
dispersion modeling. Studies conducted in Europe and Japan were reviewed, but, for the-most
part, were not included because of qﬁestidns surrounding the applicability of measurements in

locations that use different diesel technology and control measures from the United States.

2.4.2.1. Receptor Modeling Estimates of Diesel PM

Receptor models are used to infer the types and relative contributions of sources
impacting a receptor site on the basis of measurements made at the receptor site for the pollutants
of interest. As such, receptor models are referred to as "top-down" in contrast to "bottom-up”
methods, which use emission inventory data, activity patterns, and dispersion modeling from the
source to predict concentrations at a receptor site. Receptor models assume that the mass is -
conserved between the source and receptor site and that the measured mass of each pollutant is a
linear sum of the contribution from each source.

The most commonly used receptor model for quantifying concentrations of diesel PM at a
receptor site is the chemical mass balance model (CMB). Input to the CMB model includes PM
measurements made at the receptor site as well as measurements made of each of the source
types suspected to impact the site. Because of problems involving the elemental similarity
between diesel and gasoline emission profiles and their co-emission in time and space, it is -
necessary to carefully quantify chemical molecular species that provide markers for separation of
these sources {Lowenthal et al_, 1992). Recent advances in chemical analytical techniques have
facilitated the devel opment of sophisticated molecular source profiles. including detailed

speciation of organic compounds, which allow the apportionment of PM to gasoline and diesel
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sources with increased certainty. Older studies that made use of only elemental source profiles
have been published and are summarized here, but are subject to more uncertainty. .

The CMB model has been used to assess the contribution of diesel PM to total PM mass
in areas of California, Denver, Phoenix, and Manhattan (Table 2-13). Diesel PM concentrations
reported by Schauer et al. (1996) for data collected in 1982 ranged from 4.4 ug/m? in west Los
Angeles to 11.6 pg/m’ in downtown Los Angeles. The average contribution of diesel PM to total
PM mass ranged from 13% in Rubidoux to 36% in downtown Los Angeles. It should be noted
that this model accounts for primary emissions of diesel PM only; the contribution of secondary
aerosol formation (both acid and organic aerosols) is not included. In sites downwind from

urban areas, such as Rubidoux in this study, secondary nitrate formation can account for a

Table 2-13. Ambient diesel PM concentrations reported from chemical mass
balance modeling

Author Year of Location Location Source Total Diesel
sampling, type profile used PM2.5 PM2.5
no. days (stdev), (stdev),
pg/m? pg/m’
Schauer et 1982, 60 West LA Urban OC species, 24.5 (2.0) 4.4(0.6)
al., 1996, days (one Pasadena Urban EC, elements 28.2(1.9) 5.3(0.7)
Southern every sixth  Rubidoux Suburban 42.1 (3.3) 5.4(0.5)
California day) _Downtown LA Urban 32.5(2.8) 11.6 (1.2)
Chow etal., Winter, Phoenix, AZ - Urban NA NA 4-22°
1991 1989-90, area
NA
California 1988-92, 15 Air basins Rural- EC, OC total, NA 0.2-3.6
EPA, 1998  approx. urban ‘Elements,
150 days Major lons
Federal Spring, Manhattan, NY Urban bus EC, OC total, 35.8-83.0 13.2-46.7°
Highway 1993, stop elements,
Admin., 3 days major ions
1997b :
NFRAQS, Winter, Welby, CO Urban OC Species, 16.7 1.7
1998 1996-97, Brighton, CO Suburban EC, elements, 12.4 1.2
60 days major ions
* PMI0.

OC: Organic carbon.
EC: Elemental carbon.
NA: Not available.

Major ions: nitrate, sulfate, chloride and, in some cases, ammonium, sodium, potassium.
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substantial fraction of the mass (25% of the fine mass measured in Rubidoux was attributed to
secondary nitrate), a portion of which comes from diesel exhaust (Gray and Kuklin, 1996).

A wintertime study conducted in the Phoenix area by Chow et al. (1991) indicated that
diesel PM levels on single days can range from 4 pg/m’ in west and central Phoenix to 14 pg/m?*
in south Scottsdale and 22 ug/m’ in central Phoenix. This apportionment, like the Schauer et al.
(1996) data, reflects direct emissions only. These data relied on source profiles and ambient
data collected prior to the introduction of technology to reduce PM emissions from diesel-
powered vehicles. _ :

A second CMB study reported ambient diesel PM concentrations for California and used
ambient measurements from the San Joaquin Valley (1988-89), South Coast (1986), and San
Jose (winters for 1991-92 and 1992-93) (California EPA, 1998a). The incorporation of sampling
data from later dates provides information regarding exposures more relevant to current levels.
The CMB in the California study (1998a) indicated that on an annual basis, basin-wide levels of
direct diesel PM emissions may be as low as 0.2 pg/m’ in the Great Basin Valleys and as high as
3.6 pg/m? in the South Coast basin.

The most recent study reporting diesel PM concentrations is from winter 1996-1997
sampling conducted in the Denver area as part of the Northern Front Range Air Quality Study
(NFRAQS), (NRC, 1998). Ambient levels of diesel PM in the urban core site at Welby averaged
1.7 ug/m? over a 60-day winter period, and a slightly lower average concentration of 1.2 pg/m?
was measured at an urban downwind site in Brighton, CO. One of the major findings from this
study was a substantial contribution of elemental carbon from gasoline-powered vehicles. At the
Welby site, the contribution of diesel and gasoline emissions to elemental carbon measurements
was 52% and 42%, respectively. At the Brighton site, the contribution of diesel and gasoline
emissions to elemental carbon measurements was 71% and 26%, respectively. The findings
from the NFRAQS study are compelling and suggest the need for further investigations of this
type that specifically address high-emitting vehicles. Geographical and other site-specific
parameters that influence PM concentrations, such as altitude, must be considered when
extrapolating the NFRAQS findings to other locations.

Limited data are available to allow a characterization of diesel PM concentrations in
"hotspots" such as near heavily traveled roadways, bus stations, train stations, and marinas. One
"hotspot" study conducted in Manhattan reported diesel PM concentrations of 13.0 to 46.7 pg/m® .
during a 3-day sampling period in the spring of 1993 (Federal Highway Administration, 1997b).
This study attributed. on average, 50% of the PM to diesel exhaust. The diesel PM
concentrations resulting from the source apportionment method used in this study require some
caution. The CMB model overpredicted PM10 concentrations by an average 30%, suggesting

that additional sources of the mass were not accounted for in the model. New advances in
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organic carbon speciation, as has been noted above, are necessary to most appropriately
characterize gasoline and diesel PM sources to ambient PM measurements. The relevance of the
Manhattan bus stop exposure for large urban populations provides strong motivation for further
studies in the vicinity of such "hotspots."

In summafy, recent source apportionment studies (California EPA, 1998a; NRC, 1998)
indicate that ambient diesel PM concentrations averaged over 2-12 month periods for
urban/suburban areas can range from approximately 1.2 pg/m? to 3.6 ug/m’, while diesel PM
concentrations in more rural/remote areas are generally less than 1.0 pg/m®. In the vicinity of
"hotspots," or for short exposure times under episode-type conditions, diesel PM concentrations
are expected to be substantially higher than these levels; however, a thorough and replicated
characterization of these situations is not yet available. Two studies nearing completion by the
South Coast Air Quality Management District will shed some light on near-highway
concentrations of diesel PM (SCAQMD, 1999).

2.4.2.2. Elemental Carbon Surrogate for Diesel PM

Elemental carbon (EC) is a major component of diesel exhaust, contributing to
approximately 60%-80% of diesel particulate mass, depending on engine technology, fuel type,
duty cycle, lube oil consumption, and state of engine maintenance (Graboski et al., 1998; Zaebst
etal., 1991; Pierson and Brachaczek, 1983; Warner-Selph et al., 1984). In most ambient ‘
environments, diesel PM is one of the major contributors to EC, with other potential sources
including spark-engine exhaust; combustion of coal, oil, or wood; charbroiling; cigarette smoke;
and road dust. Gasoline combustion was recently found to be an important source of elemental
carbon in Denver (NRC, 1998). -

Because of the large portion of EC in diesel PM, and the fact that diesel exhaust is one of
the major contributors to EC in most ambient environments, diesel PM concentrations can be
bounded using EC measurements. Source apportionment (NRC, 1998) indicates that diesel
exhaust comprises from 52% to 71% of the elemental carbon concentrations in ambient PM in
the Denver area for the winter of 1996-97. If we assume that gasoline and diesel exhaust
contributions to EC measured in Denver will be similar to other areas, a plausible estimate of
diesel particulate concentrations can be calculated by multiplying a measured EC concentration
by 64% and dividing by the fraction of diesel PM mass accounted for by EC (note: a middle-of-
the-range value of 70% was chosen for illustrative purposes), e.g., diesel PM concentration =
[(EC * 0.64)/0.7]. This estimate uses an average of the diesel contributions to EC observed in
Denver with contributions from other, potentially site-specific sources of EC subtracted (e.g.,
wood smoke). An upber-bound estimate of diesel PM from EC measurements would attribute all
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ambient EC to diesel exhaust, e.g., diesel PM concentration = EC/0.7, which may be applicable
to some occupational exposures.

The surrogate diesel PM calculation is a useful approach for estimating diesel PM in the
absence of a more sophisticated receptor modeling analysis for locations where fine PM
elemental carbon concentrations are available. Table 2-14 provides diesel PM concentrations
that were calculated using the EC surrogate ratiometric approach. Under an EPA Research Grant
with the Northeastern States for Coordinated Air Use Management (NESCAUM), PM2.5
samples were collected in Boston (Kenmore Square), MA, Rochester, NY, Reading, MA,
Quabbin Reservoir, MA, and Brockport, NY (Salmon et al.. 1997). Samples were collected
every sixth day for one year (1995). Using the EC surrogate calculation described above, diesel
PM concentrations are estimated to range from 0.3 pg/m? in Brockport, NY to 1.1 pg/m® in
Boston.

The Interagency Monitoring of Protected Visual Environments (IMPROVE) project of
the National Park Service operates an extensive aerosol monitoring network in mainly rural or
remote areas of the country (National Parks, National Monuments, Wilderness Areas, National
Wildlife Refuges, and National Seashores). PM2.5 samples, collected twice weekly for 24-hour
duration, at 43 sites (some co-located in the same rural park area) were analyzed for a suite of
chemical constituents, including elemental carbon. The IMPROVE data in Table 2-14 represent
average values for the period from March 1992 through February 1995 (Sisler, 1996).

Table 2-14. Diesel PM 2.5 concentrations in urban and rural locations using
EC surrogate® for NESCAUM (1995) and IMPROVE (1992-1995) network
sites : )

Area Annual average Diesel PM2.5
PM2.5 pg/m* pg/m?
Urban areas
Boston, MA® 16.2 1.1
Rochester, NY® 129 1 s
Washington, DC* | i9.2 i 1.6
' Nonurban areas
Quabbin, MA® 124 1 04
Reading, MA® T 14.6 0.6
Brockport, NY® 12.8 0.3
IMPROVE sites 1.8-12.1 o 0.1-0.8

8 Assumes 64% of EC mass is from diesel exhaust and 70% of diesel PM is elemental carbon.

® NESCAUM sites.
¢ IMPROVE sites.
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The estimated diesel PM concentrations for rural/remote areas from the IMPROVE
network ranged from 0.1 pug/m? for Denali National Park, AK, to 0.8 pug/m? for the Lake Tahoe,
CA, area (which includes on-road and off-road diesel emissions). The diesel PM concentrations
in rural areas of the northeastern States are similar to those calculated for rural areas in other
parts of the country, with all values less than 1.0 pg/m®. Among the urban areas included in the
NESCAUM and IMPROVE networks, Washington, DC, had the highest calculated diesel PM
concentration of 1.6 ng/m®. The annual average value for Washington, DC, is quite similar to the
wintertime diesel PM concentrations reported for Denver (NRC, 1998). Seasonally avéraged
data for the Washington, DC, site indicates that EC concentrations, and by extension, diesel PM
concentrations at this site peak in the autumn and winter (1.9 and 1.8 pg/m?* diesel PM,
respectively).

Recently, EC measurements were reported for enclosed vehicles driving on Los Angeles
roadways (California EPA, 1998b). Applying the ratiometric approach for diesel PM
determinations from EC measurements, diesel PM concentrations in the vehicle ranged from
approximately 2.8 pg/m? to 36.6 ng/m? depending on the type of vehicle being followed (higher
concentrations were observed when the vehicle folloWed HD diesels). The Califorhia Air
Resources Board also collected EC near the Long Beach Freeway for 4 days in May 1993 and 3
days in December 1993 (California EPA, 1998a). Using emission estimates from their
EMFAC7G model, and elemental/organic carbon composition profiles for diesel and gasoline
exhaust, tire wear, and road dust, the California Air Resources Board estimated the contribution

“of the freeway to diesel PM concentrations. For the 2 days of sampling in December 1993,

diesel exhaust from vehicles on the nearby freeway were estimated to contribute from 0.7 pg/m?
to 4.0 pg/m’ excess diesel PM above background concentrations, with a maximum of 7.5 pg/m’.

In two additional studies, EC concentrations were measured in Glendora, CA, during a
carbonaceous aerosol intercomparison study (Cadle and Mulawa, 1990; Hansen and Novakov,
1990). EC concentrations ranged from 5.0 pg/m’® to 6.4 pg/m?, corresponding to diesel PM
concentrations of 4.6 pug/m?® to 5.9 pg/m?® using the ratiometric approach described above. One
technique used during the study reported EC concentrations in 1-minute intervals, revealing the
impact from diesel vehicles 50 meters from the study site. The diesel vehicles were estimated to
contribute up to 5 pg/m’* EC above the background concentration.

In a study designed to investigate relationships between diesel exhaust exposure and
respiratory health of children in the Netherlands, EC measurements were collected in 23 schools
located from 47 to 377 meters from a freeway and in 8 schools located at a distance greater than
400 meters from a freeway (Brunekreef, 1999). EC concentrations in schools near freeways

ranged from 1.1 to 6.3 pg/m>, with a mean of 3.4 pg/m?®, and EC concentrations in schools more
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than 400 meters from freeways ranged from 0.8 to 2.1 pg/m’ with a mean of 1.4 pug/m*. Using
the EC surrogate calculation for diesel PM described above. the estimated average diesel PM
concentration in the schools near a freeway is 3.1 pg/m? and the estimated average diesel PM
concentration in schools located more than 400 meters from a freeway is 1.3 pg/m*. Total
PM2.5 mass inside the schools averaged 23.0 ug/m’ while PM2.5 outside was only slightly

higher (24.8 ng/m’), suggesting extensive intrusion of outdoor air into the school environment.

2.4.2.3. Dispersion Modeling Results

Dispersion models estimate ambient levels of PM at a receptor site on the basis of
emission factors for the relevant sources and the investigator’s ability to model the advection,
mixing, deposition, and chemical transformation of compounds from the source to the receptor
site. Cass and Gray (1995), Gray and Cass (1998), and Kleeman and Cass (1998) have applied
dispersion models to the South Coast Air Basin to estimate diesel PM concentrations. The
models used by these investigators applied emission factors from 1982 and consequently are
representative of concentrations prior to the implementation of diesel PM emission controls. In
addition to offering another approach for estimating ambient diesel PM concentrations, the
dispersion models summarized here provide the ability to distinguish on-highway from off-
highway diesel source contributions and have presented an approach for quantifying the
concentrations of secondary aerosols from diesel exhaust.

Cass and Gray (1995) used a Lagrangian particle-in-cell model to estimate the source
contributions to atmospheric fine carbon particle concentrations in the Los Angeles area,
including diesel emission factors from on-highwa}y and off-highway sources. Their dispersion
model indicates that for 1982, the annual average ambient concentrations of diesel PM ranged
from 1.9 pg/m’ in Azusa, CA, to 5.6 ug/m’ in downtown Los Angeles (Table 2-15). The
contribution of on-highway sources to diesel PM ranged from 63.3% in downtown Los Angeles
10 89% in West Los Angeles. Of the on-highway diecel contribution, the moedel predicted that
for southern Californiz,. HD tracks comnriced the majoﬁty (85%) of the diesel PM inventory and
overall they contributed 66% of the diesel PM in the ambient air. Off-road sources of diesel
exhaust include pumping stations, construction sites, shipping docks, railroad yards, and heavy
equipment repair facilities. Cass and Gray (1995) also report that wintertime peaks in diesel PM
concentrations can reach 10 pg/m’. ‘

Kieeman and Cass (1598) developed a Lagrangian model that examines the size and
chemicai evoiution of aerosois lciudiug gas-iv-paiticic COnversion processcs during wansport.

This model was applied to one-well characterized episode in Claremont County, CA, on August
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Table 2-15. Modeled diesel PM2.1 for South Coast Air Basin in 19822

Location On-highway Total diesel % On-
diesel PM, PM, pg/m* | highway
pg/m’
Azusa 1.4 1.9 75
Pasadena 20 25 78
Anaheim 2.7 3.5 78
Long Beach 3.5 4.6 76
Downtown Los Angeles 3.5 5.6 63
Lennox 3.8 4.7 . 81
West Los Angeles 3.8 43 89

*Adapted from Cass and Gray (1995), modeling results of Gray (1986).

27-28, 1987. The model provided reasonable predictions of PM10 (overpredicting PM10 13%),
elemental and organic carbon, and adequately reconstructed the size distribution of the aerosols.
The model indicated that on August 27-28, 1987, the PM2.5 concentration was 76.7 pg/m’,
13.2% of which (10.1 pg/m?) was attributable to diesel engine emissions. This estimate includes
secondary aerosol formation for sulfate, ammonium, nitrate, and organic compounds, which
accounted for 4.9 pg/m’ of the total estimated diesel PM mass. The secondary organic aerosol
was estimated to be 1.1 pg/m’, or 31% of the total seconary aerosol mass, with the remainder
composed of nitrate, ammonium, and sulfate aerosols. '

Dispersion modeling is also being conducted by EPA to estimate county-specific
concentrations of, and exposures to, several toxic species, including diesel PM. Results from this

model are expected in 2000.

2.4.3. Exposures to Diesel PM

Up to this point, the information on diesel PM has focused on estimates of concentrations
in outdoor environments. Ultimately, it is personal exposure that determines health impacts.
Personal exposures can be measured using surrogate chemical species such as EC, or exposures
can be modeled. Results of both exposure assessment methods are discussed below.

Occupational exposures to diesel PM were reported for long-distance truck drivers, local
drivers, mechanics, and dockworkers by Zaebst et al. (1991), and other occupational exposures
are summarized by Watts (1995) and Birch and Cary (1996). Two modeling efforts have been
developed to determine diesel PM exposures in the general population: the Hazardous Air
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Pollutant Exposure Model-Mobile Sources version 3 (HAPEM—MSB) and the California
Population Indoor Exposure Model (CPIEM).

2.4.3.1. Exposure Measurements

Occupational exposures to diesel PM were estimated by Zaebst et al. (1991), who
reported EC measurements from personal samplers worn by road drivers, local drivers,
dockworkers, and mechanics for 8-hour shifts at each of six !arge hub truck terminals.
Residential background and highway background samples at fixed sites were also collected.
Zaebst et al. (1991) reported warm- and cold-weather EC concentrations in residential
background and highway background environments, which ranged from 0.9 pg/m? to 4.9 pg/m’.
Elemental carbon exposures for road and local truckers ranged from 2.0 ug/m’ to 7.0 pg/m’,
while exposure levels for mechanics and dockworkers were reported between 4.8 ug/m? and 28.0
ug/m3.

The geometric mean of the EC concentrations reported by Zaebst et al. (1991) was
adjusted for the potential contribution of other EC sources using the ratiometric approach
described above. The estimated diesel PM exposures calculated range from 3.5 pg/m? and 3.7
pg/m? for road and local drivers, respectively, to 12.6 ng/m’ for mechanics (Table 2-16):
Important variables in this calculation include the potential contribution of 2-stroke diesel
engines (which generate PM with lower EC concentrations than 4-stroke diesel engines) and the
contribution of other EC sources such as cigarette smoke, wood smoke, or gasoline combustion
above the level accounted for. The exposure levels for road and local drivers to diesel PM
estimated from the Zaebst et al. (1991) study are a factor of 2 to 3 higher than recent ambient PM
levels reported for Denver, which is reasonable given that drivers are likely to be in closer
proximity to traffic than at either of the two Denver fixed sites.

Additional occupational exposures to EC have been reported for miners, fire engine
operators in engine houses, antomotive repair shons dedicated to diesel vehicles, service bay
workers in a nublic transit svstem, and aircraft ground crews (Birch ard Cary, 1996; Watts,
1995). Diesel PM exposures were calculated from the EC exposures using an upper-bound
estimate (e.g., EC concentration = diesel PM/0.7) because the workers were generally in confined
spaces in which diesel exhaust was the dominant source of EC. If thlS uppér-bdund estimate is
applied, the calculated occupational exposures to diesel PM range from 10 to 21 pg/m? for an
aircraft ground crew, and up to 43 pg/m?, 113 pg/m?, and 140 pg/m? for bus public transit arcas,

24l

occupational settings, breathing zone concentrations of EC have been reported by Birch and Cary
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Table 2-16. Diesel PM1.0 exposures reported by Zaebst et al. (1991)
and calculated using the EC ratiometric approach®

Location/job type Number of | Geom. mean Calculated
samples diesel PM diesel PM?,
(stdev) pg/m® pg/m’
Residential background 23 1.1 (2.0) 1.0
Highway background 21 2.5(2.9) 2.3
Road drivers 72 3.8(2.3) 3.5
Local drivers 56 4.0 (2.0) 3.7
Dockworkers ~ 75 12.1 (3.7) 11.1
Mechanics 80 13.8(3.6) . 12.6

? Diesel PM=(EC*0.64)/0.7.

(1996) and the estimated maximum diesel PM concentrations from these measurements suggest
levels of 24 pg/m’ for a beverage distributor warehouse, 100 pg/m? for diesel automotive repair
crews, 286 pg/m? for a front end loader operator in a confined space of a timber processing plant,
and 976 pg/m? for a firehouse bay area.

Watts (1995) reports diesel PM sampling conducted in mines during significant diesel
activity, which does not represent personal exposures, but is a snapshot of short periods of
elevated concentration that comprise a portion of a worker’s daily exposure. The levels of diesel
PM in four mines ranged from 850 pg/m’ to 3260 pg/m?®. In a study of four railroads, Woskie et
al. (1988) reported concentrations of respirable dust (corrected for cigarette particulate) that
ranged from 17 ug/m? for clerks to 130 pg/m?, 134 pug/m’, and 191 pg/m?® for supervisors,
electricians, and hostlers, respectively. Although these exposures may have included nondiesel
PM, the majority of the respirable PM is believed to have originated from the locomotive

emissions.

2.4.3.2. Modeling Exposures to Diesel PM

Modeled estimates of individual exposures to diesel PM must integrate exposure in the
various indoor and outdoor environments in which different individuals are active.
Consequently, the demographic distribution, time-activity patterns, and diesel PM concentrations

in the various environments, including job-related exposures, must all be taken into account.
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2.4.3.2.1. The Hazardous Air Pollutant Exposure Model for Mobile Sources, version 3. The
HAPEM-MS3 model is based on the carbon monoxide (CO) probabilistic NAAQS exposure
model (CO pNEM), which is used to estimate the frequency distribution of population exposure
to CO and the resulting carboxyhemaglobin levels (Law et al., 1997). The HAPEM model
simulates the CO exposure scenario of individuals in 22 demographic groups for 37
microenvironments. CO concentrations are based on ambient measurements made in 1990 and
are related to exposures of individuals in a 10 km radius around the sampling site. Diesel PM
(DPM) exposures are calculated as in Equation 2-4, using a ratiometric approach to CO.

DPM,_ . =(CO,  ./CO 2-4)

ug/m ug g/mi

Yx DPM ,

a/mi

Input to the model includes CO monitoring data for 1990, time-activity data collected in
Denver, CO, Washington DC, and Cincinnati, OH, from 1982 to 1985, microenvironmental data,
and 1990 census population data. Motor vehicle diesel PM and CO emission rates reported by
EPA (1999b) are used to calculate mobile-source diesel PM exposures. While gasoline vehicles
emit the large majority of CO, gasoline and diesel highway vehicles travel on the same
roadways, albeit with different spatial and temporal patterns. Nevertheless, the assumption can
be made that the highway fleet (gasoline+diesel) emissions ratio of CO to diesel PM can be used
as an adjustment factor to convert known or estimated CO personal exposure to diesel PM
exposure estimates.

This modeling approach was first used to estimate population average exposures among
22 demographic groups for 9 urban areas (U.S. EPA, 1999b). The exposures were calculated
based on air districts, which were defined as the population within the 10 km radius of the CO
monitor. Employing average CO exposures in this approach may underestimate by
approximately 30% the exposures experienced by the 98" percentile population (Law et al.,
1997). In order to characterize cxposures in these highly exposed populations, Rrodowicz (1999)
used CO concentrations relevant to the most highly exnosed ponulations to determine diesel PM
exposures for different demographic groups within this population. Results for both the annual
~average diesel PM exposures and exposures in the most highly exposed demographic groups are
given in Table 2-17. 7 - 7

The annual average diesel PM exposures ranged from 0.6 pg/m® in Spokane, WA, to 1.7
ug/m’ in New York (Tabie 2-17). The highest diesel PM exposures ranged from 0.9 ug/m’ for

- - - ~. - L a a ki .Y 1y, 2 — ———o -l -~ - ~
Ooutaoor WOrkers 11 dt. Louls L0 4.1 pg/m 101 VULGOVLL CLUIUIED iil INEW ¥ UIK (Ta‘&l» 2-17). The

highest exposed demographic groups were those who spend a large portion of their time

outdoors. Overall, the highest exposed individuals experienced diesel PM levels that were on
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Table 2-17. Annual average diesel PM exposures for 1990 in
the general population and among the highest exposed
demographic groups in nine urban areas (on-road sources

only)
Urban area Population | Highest diesel PM exposure,
average pg/m? (demographic group
exposure, experiencing this exposure)
pg/m’

Chicago, IL 0:8 1.3 (outdoor workers)

Denver, CO 0.8 1.3 (outdoor workers)

Houston, TX 0.6 ' 0.9 (outdoor workers)

Minneapolis, MN 1.0 1.6 (outdoor workers)

New York, NY 1.7 4.1 (outdoor children)

Philadelphia, PA 0.7 1.3 (outdoor children)

Phoenix, AZ 1.4 2.6 (nonworking men 18-44)

Spokane, WA 1.3 2.0 (outdoor workers)

St. Louis, MO 0.6 0.9 (outdoor workers)

average 1.7 times higher than the population average. Exposures to diesel PM in rural areas
nationwide were estimated by HAPEM-MS3 to be 0.5 jig/m>. It is important to note that these
exposure estimates are lower than the total exposure to diesel PM because they reflect only diesel
PM from on-road sources (U.S. EPA, 1998b).

Diesel PM exposure projections were calculated using the HAPEM model for 1996,
2007, and 2020 with a base case and a case assuming increased penetration of diesel engines in
the LD truck fleet. The base case uses baseline fuels and emission rates, assuming the
implementation of a National Low-Emission Vehicle NLEV) program. The increased
dieselization case uses baseline emission factors with Tier 2 standards and an assumed increase
in LD diesel truck implementation equivalent to 50% of the LD truck sales beginning in model
year 2004 (which is mqre aggressive than the likely increase in diesel engine market share).

Predicted diesel PM exposures for 2007 and 2020 decrease from 1996 levels by an .
average 55% and range from a low of 0.3 ug/m® in St. Louis to a high of 0.6 pg/m® in Phoenix,
for both 2007 and 2020 (Table 2-18). The predicted decreases are a result of fleet turnover and

the full implementation of Federal regulations that are currently in place. If the modeled increase
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Table 2-18. Projected annual average diesel PM exposures from all
on-road vehicles

Area Diesel PM exposure by calendar year, pg/m’
1996 2007 - 2020
Chicago, IL 0.6 0.3 0.3
Denver, CO 0.7 0.4 0.4
Houston, TX 0.8 0.3 0.3
Minneapolis, MN 0.9 0.4 04
New York, NY 1.1 0.5 05
Philadelphia, PA 0.6 0.3 0.2
Phoenix, AZ 1.2 0.6 0.6
Spokane, WA 1.0 0.5 0.5
St. Louis, MO - 0.5 0.3 0.2

in diesels in the LD truck fleet occurs, projected diesel PM exposures are expected to increase
38% on average over 1996 exposures. If diesel engines reached 50% of the light duty truck
sales in 2010, instead of 2004, the increase in diesel PM exposure would be about 30%.

2.4.3.2.2. The California Population Indoor Exposure Model. The California Population
Indoor Exposure Model (CPIEM), developed under contract to the California Air Resources
Board, estimates Californians’ exposure to diesel PM using distributions of input data and a
Monte Carlo approach (California EPA, 1998a). This model uses population-weighted outdoor
diesel PM concentrations in a mass-balance model to estimate diesel PM concentrations in four
indoor environments: residences, office buildings, schools, and stores/retail buildings. The
model takes into account air exchange rates, penetration factors, and a net loss facior for
deposition/removal. In four additional environments (industrial plants, restaurants/iounges, other
indoor places, and enclosed vehicles), assumptions were made about the similarity of each of
these spaces to environments for which diesel PM exposures had been calculated. Industrial
plants and enclosed vehicles were assumed to have diesel PM exposures similar to those in the
cutdoor environment, restaurant/lounges were assumed to have diesel PM concentrations similar
to stores, and other indoor places were assumed to have diesel PM concentrations similar to
offices. The estimated diesel PM concentrations in the indoor and outdoor environments range
from 1.6 pg/m? to 3.0 ug/m’ (Table 2-19).
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Table 2-19. Modeled and estimated concentrations of
diesel PM in microenvironments (California EPA,

1998a)
Environment Estimated mean diesel
PM (stdev), pg/m?
Residences 1.9 (0.9)
Offices 1.6 (0.7)
Schools 1.9 (0.8)
Stores/public/retail bldgs 2.1(0.9)
Outdoor places 3.0(1.1)
Industrial plants® 3.0(1.1)
Restaurants/lounges® 2.1(0.9)
Other indoor places? 1.6 (0.7)
Enclosed vehicles? 3.0(1.1)

*Concentrations assumed based on similarity with modeled environments.

The diesel PM concentrations reported in Table 2-19 were used as input to the CPIEM
model, and time-activity patterns for children and adults were used to estimate total indoor and
total air exposures to diesel PM. Overall, total indoor exposures were estimated at 2.0 = 0.7
pg/m?® and total air exposures (indoor and outdoor exposures) were 2.1 + 0.7 pg/m? (Table 2-20).
The South Coast Air Basin and the San Francisco Bay Area were also modeled using CPIEM,
whete total air exposures to diesel PM were estimated to be 2.5 + 0.9 pg/m® and 1.7 + 0.9 png/m’,
respectively.

Exposure estimates were also made by California EPA (1998a) for 1995, 2000, and-2010
using a ratiometric approach to 1990 exposures. Total air exposures reported for 1995 and

projected for 2000 and 2010 were 1.5 ug/m’, 1.3 pg/m’®, and 1.2 pg/m’, respectively.

2.4.4. Ambient Diesel PM Summary

It appears from the limited number of studies available that annually averaged diesel PM
concentrations at fixed sites in urban and suburban areas in the 1980s ranged from approximately
4.4 ug/m® to 11.6 pg/m*. CMB and dispersion modeling indicate that diesel PM concentrations
on some winter days may reach 22 pg/m’ and on episode days concentrations of 10 pg/m?® are

possible. CMB modeling results, which include emissions and measurements from 1990 and

11/5/99 2-84 DRAFT—DO NOT CITE OR QUOTE



W N OO hA WN -

S S o e N e
N A W N = O ©

¢

P R §
0 d O

Table 2-20. Estimated indoor air and total air exposures to diesel PM in
California in 1990

Exposed population Total indoor Total air
exposure (stdev), | exposure, (stdev),
pg/m’ pg/m’

All Californians 2.0(0.7) 2.1 (0.8)

-South Coast Air Basin 2.4 (0.9 2.5(0.9)

San Francisco Bay Area ' 1.7 (0.9) 1.7 (0.9)

later, indicate that diesel PM concentrations in "hotspots" may reach 46.7 ug/m’; diesel PM
concentrations at fixed sites in urban and suburban areas range from approximately 1.2 ug/m? to
3.6 ug/m’. Annual average diesel PM concentrations in rural and remote areas of the country are
less than 1.0 pg/m’.

Measurements of the diesel PM surrogate, EC, in rural and urban environments indicate
concentrations similar to those reported by CMB methods, with diesel PM concentrations less
than 1.0 pg/m? in rural areas and concentrations from approximately 0.5 pg/m?® to 5.9 pg/m?® in
urban areas. The EC surrogate approach also provides some estimates of diesel PM in
microenvironments such as in-vehicle concentrations (2.8-36.6 ng/m?), near roadways with
diesel traffic (0.7-7.5 ug/m? higher than background), and in schools (0.9-5.5 pg/m?).
Measurements of EC in occupational environments indicate that diesel PM exposures range from
approximately 3.5 pg/m?® for long distance diesel truck drivers to 140 pg/m’ for bus transit
service bay personnel.

It is noteworthy that the annually averaged concentrations and exposures will mask
notentially important excursions experienced during episodic conditions, and/or seasonal
elevations that may have important associated health nisks. Individuals for whom exposures are
equal to, or may greatly exceed, the annual average ambient diesel PM levels reported here may
include those who spend a significant portion of their day on or near roadways, such as sales
representatives, delivery personnel, construction workers, and individuals living in the vicinity of
"hotspots" (near highway, bus depot, or other transit facility).

The HAPEM-MS2 exposure model, which assesses exposures from on-road diese!

Aemimninenn Aamler tamdiantan that Am Aam ammnal haaia tha sselane aaamesba M yS RUUSG DI, PRy of
v;nn;oa;u.ua \JaLLY 9 AAAuavuuvg LLAGAL VAL GALA CALLAAALAL UGHILID wiw bl Ul yvyuxutxvll LD \.—APUD\'U WV iwVwid Vi

diesel PM from 0.6 pg/m to 1.7 pg/m®. Diesel PM exposures for the most highly exposed
individuals in urban areas are estimated by HAPEM-MS3 to range from 0.9 pg/m? to 4.1 pug/m?’,
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with individuals spending a large amount of time outside comprising the highest exposure group.
The California EPA (1998a) exposure model, which assesses diesel PM exposures from on- and
off-road sources, reports diesel PM exposures for Californians ranging from 1.7 ug/m?® to 2.5
pg/m’. Projected diesel PM exposure levels are expected to decrease by 2007 in the absence of

an increase in LD diesel truck implementation.

2.5. SUMMARY

Dieselization of the trucking industry first occurred in the 1930s, and reached 40%-50%
of the market for Class 7 and 8 trucks (based on sales data) by early 1960. By the late 1980s,
more than 95% of heavy trucks used diesel engines. Dieselization of locomotives began at the
end of the Second World War and was completed rapidly, probably by the early 1950s.
Technology innovations that impact emissions have occurred in the years since 1960, in
particular the advent of turbocharging with charge air cooling, and DI enginés. These advances
have tended to lower emissions, but until the late 1980s engines were optimized for performance
rather than emissions, so the effect was small. Overall, it is expected that engines in the 1950 to
1980s time frame would have PM emissions similar to those of the mid-1980 engines that were
not yet controlled for particulates.

The proportion of 2-stroke engines in the in-use truck fleet was in all likelihood 20%-
25% for most of the time from 1960 to 1985. Only in the late 1980s did 2-stroke engines begin
to decline. Overall, regulated emissions changes due to changing proportions of 2- and 4-stroke
engines in the in-use fleet during the years 1949-1975 do not appear to be significant for HD
truck and bus engines. No significant difference in PM mass emissions between 2- and 4-stroke

- vehicles are evident; however, 2-stroke engines emitted PM with a higher organic and higher

amounts of VOCs than did 4-stroke engines.

Regulated emissions of CO, HC, and PM have declined significantly for on-road trucks
since the mid-1970s. PM emissions appear to have decreased by a factor of 6 while emissions of
NO, have remained approximately constant. Emissions trends for earlier years are unknown;
however, given that there were no emissions regulations in effect until the early 1970s it is likely
that emissions were fairly constant during the 1960s. Little change in locomotive emissions from
the early 1970s to the 1990s is evident. Itis likely that this trend can also be extrapolated back to
the mid-1950s.

Data on nonregulated emissions and particle size were reviewed. It is apparent that the
soluble organic fraction of particulate, as well as the solid portion, have declined during the past
two decades. EC content comprises the largest fraction of diesel PM and so has declined. There

is also evidence for a decrease in the percentage of organics adsorbed on the particulates over
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time. Emissions of PAHs and nitro-PAHSs appear to have declined in parallel with emissions of
total PM and SOF. There is no evidence to suggest that toxicologically significant organic
components of DE (e.g., PAHs and nitroaromatics) have changed out of proportion to the change
in organic mass.

Particle size measurements suggest that the size distribution for current emissions may be
shifted more toward slightly higher number concentrations of nuclei-mode particles. However,
methodologies for assessing nuclei particles are in a very early stage of technical development
and no conclusions can be made at the current time.

The dilution of exhaust under roadway conditions is not well simulated by dynamometer
dilution tunnel tests (dilution ratios of approximately 1000 in the ambient environment,
compared to 10-fold dilution in laboratory tests). This discrepancy may lead to particle size
distribution and gas-particle phase distributions of semivolatile compounds under conditions
slightly different from those predicted from laboratory data. Diesel engines emit several
toxicologically important compounds, including nitroarenes and other PAH compounds. The
chemical and physical changes of diesel exhaust in the atmosphere have been extensively
explored, but knowledge concerning the products of these chemical transformations is still
limited and is challenging to predict from laboratory tests. In general, diesel exhaust components
will become more oxidized in the atmosphere, making them more polar and therefore more
water-soluble. Secondary aerosols from diesel exhaust may be removed at rates different from
their precursor compounds, and may exhibit different biological reactivities.

Diesel PM concentrations reported from chemical mass balance studies in the 1980s
suggest that annually averaged concentrations ranged from approximately 44 pug/m* to 11.6
pg/m’. More recent analysis suggests that annually avefaged ambient concentrations of diesel
PM range from 0.2 ug/m? to 3.6 pug/m?, with levels below 1.0 pg/m? for the more rural/remote
areas. Chemical mass balance modeling and dispersion analysis suggest that in urban hot spots
and during episodic conditions, diesel PM concentrations may be as high as 10-47 pg/m3.
Exposure modeling has indicated that individuals from the general population in urban areas may
be exposed to 0.6-1.7 ug/m? diesel PM, while those individuals who spend a large amount of
their time out of doors may have exposures ranging up to 4.1 ng/m?. Diesel PM exposures in

some occupational environments can exceed these levels by 2-3 orders of magnitude.
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3. DOSIMETRY OF DIESEL EXHAUST PARTICLES
IN THE RESPIRATORY TRACT

3.1. INTRODUCTICN

This chapter presents the data and current scientific thought on the deposition and
clearance of diesel particulate matter (DPM) from biological systems as well as discussion of the
measures of DPM in tissues. The overall goal of the chapter is to address the issue of animal-to-
human extrapolation by integrating these data and thoughts 1ato an estimate of a “human
equivalent concentration” (HEC), i.e., the concentration in humans corresponding to those used
in animal studies. Models that codify and integrate these data and thoughts to estimate the HEC
are described and evaluated. This information is needed to inform the dose-response and
extrapolation analyses in Chapter 6 and to facilitate understanding of animal carcinogenicity and
the bioavailability of particle organics in the lung.

The major constituents of diesel engine exhaust and their atmospheric reaction products
are described in Chapter 2 and in the report on diesel exhaust issued by the Health Effects
Institute (Health Effects Institute, 1995). Diesel engine exhaust consists of a complex mixture of
typical combustion gases, vapors, low-molecular-weight hydrocarbons, and particles; it is the
particle phase that is of greatest health concern.

Because pulmonary toxicity is the major focal point, dosimetric considerations are limited
to the lung. The dosimetric aspects of DPM to be considered in this chapter include the
characteristics of DPM, deposition of DPM in the conducting airways and alveolar regions,
normal DPM clearance mechanisms and rates of clearance in both regions, clearance rates during"
lung overload, elution of organics from DPM, transport of DPM to extra-alveolar sites, and the
interrelationships of these factors in determining the target organ dose. Although assessment of
dose-response relationships may permit more advanced extrapolations from high experimental
exposure concentrations to ambient levels and from animal test species to humans, the question
of mechanistic similarities in a tumorigenic response between rats and humans remains

unanswered and the relevance of the tumorigenic response in rats to humans questionable.

3.2.  CHARACTERISTICS OF INHALED DPM AND RELATIONSHIP TO PM,

The formation, transport, and characteristics of DPM are considered in detail in Chapter 2
and in the report on diesel exhaust (Health Effects Institute, 1995). DPM consists of aggregates
of spherical carbonaceous particles (about 0.2 pum MMAD) to which significant amounts of
higher-molecular-weight organic compounds are adsorbed (Figure 2-1) as the hot engine exhaust
is cooled to ambient temperature. DPM has an extremely large surface area that allows for the

11/5/99 3-1 DRAFT—DO NOT CITE OR QUOTE



0 N O O b WN =

W W W W W W WNNDNDNNNDNDNDNDDNDN-=S =2 @ 23 2 2 Q3 Q2 a3
O G A WN =0 O 0 NO OO Hp WN =000 NO OGO p»WN = 0 0

adsorption of organic compounds. Typically, 10% to 40% of DPM mass consists of organic
compounds (Health Effects Institute, 1995). This figure compares with mass apportionment of
20.9% to organic compounds in PM, ; samples collected at sites in the eastern United States
(U.S. EPA, 1996). These organic chemicals include high-molecular-weight hydrocarbons such as
the polyaromatic hydrocarbons (PAHs) and their derivatives. DPM also contains a sulfate
component that varies with the sulfur content of the fuel. DPM in areas such as Los Angeles and
Denver makes up about 7% and 10%, respectively, of the fine particulate matter (PM) fraction
(Health Effects Institute, 1995; Zielinska et al., 1998). In another study of fine particulate mass
concentration in southern California, the percentage apportioned to diesel exhaust was even
higher, ranging from 33% in downtown Los Angeles to 14% in a suburban/rural area in
California (Schauer et al., 1996).

3.3. REGIONAL DEPOSITION OF INHALED DPM

This section discusses the major factors controlling the disposition of inhaled particles.
Note that disposition is defined as encompassing the processes of deposition, absorption,
distribution, metabolism, and elimination. The regional deposition of particulate matter in the
respiratory tract is dependent on the interaction of a number of factors, including respiratory tract
anatomy (airway dimensions and branching configurations), ventilatory characteristics (breathing
mode and rate, ventilatory volumes and capacities), physical processes (diffusion, sedimentation,
impaction, and interception), and the physicochemical characteristics (particle size, shape,
density, and electrostatic attraction) of the inhaled particles. Regional deposition of particulate
material is usually expressed as deposition fraction of the total particles or mass inhaled and may
be represented by the ratio of the particles or mass deposited in a specific region to the number or
mass of particles inspired. The factors affecting deposition in these various regions and their
importance in understanding the fate of inhaled DPM are discussed in the following sections.

It is beyond the scope of this document to present a comprehensive account of the
complexities of respiratory mechanics, physiology, and toxicology, and only a brief review will
be presented here. The reader is referred o publications that provide a more in-depth treatment
of these topics (Weibel, 1963; Brain and Mensah, 1983; Raabe et al., 1988; Stober et ai., 1993;
U.S. EPA, 1996).

The respiratory tract in both humans and experimental mammals can bedivided into three
regions on the basis of structure, size, and function (Intemational Commission on Radiological
Protection, 1994): the extrathoracic (ET), the tracheobronchial (TB), and the alveolar (A). In
humans, inhalation can occur through the nose or mouth or both (oronasal breathing). HoWever,

many animal models used in respiratory toxicology studies are obligate nose breathers.
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3.3.1. Deposition Mechanisms

This section provides an overview of the basic mechanisms by which inhaled particles
deposit within the respiratory tract. Details concerning the aerosol physics that explain both how
and why particle deposition occurs as well as data on total human respiratory tract deposition are
presented in detail in the earlier PM Criteria Document (U.S. EPA, 1996) and will only be briefly
reviewed here. For more extensive discussions of deposition processes, refer to reviews by
Morrow (1966), Raabe (1982), U.S. EPA (1982), Phalen and Oldham (1983), Lippmann and
Schlesinger (1984), Raabe et al. (1988), and Stéber et al. (1993).

Particles may deposit by five majolr mechanisms (inertial impaction, gravitational settling,
Brownian diffusion, electrostatic attraction, and interception). The relative contribution of each
deposition mechanism to the fraction of inhaled particles deposited varies for each region of the
respiratory tract. |

It is important to appreciate that these processes are not necessarily independent but may,
in some instances, interact with one another such that total deposition in the respiratory tract may
be less than the calculated probabilities for deposition by the individual processes (Raabe, 1982).
Depending on the particle size and mass, varying degrees of deposition may occur in the
extrathoracic (or nasopharyngeal), tracheobronchial, and alveolar regions of the respiratory tract.

Upon inhalation of particulate matter such as found in diesel exhaust, deposition will
occur throughout the respiratory tract. Because of high airflow velocities and abrupt directional
changes in the ET and TB regions, inertial impaction is a primary deposition mechanism,
especially for particles > 2.5 um d,, (aecrodynamic equivalent diameter). Although inertial
impaction is a prominent process for deposition of larger particles in the tracheobronchial region,
it is of minimal significance as a determinant of regional deposition patterns for diesel exhaust
particles, which have an d,, < 1 um and a small aspect ratio (ratio of the length to diameter).

All aerosol particles are continuously influenced by gravity, but particles with a
d,. > 0.5 um are affected to the greatest extent. A spherical, compact particle will acquire a
terminal settling velocity when a balance is achieved between the acceleration of gravity acting
on the particle and the viscous resistance of the air; it is this velocity that brings the particle into
contact with airway surfaces. Both sedimentation and inertial impaction cause the deposition of
many particles within the same size range. These deposition processes act together in the ET and
TB regions, with inertial impaction dominating in the upper airwayS and sedimentation becoming
increasingly dominant in the lower conducting airways, especially for the largest particles, which
can penetrate into the smaller bronchial airways.

As particle diameters become <1 um, the particles are increasingly subjected to diffusive
deposition because of random bombardment by air molecules, which results in contact with
airway surfaces. A d,, of 0.5 um is often considered as a boundary between diffusion and
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aerodynamic (sedimentation and impaction) mechanisms of deposition. Thus, instead of having
an aerodynamic equivalent diameter (d,.), diffusive particles of different shapes can be related to
the diffusivity of a thermodynamic equivalent size based on spherical particles (Heyder et al.,
1986). Diffusive deposition of particles is favored in the A region of the respiratory tract by the
proximate surfaces and by relatively long residence times for particles.

Because their d,, is generally < 1 pum, diesel exhaust particles may deposit throughout the
respiratory tract. On the basis of animal data regafding the site of origin of diesel exhaust-
induced tumors, particle deposition in the alveolar region may be of greatest concern relative to
the carcinogenic potential of DPM and/or the adsorbed organics. However, such data for humans
are not available. As discussed above, deposition by diffusion would be especially prevalent in
the A region, whereas sedimentation would be less significant for such small particles.

Electrostatic precipitation is deposition related to particle charge. The electrical charge
on some particles may result in an enhanced deposition over what would be expected from size
alone. This is due to image charges induced on the surface of the airway by these particles, or to
space-charge effects whereby repulsion of particles containing like charges results in increased
migration toward the airway wall. The effect of charge on deposition is inversely proportional to
particle size and airflow rate. A recent study employing hollow airway casts of the human
tracheobronchial tree that assessed deposition of ultrafine (0.02 um) and fine (0.125 um)
particles found that deposition of singly charged particles was 5-6 times that of particles having
no charge, and 2-3 times that of particles at Boltzmann equilibrium (Cohen et al., 1998). This
suggests that within the TB region of humans, electrostatic precipitation may be a significant
deposition mechanism for ultrafine and some fine particles, the latter of which are inclusive of
DPM. Thus, although electrostatic precipitation is generally a minor contributor to overall
particle deposition, it may be important for DPM.

Interception is deposition by physical contact with airway surfaces and is most important
for fiber deposition; interception is described in the 1996 CD.

3.3.1.1. Biological Factors Modifying Deposition

The available experimental deposition data in humans are commonly derived using
healthy adult Caucasian males. Various factors can act to alter deposition patterns from those
obtained in this group. The effects of different biological factors, including gender, age, and
respiratory tract disease, on particle deposition have been reviewed previously (U.S. EPA, 1956).

The various species that serve as the basis for dose-response assessment in inhalation
tavicology studies dn not receive identical doses in a comparable respiratory tract region (ET,
TB, or A) when exposed to the same aerosol or gas (Brain and Mensah, 1983). Such interspecies
differences are important because the adverse toxic effect is likely more related to the
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quantitative pattemn of deposition within the respiratory tract than to the exposure concentration;
this pattern determines not only the initial respiratory tract tissue dose but also the specific
pathways by which the inhaled material is cleared and redistributed (Schlesinger, 1985).
Differences in patterns of deposition between humans and animals have been summarized (U.S.
EPA, 1996; Schiesinger et al., 1997). Such differences in initial deposition must be considered
when relating biological responses obtained in laboratory animal studies to effects in humans.

The deposition of inhaled diesel particles in the respiratory tract of humans and
mammalian species has been reviewed (Health Effects Instiiate, 1995). Schlesinger (1985)
showed that physiological differences in the breathing mode for humans (nasal or oronasal
breathers) and laboratory rats (obligatory nose breathers), combined with different airway
geometries, resulted in significant differences in lower respiratory tract deposition for larger
particles (>1 um d,.). In particular, a much lower fraction of inhaled larger particles is deposited
in the alveolar region of the rat compared with humans. However, relative deposition of the
much smaller diesel exhaust particles was not affected as much by the differences among species,
as was demonstrated in model calculations by Xu and Yu (1987). These investigators modeled
the deposition efficiency of inhaled DPM in rats, hamsters, and humans on the basis of
calculations of the models of Schum and Yeh (1980) and Weibel (1963). These simulations
(Figure 3-1) indicate relative deposition patterns in the lower respiratory tract (trachea =
generation 1; alveoli = generation 23) and are similar among hamsters, rats, and humans.
Variations in alveolar deposition of DPM over one breathing cycle in these different species were
predicted to be within 30% of one another. Xu and Yu (1987) attributed this similarity to the fact
that deposition of the submicron diesel particles is dominated by diffusion rather than
sedimentation or impaction. Although these data assumed nose-breathing by humans, the results
would not be very different for mouth-breathing because of the low filtering capacity of the nose
for particles in the 0.1 to 0.5 pm range.

However, for dosimetric calculations and modeling, it would be of much greater
importance to consider the actual dose deposited per unit surface area of the respiratory tract
rather than the relative deposition efficiencies per lung region. Table 3-1 compares the predicted
deposited doses of diesel exhaust particles inhaled in 1 min for the three species, based on the
total lung volume, the surface area of all lung airways, or the surface area of the epithelium of the '
alveolar region only. In Table 3-1, the deposited dose, expressed as either mass/lung volume or
mass/surface area(s), is lower in humans than in the two rodent species as a result of the greater
respiratory exchange rate in rodents and smaller size of the rodent lung. Such differences in the
deposited dose in relevant target areas are important and have to be considered
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Figure 3-1. Modeled deposition distribution patterns of inhaled diesel exhaust particles in
the airways of different species. Generation 1-18 are TB; >18 are A.

Source: Xu and Yu, 1987.

whenextrapolating the results from diesel exhaust exposure studies in animals to humans.
Table 3-1 indicates that the differences (between humans to animals) are less on a surface area

basis (=3-fold) than on a lung volume basis (= 14-fold). This is due to larger alveolar diameters
and concomitant lower surface area per unit of lung volume in humans.
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Table 3-1. Predicted doses of inhaled diesel exhaust particles per minute based on total
lung volume (M), total airway surface area (M,), or surface area in alveolar region (M,)

Species @ao? pg/%in/cm’) (10 pgl/\;lliin/cmz) (10 ug%xiin/cmz)

Hamster 3.548 3.088 2.382
Fischer rat 3.434 3.463 2.608

Human 0.249 1.237 0.775

M = mass DPM deposited in fung per minute
total lung volume

M, = mass DPM deposited in lung per minute
total airway surface area

M, = mass DPM deposited on the unciliated airways per minute
surface area of the unciliated airways

Based on the following conditions: (1) MMAD =0.2 pm, 6= 1.9, $ =0.3, and p = 1.5 g/cm’; (2) particle
concentration = 1 mg/m?; and (3) nose-breathing.

Source: Xu and Yu, 1987.

The alternative, perhaps more accurate physiologically, is to consider deposition rate
relative to exposure concentration; the deposition rate will initiate particle redistribution
processes (e.g., clearance mechanisms, phagocytosis) that transfer the particles to various
subcompartments, including the alveolar macrophage pool, pulmonary interstitium, and lymph
nodes. Over time, therefore, only small amounts of the original particle intake would be
associated with the alveolar surface.

3.3.2. Particle Clearance and Translocation Mechanisms

This section provides an overview of the mechanisms and pathways by which particles
are cleared from the respiratory tract. The mechanisms of particle clearance as well as clearance
routes from the various regions of the respiratory tract have been considered in the previous PM
Criteria Document (U.S. EPA, 1996) and reviewed by Schlesinger et al. (1997).

Particles that deposit upon airway surfaces may be cleared from the respiratory tract
completely, or may be translocated to other sites within this system, by various regionally distinct
processes. These clearance mechanisms can be categorized as either absorptive (i.e., dissolution)
or nonabsorptive (i.e., transport of intact particles) and may occur simultaneously or with
temporal variations. Particle solubility in terms of clearance refers to solubility within the
respiratory tract fluids and cells. Thus, an “insoluble” particle is one whose rate of clearance by

dissolution is insignificant compared to its rate of clearance as an intact particle (as is the case
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with DPM). For the most part, all deposited particles are subject to clearance by the same
mechanisms, with their ultimate fate a function of deposition site, physicochemical properties

(including any toxicity), and sometimes deposited mass or number concentration.

3.3.2.1. ET Region

The clearance of insoluble particles deposited in the nonolfactory portion of nasal
passages occurs via mucociliary transport, and the general flow of mucus is backwards, i.e.,
towards the nasopharynx. Mucus flow in the most anterior portion of the nasal passages is
forward, clearing deposited particles to the vestibular region where removal is by sneezing,
wiping, or blowing.

Soluble material deposited on the nasal epithelium is accessible to underlying cells via
diffusion through the mucus. Dissolved substances may be subsequently translocated into the
bloodstream. The nasal passages have a rich vasculature, and uptake into the blood from this
région may occur rapidly.

Clearance of poorly soluble particles deposited in the oral passages is by coughing and
expectoration or by swallowing into the gastrointestinal tract.

3.3.2.2. TB Region

The dynamic relationship between deposition and clearance is responsible for ‘
determining lung burden at any point in time. Clearance of poorly soluble particles from the
tracheobronchial region is mediated primarily by mucociliary transport and is a more rapid
process than those operating in alveolar regions. Mucociliary transport (often referred to as the
mucociliary escalator) is accomplished by the rhythmic beating of cilia that line the respiratory
tract from the trachea through the terminal bronchioles. This movement propels the mucous
layer containing deposited particles (or particles within alveolar macrophages [AMs]) toward the
iarynx. Clearance rate by this system is determined primarily by the flow velocity of the mucus,
which is greater in the proximal airways and decreages distally, These ratas algo exhibit
interspecies and individual variability. Considerable species-dependent variability in
tracheobronchial clearance has been reported, with dogs generally having faster clearance rates
than guinea pigs, rats, or rabbits (Felicetti et al., 1981). The haif-time (t,,) values for

‘tracheobronchial clearance of relatively insoluble particles are uSually on the order of hours, as

compared to alveolar clearance, which is on the order of hundreds of days in humans and dogs.
The clearance of particulate matter from the trachecbreonchial regicn is generally recognized as
heing hiphacic or multiphasic (Raahe, 1082} Some studies have chown that particles arc clearcd

from large, intermediate, and small airways with t,, 0of 0.5, 2.5, and 5 h, respectively. However,
reports have indicated that clearance from airways is biphasic and that the long-term component
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for humans may take much longer for a significant fraction of particles deposited in this region,
and may not be complete within 24 h as generally believed (Stahlhofen et al., 1990).
Although most of the particulate matter cleared from the tracheobronchial region will

ultimately be swallowed, the contribution of this fraction relative to carcinogenic potential is

Q..

unclear. With the exception of conditions of impaired bronchial clearance, the desorption t,,, for
particle-associated organics is generally longer than the tracheobronchial clearance times, thereby
making uncertain the importance of this fraction relative to carcinogenesis in the respiratory tract
(Pepelko, 1987). Gerde et al. (1991a) showed that for low-dose exposures, particle-associated
PAHs were rapidly released at the site of deposition. The relationship between the early
clearance of insoluble particles (4 pm aerodynamic diameter) from the tracheobronchial regions

= O O 00 ~N O O

e .

and their longer-term clearance from the alveolar region is illustrated in Figure 3-2.
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Figure 3-2. Modeled clearance of insoluble 4-pm particles deposited in tracheobronchial
and alveolar regions in humans.

Source: Cuddihy and Yeh, 1986.
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Cuddihy and Yeh (1986) reviewed respiratory tract clearance of particles inhaled by
humans. Depending on the type of particle (ferric oxide, Teflon discs, or albumin microspheres),
the technique employed, and the anatomic region (midtrachea, trachea, or main bronchi), particle
velocity (moved by mucociliary transport) ranged from 2.4 to 21.5 mm/min. The highest
velocities were recorded for midtracheal transport, and the lowest were for main bronchi. In one
study, an age difference was noted for tracheal mucociliary transport velocity (5.8 mm/min for
individuals less than 30 years of age and 10.1 mm/min for individuals over 55 years of age).

Cuddihy and Yeh (1986) described salient points to be considered when estimating
particle clearance velocities from tracheobronchial regions: these include respiratory tract airway
dimensions, calculated inhaled particle deposition fractions for individual airways, and thoracic
(ALV + TB) clearance measurements. Predicted clearance velocities for the trachea and main
bronchi were found to be similar to those experimentally determined for inhaled radiolabeled
particles, but not those for intratracheally instilled particles. The velocities observed for
inhalation studies were generally lower than those of instillation studies. Figure 3-3 illustrates a
comparison of the short-term clearance of inhaled particles by human subjects and the model
predictions for this clearance. However, tracheobronchjé.l clearance via the mucociliary escalator
is of limited importance for long-term retention.

Exposure of F344 rats to whole DPM at concentrations of 0.35, 3.5, or 7.0 mg/m’ for up
to 24 mo did not significantly alter tracheal mucociliary clearance of *™Tc-macroaggregated
albumin instilled into the trachea (Wolff et al., 1987). The.assessment of tracheal clearance was
determined by measuring the amount of material retained 1 h after instillation. The authors
stated that measuring retention would yield estimates of clearance efficiency comparable to
measuring the velocity for transport of the markers in the trachea. The results of this study were
in agreement with similar findings of unaltered tracheal mucociliary clearance in rats exposed to
DPM (0.21, 1.0, or 4.4 mg/m’) for up to 4 mo (Wolff and Gray, 1980). However, the 1980 study
by Wolff and Gray, as well as an earlier study by Battigelli et al. (1966), showed that acute
exposure to high concentrations of diesel exhaust soot (1.0 and 4.4 mg/m’ in the study by Wolff
and Gray [1980] and 8 to 17 mg/m’ in the study by Battigelli et al. [1966]) produced transient
reductions in tracheal mucociliary clearance. Battigelli et al. (1966) also noted that the
compromised tracheal clearance was not observed following cessation of exhaust exposure.

The fact that tracheal clearance does not appear to be significantly impaired or is impaired
only transiently following exposure to high concentrations of DPM is consistent with the absence
of pathological effects in the tracheobronchial region of the respiratory tract in experimental
animals exposed to DPM. However, the apparent retention of a fraction of the deposited dose in
the airways is cause for some concern regarding possible carcinogenic effects in this region,
especially in light of the results from simulation studies by Gerde et al. (1991b) that suggested
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Figure 3-3. Short-term thoracic clearance of inhaled particles as determined by model
prediction and experimental measurement.

Source: Cuddihy and Yeh, 1986 (from Stahlhofen et al., 1980).

that release of polycyclic aromatic hydrocarbons (PAHs) from particles may occur within
minutes and at the site of initial deposition.

The absence of effects in the TB areas in long-term DPM studies and experimental
evidence that particle-associated PAHs are released at the site of particle deposition together
suggest that these PAHs may be of lesser importance in tumorigenic responses of rats than

originally suspected. However, as noted in Section 3.6, a larger fraction of particles are
deposited in the interstitium of small airways in primates than in rats (Nikula et al., 1997).
Moreover, eluted PAHs are retained longer than those in the alveoli (Gerde et al., 1999),
allowing time for activation. Thus PAHs may play a greater role in humans exposed to DE.
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Moreover, impairment of mucociliary clearance function as a result of.exposure to
occupational or environmental respiratory tract toxicants or to cigarette smoke may significantly
enhance the retention of particles in this region. For example, Vastag et al. (1986) demonstrated
that not only smokers with clinical symptoms of bronchitis but also symptom-free smokers have
significantly reduced mucociliary clearance rates. Although impaired tracheobronchial clearance

could conceivably have an impact on the effects of deposited DPM in the conducting airways, it
does not appear to be relevant to the epigenetic mechanism likely present in diesel exhaust-
induced rat pulmonary tumors.

Poorly soluble particles (i.e., DPM) deposited within the TB region are cleared
predominantly by mucociliary transport, towards the oropharynx, followed by swallowing.
Poorly soluble particles may also be cleared by traversing the epithelium by endocytotic
processes, and enter the peribronchial region. Clearance may occur following phagocytosis by
airway macrophages, located on or beneath the mucous lining throughout the bronchial tree, or
via macrophages which enter the airway lumen from the bronchial or bronchiolar mucosa
(Robertson, 1980).

3.3.2.3. A Region _

A number of investigators have reported on the alveolar clearance kinetics of human
subjects. Bohning et al. (1980) examined alveolar clearance in eight humans who had inhaled
<0.4 mg of ¥Sr-labeled polystyrene particles (3.6 + 1.6 um diam.). A double-exponential model
best described the clearance of the particles and provided t,, values of 29 + 19 days and 298 +
114 days for short-term and long-term phases, respectively. It was noted that of the particles
deposited in the alveolar region, 75% + 13% were cleared via the long-term phase. Alveolar
retention t,, values of 330 and 420 days were reported for humans who had inhaled
aluminosilicate particles of MMAD 1.9 and 6.1 pm (Bailey et al., 1982).

Quantitative data on clearance rates in humans having large lung burdens of particulate

matter are lacking Rohning et al (1082} and Cchen et al. (1979), however, did provide evidence

for slower clearance in smokers, and Freedrman and Rnhincon (192R) ranorted slovver clearanc
rates in coal miners who had mild pneumoconiosis with presumably high lung burdens of coal
dust. Although information on particle burden and particle overload relationships in humans is
much more limited than for experimental animal models, inhibition of clearance does seem to
occur. Stdber et al. (1967) estimated a clearance t,, of 4.9 years in coal miners with nil or slight
silicosis, based on postmortem lung burdens. The lung burdens ranged irom 2 to 50 ing/g of lung
or more well above the value for which sequestraticon is obscrved in the rat. T uiinennre,

impaired clearance resulting from smoking or exposure to other respiratory toxicants may
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increase the possibility of an enhanced particle accumulation effect resulting from exposure to
other particle sources such as diesel exhaust.

Normal alveolar clearance rates in laboratory animals exposed to DPM have been
reported by a number of investigators (Table 3-2). Because the rat is the species for which
experimentally induced lung cancer data are available and for which most clearance data exist, it
is the species most often used for assessing human risk, and reviews of alveolar clearance studies
have been generally limited to this species.

Chan et al. (1981) subjected 24 male F344 rats to nose-only inhalation of DPM (6 mg/m?)

“labeled with '*'Ba or "*C for 40 to 45 min and assessed total lung depdsition, retention, and

elimination. Based on radiolabel inventory, the deposition efficiency in the respiratory tract was
15% to 17%. Measurement of *'Ba label in the feces during the first 4'days following exposure
indicated that 40% of the deposited DPM was eliminated via mucociliary clearance. Clearance
of the particles from the lower respiratory tract followed a two-phase elimination process
consisting of a rapid (t,, of 1 day) elimination by mucociliary transport and a slower (t,, of

62 days) macrophage-mediated alveolar clearance. This study provided data for normal alveolar
clearance rates of DPM not affected by prolonged exposure or particle overloading.

Several studies have investigated the effects of exposure concentration on the alveolar
clearance of DPM by laboratory animals. Wolff et al. (1986, 1987) provided clearance data (t.,)
and lung burden values for F344 rats exposed to diesel exhaust for 7 h/day, 5 days/week for 24
mo. Exposure concentrations of 0.35, 3.5, and 7.0 mg of DPM/m* were employed in this whole
body-inhalation exposure experiment. Intermediate (hours-days) clearance of ’Ga,0, particles
(30 min, nose-only inhalation) was assessed after 6, 12, 18, and 24 mo of exposure at all of the
DPM concentrations. A two-component function described the clearance of the administered
radiolabel:

F, = Aexp(-0.693 t/z7,) + Bexp(-0.693t/1,),

where F,, was the percentage retained throughout the respiratory tract, 4 and B were the
magnitudes of the two components (component 4 representing the amount cleared from nasal,
lung, and gastrointestinal compartments and component B representing intermediate clearance
from the lung compartment), and t, and t, were the half-times for the 4 and B compartments,
respectively. The early retention half-times (t,), representing clearance from primary, ciliated
conducting airways, were similar for rats in all exposure groups at all time points except for those
in the high-exposure (7.0 mg/m’) group following 24 mo of exposure, whose clearance rate was
faster than that of the controls. Significantly longer B compartment retention half-times,
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Table 3-2. Alveolar clearance in laboratory animals exposed to DPM

Exposure Exposure Particles .
Species/sex technique duration mg/m® Observed effects Reference
Rats, F-344, M Nose only; 40-45 min 6 Four days after exposure, 40% of DPM eliminated by Chan et al. (1981)
Radiolabeled DPM mucociliary clearance. Clearance from lower RT was in
2 phases. Rapid mucociliary (t,, = 1 day; slower
' macrophage-mediated (t,,, = 62 days).
Rats, F-341 Whole body; 7 h/day 035 1, significantly higher with exposure to 7.0 mg/m’ for Wolff et al. (1986,
assessed effect 5 days/week 3.5 24 mo; T, significantly longer after exposure to 7.0 mg/m’ 1987)
on clearance of 24 mo 7.0 for 6 mo. and to 3.5 mg/m’ for |8 mo.
'Ga,0, particles
Rats Wholt; body 19 h/day 4 Estimated alveolar deposition = 60 mg; particle burden Heinrich et al.
5 days/week caused lung overload. Estimated 6-15 mg particle-bound (1986)
2.5 years organics deposited.
Rats, F-344, MF  Whole body 7 h/day 0.15 Long-term clearance was 87 + 28 and 99 + 8 days for Griffis et al. (1983)
5 days/week 0.94 0.15 and 0.94 mg/m’ groups, respectively; t,, = 165 days
18 mo 4.1 for 4.1 mg/m’ group.
Rats, F-344; Nose-only; 45 min 7 Rats demonstrated 3 phases of clearance with t,, = 1, 6, Lee et al. (1983)
Radiolabeled '‘C 140 min 2 and 80 days, representing tracheobronchial, respiratory
bronchioles, and alveolar clearance, respectively. Guinea
pigs demonstrated negligible alveolar clearance from
Guinea pigs, 45 min 7 day 10 to 432.
Hartley
Rats, F-344 20 h/day 0.25 Monitored rats for a year. Proposed two clearance models.  Chan et al. (1984)
7 days/week 6 Clearance depends on initial particle burden,; t,,, increases
7-112 days with higher exposure. Increases in t,, indicate increasing

RT = respiratory fract.

AM = alveolar macrophage.
1, = clearance irom primary, ciliated airways.
1, = clearance ‘rom non-ciliated pass ges.

impairment of AM mobility and transition into overload
condition.



representing the early clearance from nonciliated passages such as alveolar ducts and alveoli,
were noted after as few as 6 mo exposure to DPM at 7.0 mg/m’ and 18 mo exposure to 3.5
mg/m>.

Nose-only exposures to '*Cs fused aluminosilicate particles (FAP) were used to assess
long-term (weeks-months) clearance. Following 24-mo exposure to DPM, long-term clearance
of *Cs-FAP was significantly (p<0.01) altered in the 3.5 (cumulative exposure [C x T} of
11,760 mg-h/m’) and 7.0 mg/m’ C x T = 23,520 mg-h/m’) exposure groups (t:, of 264 and 240
days, respectively) relative to the 0.35 mg/m’ and control groups (ti, of 81 and 79 days,
respectively). Long-term clearance represents the slow component of particle removal from the
alveoli. The decreased clearance correlated with the greater particle burden in the lungs of the
3.5 and 7.0 mg/m’ exposure groups. Based on these findings, the cumulative exposure of
11,760 mg-h/m’ represented a particle overload condition resulting in compromised alveolar
clearance mechanisms.

Heinrich et al. (1986) exposed rats 19 h/day, 5 days/week for 2.5 years to DPM at a
particle concentration of about 4 mg/m3. This is equal to a C x T of 53,200 mg-h/m>. The
deposition in the alveolar region was estimated to equal 60 mg. The lung particle burden was
sufficient to result in a particle overload condition. With respect to the organic matter adsorbed
onto the particles, the authors estimated that over the 2.5-year period, 6-15 mg of particle-bound
organic matter had been deposited and was potentially available for biological effects. This
estimation was based on the analysis of the diesel exhaust used in the experiments, values for rat
ventilatory functions, and estimates of deposition and clearance. _

Accumulated burden of DPM in the lungs following an 18-mo, 7 h/day, 5 days/week
exposure to diesel exhaust was reported by Griffis et al. (1983). Male and female F344 rats
exposed to 0.15, 0.94, or 4.1 mg DPM/m? were sacrificed at 1 day and 1, 5, 15, 33, and 52 weeks
after exposure, and DPM was extracted from lung tissue dissolved in tetramethylammonium
hydroxide. Following centrifugation and washing of the supernatant, DPM content of the tissue
was quantitated using spectrophotometric techniques. The analytical procedure was verified by
comparing results to recovery studies using known amounts of DPM with lungs of unexposed
rats. Lung burdens were 0.035, 0.220, and 1.890 mg/g lung tissue, respectively, in rats exposed
to 0.15, 0.94, and 4.1 mg DPM/m’. Long-term retention for the 0.15 and 0.94 mg/m? groups had
estimated half-times of 87 + 28 and 99 + 8 days, respectively. The retention t,,, for the
4.1-mg/m’ exposure group was 165 + 8 days, which was significantly (p<0.0001) greater than
those of the lower exposure groups. The 18-mo exposures to 0.15 or 0.96 mg/m? levels of DPM
C x T equivalent of 378 and 2,368 mg-h/m?, respectively) did not affect clearance rates, whereas
the exposure to the 4.1 mg/m? concentration C x T = 10,332 mg-h/m’) resulted in impaired
clearance.
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In a subsequent study (Lee et al., 1983), a three-phase model was used to describe the
clearance of DPM (7 mg/m’ for 45 min or 2 mg/m’ for 140 min) by F344 rats (24 per group)
exposed by nose-only inhalation with no apparent particle overload in the lungs. The exposure
protocols provided comparable total doses based on a 'C radiolabel. “CO, resulting from
combustion of-'*C-labeled diesel fuel was removed by a diffusion scrubber to avoid erroneous
assessment of *C intake by the animals. Retention of the radiolabeled particles was determined
up to 335 days after exposure and resulted in the derivation of a three-phase clearance of the
particles. The resulting retention t,,, values for the three phases were 1, 6, and 80 days. The
three clearance phases are taken to represent removal of tracheobronchial deposits by the
mucociliary escalator, removal of particles deposited in the respiratory bronchioles, and alveolar
clearance, respectively. Species variability in clearance of DPM was also demonstrated because
the Hartley guinea pigs exhibited negligible alveolar clearance from day 10 to day 432 following
a 45-min exposure to a DPM concentration of 7 mg/m®. Initial deposition efficiency (20% =+ 2%)
and short-term clearance were, however, similar to those for rats. ‘

Lung clearance in male F344 rats preexposed to DPM at 0.25 or 6 mg/m’ 20 h/day,

7 days/week for periods lasting from 7 to 112 days was studied by Chan et al. (1984). Following
this preexposure protocol, rats were subjected to 45-min nose-only exposure to “C-diesel
exhaust, and alveolar clearance of radiolabel was monitored for up to 1 year. Two models were
proposed: a normal biphasic clearance model and a modified lung retention model that included
a slow-clearing residual component to account for sequestered aggregates of macrophages. The
first model described a first-order clearance for two compartments: R(t) = Ae™" + Be™*. This
yielded clearance t,,, values of 166 and 562 days for rats preexposed to 6.0 mg/m’ for 7 and

62 days, respectively. These values were significantly (p<0.05) greater than the retention t,,, of
77 + 17 days for control rats. The same retention values for rats of the 0.25 mg/m® groups were
90 + 14 and 92 + 15 days, respectively, for 52- and 112-day exposures and were not significantly
different from controls. The two-compartment model represents overall clearance of the tracer
particles, even if some of the particles were sequestered in particle-laden macrophages with
substantially slower clearance rates. For the second model, which excluded transport of the
residual fractions in sequestered macrophage aggregates, slower clearance was observed in the
group with a lung burden of 6.5 mg, and no clearance was observed in the 11.8 mg group.
Clearance was shown to be dependent on the initial burden of particles and, therefore, the
clearance t,, would increase in higher exposure scenarios. This study emphasizes the importance
of particle overloading of the lung and the ramifications on clearance of particles; the significant
increases in half-times indicate an increasing impairment of the alveolar macrophage mobility

and subsequent transition into an overload condition. Based on these data, a particle overload
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effect was demonstrated for both the high and low exposure levels (equivalent to C x T dose of
840 [transitional overload] and 7,440 mg-h/m’).

Long-term alveolar clearance rates of particles in various laboratory animals and humans
have been reviewed by Pepelko (1987). Although retention t,, varies both among and within
species and is also dependent on the physicochemical properties of the inhaled particles, the
retention t,, for humans is much longer (>8 mo) than the average retention t,,, of 60 days for rats.

Clearance from the A region occurs via a number of mechanisms and pathways, but the
relative importance of each is not always certain and may vary between species. Particle removal
by macrophages comprises the main nonabsorptive clearance process in this region. Alveolar
macrophages reside on the epithelium, where they phagocytize and transport deposited material,
which they contact by random motion or via directed migration under the influence of local
chemotactic factors (Warheit et al., 1988).

Particle-laden macrophages may be cleared from the A region along a number of
pathways described in the 1996 CD. Uningested particles or macrophages in the interstitium
may traverse the alveolar-capillary endothelium, directly entering the blood (Raabe, 1982; Holt,
1981); endocytosis by endothelial cells followed by exocytosis into the vessel lumen seems,
however, to be restricted to particles <0.1 x«m diameter, and may increase with increasing lung
burden (Lee et al., 1985; Oberdérster, 1988). Once in the systemic circulation, transmigrated
macrophages, as well as uningested particles, can travel to extrapulmonary organs.

Alveolar macrophages constitute an important first-line cellular defense mechanism
against inhaled particles that deposit in the alveolar region of the lung. It is well established that
a host of diverse materials, including DPM, are phagocytized by AMs shortly after deposition
(White and Garg, 1981; Lehnert and Morrow, 1985) and that such cell-contained particles are
generally rapidly sequestered from both the extracellular fluid lining in the alveolar region and
the potentially sensitive alveolar epithelial cells. In addition to this role in compartmentalizing
particles from other lung constituents, AMs are prominently involved in mediating the clearance
of relatively insoluble particles from the air spaces (Lehnert and Morrow, 1985). Although the
details of the actual process have not been delineated, AMs with their particle burdens gain
access and become coupled to the mucociliary escalator and are subsequently transported from
the lung via the conducting airways. Although circumstantial, numerous lines of evidence A
indicate that such AM-mediated particle clearance is the predominant mechanism by which
relatively insoluble particles are removed from the lungs (Gibb and Morrow, 1962; Ferin, 1982;
Harmsen et al., 1985; Lehnert and Morrow, 1985; Powdrill et al., 1989).

The removal characteristics for particles deposited in alveolar region of the lung have
been descriptively represented by numerous investigators as a multicompartment or

multicomponent process in which each component follows simple first-order kinetics (Snipes
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and Clem, 1981; Snipes et al., 1988; Lee et al., 1983). Although the various compartments can
be described mathematically, the actual physiologic mechanisms determining these differing
clearance rates have not been well characterized.

Lehnert (1988, 1989) performed studies using laboratory rats to examine particle-AM
relationships over the course of alveolar clearance of low to high lung burdens of noncytotoxic
microspheres (2.13 um diam.) to obtain information on potential AM-related mechanisms that
form the underlying bases for kinetic patterns of alveolar clearance as a function of particle lung
burdens. The intratracheally instilled lung burdens varied from 1.6 x 10 particles (about 85 pg)
for the low lung burden to 2.0 x 10° particles (about 1.06 mg) for the mid-dose and 6.8 x 10°
particles (about 3.6 mg) for the highest lung burden. The lungs were lavaged at various times
postexposure and the numbers of spheres in each macrophage counted. | Although such

~ experiments provide information regarding the response of the lung to particulate matter,

intratracheal instillation is not likely to result in the same depositional characteristics as

_ inhalation of particles. Therefore, it is unlikely that the response of alveolar macrophages to

these different depositional characteristics will be quantitatively similar.

The t,,, values of both the early and later components of clearance were virtually identical
following deposition of the low and medium lung burdens. For the highest lung burden,
significant prolongations were found in both the early, more rapid, as well as the slower
component of alveolar clearance. The percentages of the particle burden associated with the
earlier and later components, however, were similar to those of the lesser lung burdens. On the
basis of the data, the authors concluded that translocation of AMs from alveolar spaces by way of
the conducting airways is fundamentally influenced by the particle burden of the cells so
translocated. In the case of particle overload that occurred at the highest lung burden, the
translocation of AMs with the heaviest cellular burdens of particles (i.e., greater than about
100 microspheres per AM) was definitely compromised. '

On the other hand, analysis of the disappearance of AMs with various numbers of
particles indicates that the particles may not exclusively reflect the translocation of AMs from the
lung. The observations are also consistent with a gradual redistribution of retained particles
among the AMs in the lung concurrent with the removal of particle-containing AMs via the
conducting airways. Experimental support suggestive of potential processes for such particle
redistribution comes from a variety of investigations involving AMs and other endocytic cells -
(Heppleston and Young, 1973; Evans et al., 1986; Aronson, 1963; Sandusky et al., 1977;
Heppleston, 1961; Riley and Dean, 1978).
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3.3.3. Translocations of Particles to Extra-alveolar Macrophage Compartment Sites
Although the phagocytosis of particles by lung-free cells and the mucociliary clearance of
the cells with their particulate matter burdens represent the most prominent mechanisms that
govern the fate of particles deposited in the alveolar region, other mechanisms exist that can
affect both the retention characteristics of relatively insoluble particles in the lung and the lung
clearance pathways for the particles. One mechanism is endocytosis of particles by alveolar
lining (Type I) cells (Sorokin and Brain, 1975; Adamson and Bowden, 1978, 1981) that normally
provide >90% of the cell surface of the alveoli in the lungs of a variety of mammalian species
(Crapo et al., 1983). This process may be related to the size of the particles that deposit in the
lungs and the numbers of particles that are deposited. Adamson and Bowden (1981) found that
with increasing loads of carbon particles (0.03 um diam.) instilled in the lungs of mice, more free

particles were observed in the alveoli within a few days. The relative abundance of particles

endocytosed by Type I cells also increased with increasing lung burdens of the particles, but
instillation of large particles (1.0 pm) rarely resulted in their undergoing endocytosis. A 4 mg
burden of 0.1 pm diameter latex particles is equivalent to 8 x 10'2 particles, whereas a 4 mg
burden of 1.0 um particles is composed of 8 x 10° particles. Regardless, DPM with volume
median diameters between 0.05 and 0.3 pm (Frey and Corn, 1967; Kittleson et al., 1978) would
be expected to be within the size range for engulfment by Type I cells should suitable encounters
occur. Indeed, it has been demonstrated that DPM is endocytosed by Type I cells in vivo (White
and Garg, 1981).

Unfortunately, information on the kinetics of particle engulfment (endocytosis) by Type I
cells relative to that by AMs is scanty. Even when relatively low burdens of particulate matter
are deposited in the lungs, some fraction of the particles usually appears in the regional lymph
nodes (Ferin and Fieldstein, 1978; Lehnert, 1989). As will be discussed, endocytosis of particles
by Type I cells is an initial, early step in the passage of particles to the lymph nodes. Assuming
particle phagocytosis is not sufficiently rapid or perfectly efficient, increasing numbers of
particles would be expected to gain entry into the Type I epithelial cell compartment during
chronic aerosol exposures. Additionally, if particles are released on a continual basis by AMs
that initially sequestered them after lung deposition, some fraction of the “free” particles so
released could also undergo passage from the alveolar space into Type I cells.

The endocytosis of particles by Type I cells represents only the initial stage of a process
that can lead to the accumulation of particles in the lung’s interstitial compartment and the
subsequent translocation of particles to the regional lymph nodes. As shown by Adamson and
Bowden (1981), a vesicular transport mechanism in the Type I cell can transfer particles from the
air surface of the alveolar epithelium into the lung’s interstitium, where particles may be
phagocytized by interstitial macrophages or remain in a “free” state for a poorly defined period
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that may be dependent on the physicochemical characteristics of the particle. The lung’s
interstitial compartment, accordingly, represents an anatomical site for the retention of particles
in the lung. Whether or not AMs, and perhaps polymorphonuclear neutrophils (PMNs) that have
gained access to the alveolar space compartment and phagocytize particles there, also contribute
to the particle translocation process into the lung’s interstitium remains a controversial issue.
Evidence that such migration of AMs may contribute to the passage of particles to the interstitial
compartment and also may be involved in the subsequent translocation of particles to draining
lymph nodes has been obtained with the dog model (Harmsen et al., 1985).

The fate of particles once they enter the lung’s interstitial spaces remains unclear. Some
particles, as previously indicated, are phagocytized by interstitial macrophages, whereas others
apparently remain in a free state in the interstitium for some time without being engulfed by
interstitial macrophages. It is unknown if interstitial macrophages subsequently enter the alveoli
with their engulfed burdens of particles and thereby contribute to the size of the resident AM
population over the course of lung clearance. Moreover, no investigations have been conducted
to date to assess the influence that the burden of particles may have on the ability of the
interstitial macrophage to migrate into the alveolar space compartment.

At least some particles that gain entry into the interstitial compartment can further
translocate to the extrapulmonary regional lymph nodes. This process apparently can involve the
passage of free particles as well as particle-containing cells via lymphatic channels in the lungs
(Harmsen et al., 1985; Ferin and Fieldstein, 1978; Lee et al., 1985). Itis conceivable that the
mobility of the interstitial macrophages could be particle-burden limited, and under conditions of
high cellular burdens a greater fraction of particles that accumulate in the lymph may reach these
sites as free particles. Whatever the process, existing evidence indicates that when lung burdens
of particles result in a particle-overload condition, particles accumnulate both more rapidly and
abundantly in lymph nodes that receive lymphatic drainage from the lung (Ferin and Feldstein,
1978; Lee et al., 1985).

3.3.3.1. Clearance Kinetics

The clearance kinetics of PM have been reviewed in the PM CD (U.S. EPA, 1996) and by
Schiesinger et al. (1997). Deposited particles may be completely or incompletely cleared from
the respiratory tract. However, the time frame over which clearance occurs affects the T

cumulative dose delivered to the respiratory tract, as well as to extrapulmonary organs.

3.3.3.2. Interspecies Patterns of Clearance
The inability to study the retention of certain materials in humans for direct risk

assessment requires the use of laboratory animals. Since dosimetry depends on clearance rates
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and routes, adequate toxicological assessment necessitates that clearance kinetics in these
animals be related to those in humans. The basic mechanisms and overall patterns of clearance
from the respiratory tract are similar in humans and most other mammals. However, regional
clearance rates can show substantial variation between species, even for similar particles
deposited under comparable exposure conditions. This has been extensively reviewed in the
previous document (U.S. EPA, 1996) and in other papers (Schlesinger et al., 1997; Snipes et al.,
1989).

In general, there are species-dependent rate constants for various clearance pathways.
Differences in regional and total clearance rates between some species are a reflection of
differences in mechanical clearance processes. For consideration in assessing particle dosimetry,
the end result of interspecies differences in clearance is that the retention of deposited particles
can differ between species, which may result in differences in response to similar particulate
exposure atmospheres.

3.3.3.3. Biological Factors Modifying Clearance

A number of host and environmental factors may modify normal clearance patterns.
These include age, gender, physical activity, respiratory tract disease, and irritant inhalation (U.S.
EPA, 1996). ’

3.3.3.4. Respiratory Tract Disease

Earlier studies reviewed in the PM CD (U.S. EPA, 1996) noted that various respiratory
tract diseases are associated with clearance alterations. The examination of clearance in
individuals with lung disease requires careful interpretation of results, since differences in
deposition of tracer particles used to assess clearance function may occur between normal -
individuals and those with respiratory disease, and this would directly impact upon the measured
clearance rates, especially in the tracheobronchial tree. Prolonged nasal mucociliary clearance in
humans is associated with chronic sinusitis, bronchiectasis or rhinitis, and cystic fibrosis.
Bronchial mucus transport may be impaired in people with bronchial carcinoma, chronic
bronchitis, asthma, and various acute infections. In certain of these cases, coughing may enhance
mucus clearance, but it generally is effective only if excess secretions are present.

The rates of A region particle clearance were reduced in humans with chronic obstructive
lung disease and in laboratory animals with viral infections, while the viability and functional
activity of macrophages were impaired in human asthmatics and in animals with viral-induced
lung infections (U.S. EPA, 1996). However, any modification of functional properties of
macrophages appears to be injury specific, reflecting the nature and anatomic pattern of disease.
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3.4. PARTICLE OVERLOAD
3.4.1. Introduction

Some experimental studies using laboratory rodents employed high exposure
concentrations of relatively nontoxic, poorly soluble particles. These particle loads interfered
with normal clearance mechanisms, producing clearance rates different from those that would
occur at lower exposure levels. Prolonged exposure to high pa.rticl'e concentrations is associated
with what is termed particle overload. This is defined as the overwhelming of macrophage-
mediated clearance by the deposition of particles at a rate exceeding the capacity of that
clearance pathway.

Wolff et al. (1987) used '**Cs-labeled fused aluminosilicate particles to measure alveolar
clearance in rats following 24-mo exposure to low (L), medium (M), and high (H) concentrations
of diesel exhaust (targeted concentrations of DPM of 0.35, 3.5 and 7.0 mg/m®). The short-term
component of the multicomponent clearance curves was similar for all groups, but long-term
clearance was retarded in the M and H exposure groups (Figure 3-4). The half times of the long-
term clearance curves were 79, 81, 264, and 240 days, respectively, for the control, L, M, and
The observed lung burdens increased progressively, reaching levels of 11.5 and 20.5 mg
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Figure 3-4. Clearance from lungs of rats of **Cs-FAP fused aluminosilicate tracer
particles inhaled after 24 months of diesel exhaust exposure at concentrations
of 0 (control) (@), 0.35 (low) (W), 3.5 (medium) (@), and 7.0 (high) mg DPM/m’
(A). Points on curves are means = SE.

Source: Wolffet al., 1987.
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H exposure groups. Clearance was overloaded at M and H exposure levels, but not by the

L exposure level. Lung burdens of DPM were measured after 6, 12, 18, and 24 mo of exposure.
DPM/lung, respectively, after 24 mo in the M and H exposed groups (Figure 3-5). The results
indicate that the clearance of freshly deposited particles was retarded after 24 mo of DPM
exposure at the two highest exposure levels, and that clearance had become overloaded at these
two exposures but not at the lowest exposure.

It has been hypothesized that overloading will begin in the rat when deposition
approaches 1 mg particles/g lung tissue (Morrow, 1988). When the concentration reaches 10 mg
particles/g lung tissue, macrophage-mediated clearance of particles would effectively cease. Itis
a nonspecific effect noted in experimental studies, generally in rats, using many different kinds of
poorly soluble particles (including TiO,, volcanic ash, DPM, carbon bléck, and fly ash) and
results in A region clearance slowing or stasis, with an associated inflammation and aggregation
of macrophages in the lungs and increased translocation of particles into the interstitium (Muhie
et al., 1990; Lehnert, 1990; Morrow, 1994). Following overloading, the subsequent retardation
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Figure 3-5. Lung burdens of DPM within rats exposed to 0.35 (low) (@), 3.5 (medium) (A),
and 7.0 (high) mg ppm/m’ (W).
Source: Wolffetal., 1987.
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of lung clearance, accumulation of particles, inflammation, and the interaction of inflammatory
mediators with cell proliferative processes and DNA may lead to the development of tumors and
fibrosis in rats (Mauderly, 1996). The phenomenon of overioad has been discussed in greater
detail in the previous PM CD (U.S. EPA, 1996).

3.4.2. Relevance to Humans

The relevance of lung overload to humans, and even 1o species other than laboratory rats
and mice, is not clear. While it is likely to be of little relevance for most “real world” ambient
exposures of humans, it is of concern in interpreting some long-term experimental exposure data
and perhaps for humans’ occupational exposure. In addition, relevance to humans is clouded by
the suggestion that macrophage-mediated clearance is normally slower and perhaps less
important in humans than in rats (Morrow, 1994), and that there can be significant differences in
macrophage loading between species.

Particle overload appears to be an important factor in the diesel emission-induced
pulmonary carcinogenicity observed in rats. Studies described in this section provide additional
data showing a particle overload effect. A study by Griffis et al. (1983) demonstrated that
exposure (7 h/day, 5 days/week) of rats to DPM at concentrations of 0.15, 0.94, or 4.1 mg/m’ for
18 mo resulted in lung burdens of 0.035, 0.220, and 1.890 mg/g of lung tissue, respectively. The
alveolar clearance of those rats with the highest lung burden (1.890 mg/g of lung) was impaired,
as determined by a significantly greater (p<0.0001) retention t,, for DPM. This is reflected in
the greater lung burden/exposure concentration ratio at the highest exposure level. Similarly, in
the study by Chan et al. (1984), rats exposed for 20 h/day, 7 days/week to DPM (6 mg/m®) for
112 days had a total lung particle burden of 11.8 mg, with no alveolar particle clearance being
detected over 1 year.

Muhle et al. (1990) indicated that overloading of rat lungs occurred when lung particle
burdens reached 0.5 to 1.5 mg/g of lung tissue and that clearance mechanisms were totally -
compromised at lung particle burdens > 10 mg/g for particles with a specific density close to 1.

Pritchard (1989), utilizing data from a number of diesel exhaust exposure studies,
examined alveolar clearance in rats as a function of cumulative exposure. The resulting analysis
noted a signiﬁcant increase in retention t,, values at exposures above 10 mg/m’>h/day and also
showed that normal lung clearance mechanisms appeared to be compromised as the lung DPM
burden approached 0.5 mg/g of lung.

Morrew (1988) has proposed that the condition of particle overloading in the lungs is
caused by a loss in the mobility of particle-engorged AMs and that such an impediment is related
to the cumulative volumetric load of pérticles in the AMs. Morrow (1988) has further estimated
that the clearance function of an AM may be completely impaired when the particle burden in the
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AM is of a volumetric size equivalent to about 60% of the normal volume of the AM. Morrow’s
hypothesis was the initial basis for the physiology-oriented multicompartmental kinetic (POCK)
model derived by Stober et al. (1989) for estimating alveolar clearance and retention of
biologically insoluble, respirable particles. ,

A revised version of this model refines the characterization of the macrophage pool by
including both the mobile and immobilized macrophages (St6ber et al., 1994). Application of
the revised version of the model to experimental data suggested that lung overload does not cause
a dramatic increase in the total burden of the macrophage pcol but results in a great increase in
the particle burden of the interstitial space, a compartment that is not available for macrophage-
mediated clearance. The revised version of the POCK model is discussed in greater detail in the
context of other dosimetry models below.

Oberdérster and co-workers (1992) assessed the alveolar clearance of smaller (3.3 um
diam.) and larger (10.3 um diam.) polystyrene particles, the latter of which are volumetrically
equivalent to about 60% of the average normal volume of a rat AM, after intratracheal instillation
into the lungs of rats. Even though both sizes of particles were found to be phagocytized by AMs
within a day after deposition, and the smaller particles were cleared at a normal rate, only
minimal lung clearance of the larger particles was observed over an approximately 200-day
postinstillation period, thus supporting the volumetric overload hypothesis.

Animal studies have revealed that impairment of alveolar clearance can occur following
chronic exposure to DPM (Griffis et al., 1983; Wolff et al., 1987; Vostal et al., 1982; Lee et al.,
1983) or a variety of other diverse poorly soluble particles of low toxicity (Lee et al., 1986, 1988;
Ferin and Feldstein, 1978; Muhle et al., 1990). Because high lung burdens of insoluble,
biochemically-inert particles result in diminution of normal lung clearance kinetics or in what is
now called particle overloading, this effect appears to be more related to the mass and/or volume
of particles in the lung than to the nature of the particles per se. Particle overload only relates to
poorly soluble articles of low toxicity. It must be noted, however, that some types of particles
may be cytotoxic and impair clearance at lower lung burdens (e.g., silica may impair clearance at
much lower lung burdens than DPM). Regardless, as pointed out by Morrow (1988), particle
overloading in the lung modifies the dosimetry for particles in the lung and thereby can alter
toxicologic responses.

Although quantitative data are limited regarding lung overload associated with impaired
alveolar clearance in humans, impairment of clearance mechanisms appears to occur, and at a
lung burden generally in the range reported to impair clearance in rats. Stober et al. (1967), in
their study of coal miners, reported lung particle burdens of 2 to 50 mg/g lung tissue, for which
estimated clearance t,, values were very long (4.9 years). Freedman and Robinson (1988) also
reported slower alveolar clearance rates in coal miners, some of whom had a mild degree of
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pneumoconiosis. It must be noted, however, that no lung cancer was reported for those miners

with apparent particle overload.

3.4.3. Potential Mechanisms for an AM Sequestration Compartment for Particles During

Particle Overload

Several factors may be involved in the particle-load-dependent retardations in the rate of
particle removal from the lung and the corresponding functional appearance of an abnormally
slow clearing or particle sequestration compartment. As previously mentioned, one potential site
for particle sequestration is the containment of particles in the Type I cells. Information on the
retention kinetics for particles in the Type I cells is not currently available. Also, no
morphometric analyses have been performed to date to estimate what fraction of a retained lung
burden may be contained in the Type I cell population of the lung during lung overloading.

Another anatomical region in the lung that may be a slow clearing site is the interstitial
compartment. Little is known about the kinetics of removal of free particles or particle-
containing macrophages from the interstitial spaces, or what fraction of a retained burden of
particles is contained in the lung’s interstitium during particle overload. The gradual
accumulation of particles in the regional lymph nodes and the appearance of particles and cells
with associated particles in lymphatic channels and in the peribronchial and perivascular
lymphoid tissue (Lee et al., 1985; White and Garg, 1981) suggest that the mobilization of
particles from interstitial sites via local lymphatics is a continual process.

Indeed, it is clear from histologic observations of the lungs of animals chronically
exposed to DPM that Type I cells, the interstitium, the lymphatic channels, and pulmonary
lymphoid tissues could represent subcompartments of a more generalized slow clearing
compartment. _

Although these sites must be considered potential contributors to the increased retention
of particles during particle overload, a disturbance in particle-associated AM-mediated clearance
is undoubtedly the predominant cause, inasmuch as the AMs are the primary reservoirs of
deposited particies. The factors respoiisibie for a failure of AMs to translocate from the alveolar
space compartment in lungs with high particulaie matter burdens remain uncertain, although a
hypothesis concerning the process has been offered involving volumetric AM burden (Morrow,
1988).

Other processes also may be involved in preventing particle-laden AMs from leaving the
alveolar compartment under conditions of particle overload in the lung. Clusters or aggregates of
particle-laden AMs in the alveoli are typically found in the lungs of laboratory animals that have
received large lung burdens of a variety of types of particles (Lee et al., 1985), including DPM
(White and Garg, 1981; McClellan et al., 1982). The aggregation of AMs may explain, in part,
the reduced clearance of particle-laden AM during particle overload. The definitive
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mechanism(s) responsible for this clustering of AMs has not been elucidated to date. Whatever
the underlying mechanism(s) for the AM aggregation response, it is noteworthy that AMs
lavaged from the lungs of diesel exhaust-exposed animals continue to demonstrate a propensity
to aggregate (Strom, 1984). This observation suggests that the surface characteristics of AMs are
fundamentally altered in a manner that promotes their adherence to one another in the alveolar
region and that AM aggregation may not simply be directly caused by their abundant
accumulation as a result of immobilization by large particle loads. Furthermore, even though
overloaded macrophages may redistribute particle burden to other AMs, clearance may remain
inhibited (Lehnert, 1988). This may, in part, be due to attractants from the overloaded AMs
causing aggregation of those that are not carrying a particle burden.

3.,5. MODELING THE DISi’OSITION OF PARTICLES IN THE RESPIRATORY
TRACT
3.5.1. Introduction
The biologic effects of inhaled particles are a function of their disposition. This, in turn,
depends on their patterns of both déposition (i.e., the sites within which they initially come into
contact with airway epithelial surfaces and the amount removed from the inhaled air at these
sites) and clearance (i.e., the rates and routes by which deposited materials are removed from the
respiratory tract). Removal of deposited materials involves the cbmpeting processes of

macrophage-mediated clearance and dissolution-absorption. Over the years, mathematical

- models for predicting deposition, clearance and, ultimately, retention of particles in the

respiratory tract have been developed. Such models help interpret experimental data and can be -
used to make predictions of deposition for cases where data are not available. A review of
various mathematical deposition models was given by Morrow and Yu (1993) and in U.S. EPA
(1996).

Currently available data for long-term inhalation exposures to insoluble particles (e.g.,
TiO,, carbon black, and DPM) show that pulmonary retention and clearance of these particles are
not adequately described by simple first-order kinetics and a single compartment representing the
alveolar macrophage particle burden. Several investigators have developed models for
deposition, transport, and clearance of insoluble particulate matter in the lungs. All of these
models identify various compartments and associated transport rates, but empirically derived data
are not available to validate many of the assumptions made in these models.

3.5.2. Dosimetry Models for DPM
3.5.2.1. Introduction :

Diesel particles are irregularly shaped aggregates with a mass median aerodynamic
diameter (MMAD) of approximately 0.2 um, formed from primary spheres 15-30 nm in
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diameter. The primary sphere consists of a dense carbonaceous core (soot) on which various
combustion-derived organic compounds, accounting for 10% to 30% of the particle mass, are
adsorbed.

. The extrapolation of toxicological results from laboratory animals to humans requires the
use of dosimetry models for both species that include, first, the deposition of DPMs in various
regions of the respiratory tract, and second, the transport and clearance of the particles from their
deposited sites. Particles deposit by impaction, sedimentation, interception, and diffusion. The
contribution from each mechanism is a function of particle size, lung structure, and size and
breathing parameters. Because of the size of diesel particles, under normal breathing conditions
most of this deposition takes place by diffusion, and the fraction of the inhaled mass that is
deposited in the thoracic region is substantially similar for rats and humans. The clearance of
particles takes place (1) by mechanical processes: mucociliary transport in the ciliated conducting
airways and macrophage phagocytosis and migration in the nonciliated airways, and'(2) by
dissolution. The removal of the carbonaceous soot is largely by mechanical clearance, whereas
the clearance of the adsorbed organics is principally by dissolution.

3.5.2.2. Deposition Models

Among deposition models that include aspects of lung structure and breathing dynamics,
the most widely used have been typical-path or single-path models (Yu, 1978; Yu and Diu,
1983). The single-path models are based on an idealized symmetric geometry of the lung,
assuming regular dichotomous branching of the airways and alveolar ducts (Weibel, 1963). They -
lead to modeling the deposition in an average regional sense for a given lung depth. Although
the lower airways of the lung may be reasonably characterized by such a symmetric
representation, there are major asymmetries in the upper airways of the tracheobronchial tree that
in turn lead to different apportionment of airflow and particulate burden to the different lung
lobes. The rat lung structure is highly asymmetric because of its monopodial nature, leading to
significant errors in a single-path description. This is rectified in the multiple-path model of the
lung that incorporates asymmetry and heterogeneity in lung branching structure, and calculates
deposition at the individual airway level. This model has been developed for the rat lung by
Anjilvel and Asgharian (1995) and, in a limited fashion because of insufficient morphometric
data, for the human lung (Subramaniam et al., 1998; Yeh and Schum, 1980). Such models are
particularly relevant for fine and ultrafine particles. However, modelis for clearance have not yet
been implemented in conjunction with the use of the multiple-path model. Therefore, in this
report we nee only the cingle-nath madel in denosition calculations, specifically the works by Yu
and Xu (1986) and Xu and Yu (1987).
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3.5.2.3. Physiologically Based Models for Clearance

Several clearance models currently exist, and these differ significantly in the level of
phySiological detail that is captured in the model and in ti1e uncertainties associated with the
values of the parameters used. All of these models identify various compartments and associated
transport rates, but empirically derived data are not available to validate many of the assumptions

made in the models. We compare four of the most widely discussed models below.

3.5.2.3.1. Two-compartment model. Currently available data for long-term inhalation exposures
to insoluble particles (e.g., TiO,, carbon black, and DPM) show that pulmonary retention and
clearance of these particles are not adequz;tely described by simple first-order kinetics and a
single compartment representing the alveolar macrophage particle burden. A two-compartment

‘mode] was developed by Smith (1985) that includes alveolar and interstitial compartments. For

uptake and clearance of particles by alveolar surface macrophages and interstitial encapsulation
of particles (i.e., quartz dust), available experimental data show that the rate-controlling functions
followed Michaelis-Menton type kinetics, while other processes affecting particle transfer are
assumed to be linear. Although this model provides rate constants as functions that vary
depending on the conditions within the various compartments, most of the described functions
could not be validated with experimental data.

3.5.2.3.2. Multicompartmental models. Strom et al. (1988) developed a multicompartmental
model for particle retention that partitioned the alveolar region into two compartments on the
basis of the physiology of clearance. The alveolar region has a separate compartment for
sequestered macrophages, which corresponds to phagocytic macrophages that are heavily laden
with particles and clustered, and therefore have signiﬁéantly lowered mobility. The model has
the following compartments: (1) tracheobronchial tree, (2) free particulate on the alveolar
surface, (3) mobile phagocytic alveolar macrophages, (4) sequestered particle-laden alveolar
macrophages, (5) regional lymph nodes, and (6) gastrointestinal tract. The model is based on
mass-dependent clearance (the rate coefficients reflect this relationship), which dictates
sequestration of particles and their eventual transfer to the lymph nodes. The transport rates
between various compartments were obtained by fitting the calculated results to lung and lymph
node burden experimental data for both exposure and postexposure periods. Since the number of
fitted parameters was large, the model is not likely to provide unique solutions that would
simulate experimental data from various sources and for different exposure scenarios. For the
same reason, it is not readily possible to use this model for extrapolating to humans.

3.5.2.3.3. POCK model. Stober and co-workers have worked extensively in developing models

for estimating retention and clearance of biologically insoluble, respirable particles in the lung.
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Their most recent work (1994), a revised version of the POCK (physiologically oriented
multicompartmental kinetic) model, is a rigorous attempt to incorporate most of the
physiologically known aspects of alveolar clearance and retention of inhaled insoluble particles.
Their multicompartmental kinetics model has five subcompartments. The transfer of particles
between any of the compartments within the alveolar region is macrophage-mediated. There are
two compartments that receive particles cleared from the alveolar regions: the tracheobronchial
tract and the lymphatic system. |

The macrophage pool includes both mobile and particle-laden, immobilized
macrophages. The model assumes a constant maximum volume capacity of the macrophages for
particle uptake and a material-dependent critical macrophage load that results in total loss of
macrophage mobility. Sequestration of those macrophages heavily loaded with a particle burden
close to a volume load capacity is treated in a sophisticated manner by approximating the particle
load distribution in the macrophages. The macrophage pool is compartmentalized in terms of
numbers of macrophages that are subject to discrete particle load intervals. Upon macrophage
death, the phagocytized particle is released back to the alveolar surface; thus phagocytic particle
collection competes to some extent with this release back to the alveolar surface. This recycled
particle load is also divided into particle clusters of size intervals defining a cluster size
distribution on the alveolar surface. The model yields a time-dependent frequency distribution of
loaded macrophages that is sensitive to both exposure and recovery periods in inhalation studies.

The POCK model also emphasizes the importance of interstitial burden in the particle
overload phenomenon and indicates that particle overload is a function of a massive increase in
particle burden of the interstitial space rather than total burden of the macrophage pool. The
relevance of the increased particle burden in the interstitial space lies with the fact that this
compartmental burden is not available for macrophage-mediated clearance and, therefore,
persists even after cessation of exposure.

While the POCK model is the most sophisticated in the physiological complexity it
introduces, it suffers from a major disadvantage. Experimental retention studies provide data on
total alveolar and lymph node mass burdens of the particies as a function of time. The relative
fraction of the deposit between the alveolar subcompartments in the Siéber model iherefore
cannot be obtained experimentally; the model thus uses a large number of parameters that are
simultaneously fit to experimental data. Although the medel predictions are tenable,
experimental data are not currentiy avaiiable to validate the proposed compartmental burdens or
the transfer rates associated with these compartments. Thus the over-parameterization in the
maodel leads to the problem that the model may not provide a unique solution that may be used
for a variety of exposure scenarios, and for the same reason, cannot be used for extrapolation to
humans. Stober et al. have not developed an equivalenf model for humans; therefore the use of
their model in our risk assessment for diesel is not attempted.
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3.5.2.3.4. Yu-Yoon model. Yu and Yoon (1990), on the other hand, have developed a three-
compartment lung model that consists of tracheobronchial (T), alveolar (A), and lymph node (L)
compartments (Appendix B, Figure B-1) and, in addition, considered filtration by a
nasopharyngeal or head (H) compartment. Absorption by the blood (B) and gastrointestinal (G)
compartments was also considered. While the treatment of alveolar clearance is physiologically
less sophisticated than that of the Stober et al. model, the Yu-Yoon model provides a more
comprehensive treatment of clearance by including systemic compartments and the head, and
including the clearance of the organic components of DPM in addition to the insoluble carbon
core.

The tracheobronchial compartment is important for short-term considerations, while
long-term clearance takes place via the alveolar compartment. In contrast to the Stober and
Strom approaches, the macrophage compartment in the Yu-Yoon model contains all of the
phagocytized particles; that is, there is no separate (and hypothetical) sequestered macrophage
subcompartment. Instead, in order to progress beyond the classical retention model
(International Commission on Radiological Protection, 1979), Yu and Yoon have addressed the
impairment of long-term clearance (the overload effect) by using a set of variable transport rates
for clearance from the alveolar region as a function of the mass of DPM in the alveolar
compartment. A functional relationship for this was derived mathematically (Yu et al., 1989)
based upon Morrow’s hypothesis for the overload effect that we discussed earlier in the section
on pulmonary overload. The extent of the impairment depends on the initial particle burden,
with greater particulate concentration leading to slower clearance.

DPM are treated as composed of three material components: an insoluble carbonaceous
core, slowly cleared organics (10% particle mass), and fast-cleared organics (10% particle mass).
Such a partitioning of organics was based on observations that the retention of particle-associated
organics in lungs shows a biphasic decay curve (Sun et al., 1984; Bond et al., 1986). For any
compartment, each of these components has a different transport rate. The total alveolar
clearance rate of each material component is the sum of clearance rates of that material from the
alveolar to the tracheobronchial, lymph, and blood compartments. In the Strom and Stéber
models discussed above, the clearance kinetics of DPM were assumed to be entirely dictated by
that of the insoluble carbon core. For those organic compounds that get dissociated from the
carbon core, clearance rates are likely to be very different, and some of these compounds may be
metabolized in the pulmonary tissue or be absorbed by blood.

The transport rates were derived from experimental data for rats using several
approximations. The transport rates for the carbonaceous core and the organic components were
derived by fitting to data from separate experiments. Lung and lymph node burdens from the
experiment of Strom et al. (1988) were used to determine the transport rate of the carbon core.

The Yu-Yoon model incorporates the impairment of clearance by including a mass dependency
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in the transport rate. This mass dependency is easily extracted because the animals in the
experiment were killed over varying periods following the end of exposure.

It was assumed that the transport rates from the alveolar and lymph compartments to the
blood were equal and independent of the particulate mass in the alveolar region. The clearance
rates of particle-associated organics for rats were derived from the retention data of Sun et al.

(1984) for benzo{a]pyrene and the data of Bond et al. (1986) for nitropyrene adsorbed on diesel
particles.

3.5.2.4. Model Assumptions and Extrapolation to Humans

The Yu-Yoon approach takes the }')erspective that parsimonious models are to be
preferred in order to enable experimental validation and extrapolation from rats to humans.

Yu and Yoon make two important assumptions to carry out the extrapolation in the light
of inadequate human data. First, the transport rates of organics in the DPM do not change across
species. This is based upon lung clearance data of inhaled lipophilic compounds (Schanker et al.,
1986), where the clearance was seen to be dependent on the lipid/water partition coefficient. In
contrast, the transport rate of the carbon core is considered to be significantly species-dependent
(Bailey et al., 1982). DPM clearance rate is determined by two terms in the model (see equation
C-82). The first, corresponding to macrophage-mediated clearance, is a function of the lung
burden, and is assumed to vary significantly across species. The second term, a constant,
corresponding to clearance by dissolution, is assumed to be species-independent. The mass-
dependent term for humans is assumed t°0 vary in the same proportion as in rats under the same
unit surface particulate dose. The extrapolation is then achieved by using the data of Bailey et al.
(1982) for the low lung burden limit of the clearance rate. This value of 0.0017/day was lower
than the rat value by a factor of 7.6. This is elaborated further in Appendix C. Other transport
rates that have lung burden dependence are extrapolated in the same manner.

The Bailey et al. experiment, however, used fused monodisperse aluminosilicate particles
of 1.9 and 6.1 um aerodynamic diameters. Yu and Yoon have used the longer of the half-times
obtained in this experiment; in using such daia for diesc! scot particles 0.2 pm in diameter, they
have assumed the clearance of insolubie particles to be independent of size over this range. 1his
appears to be a reasonable assumption since the linear dimensions of an alveolar macrophage is
significantly larger, roughly 10 pm (Yu et al., 1996). However, Snipes (1979) has reported a
clearance rate (we convert here from their half-life values) of 0.0022/day for 1 and 2 um particles
but a higher value of 0.0039/day for 0.4 um particles. In the absence of reliable data for 0.2 um
narticles. clearance rate pertaining to a much larger particle size is being used. Although such a
choice may underestimate the correct clearance rate for DPM, the resulting error in the human
equivalent concentration is likely to be only more protective of human health. Long-term
clearance rates for particle sizes more comparable to DPM are available, e.g., iron oxide and
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polystyrene spheres (Waite and Ramsden, 1971; Jammet et al., 1978), but these data show a 1ar§e
range in the values obtained for half-lives or are based upon a very small number of trials, and
therefore compare unfavorably with the quality of data from the Bailey experiment.

~ The deposition fractions of particulate matter in the pulmonary and tracheobronchial
regions of the human lung remain relatively unchanged over the particle size range between
0.2 and 1.0 um. Since the clearance of insoluble particles is also likely to remain the same over
this range, the dosimetry results in this report for the carbon core component of DPM could also
be extended to other particles in this size range within the PM2.5. For particle diameters
between 1.0 and 3.5 pm, the deposition fraction in the pulmonary region increases significantly
(Yu and Diu, 1983), so the diesel model will not be applicable for particles in this range without
changing the value for the deposition fractions. ‘

Although there was good agreement between experiment and calculated results, this
agreement follows a circular logic (as adequately pointed out by Yu and Yoon [1990]) because
the same experimental data figured into the derivation of transport rates used in the model.
Nevertheless, while this agreement is not a validation, it provides an important consistency check
on the model. Thus, the model awaits further experimental data for a reasonable validation.

The model showed that at low lung burdens, alveolar clearance is dominated by
mucociliary transport to the tracheobronchial region, and at high lung burdens, clearance is
dominated by transport to the lymphatic system. The head and tracheobronchial compartments
showed quick clearance of DPM by mucociliary transport and dissolution. Lung burdens of both
the carbon core and organics were found to be greater in humans than in rats for similar periods
of exposure. '

The Yu-Yoon publication provides a parametric study of the dosimetry model, examining
variation over a range of exposure concentrations, breathing scenarios and ventilation
parameters, particle mass median aerodynamic diameters, and geometric standard deviations of
the aerosol distribution. It examines how lung burden varies with age for exposure over a life
span, provides dosimetry extrapolations to children, and examines changes in lung burden with
lung volume. The results showed that children would exhibit more diminished alveolar clearance
of DPM at high lung burden than adults when exposed to the equal concentrations of DPM.
These features make the model easy to use in risk assessment studies. We refer the reader to
Appendix C for further details on the model and for analyses of the sensitivity of the model to
change in parameter values.

The Yu-Yoon model presents some uncertainties in addition to those discussed earlier in
the context of particle size dependence of clearance rate. The Yu and Yoon report underwent
extensive peer review; we list below the most important among the model uncertainties discussed
by the review panel. The experimental data used by the Yu-Yoon model for adsorbed organics
used passively adsorbed radiolabeled compounds as surrogates for combustion-derived organics.

11/5/99 3-33 DRAFT—DO NOT CITE OR QUOTE



0o N OO W N =

N N NN NN DNDDNDDNODMDN = =2 = e = 2 = 2 a2
© 0 N O G Hp WN =2 O O 0N O O A W N = O

w
o

These compounds may adhere differently to the carbon core than those formed during
combustion. Yu and Yoon have estimated that slowly cleared organics represent 10% of the total
parficle mass; the actual figure could be substantially less; the reviewers estimate that the amount
of tightly bound organics is probably only 0.1% to 0.25% of the particle mass.

The model was based upon the experimental data of Strom et al. (1988) where
Fischer-344 rats were exposed to DPM at a concentration of 6.0 mg/m’ for 20 hours/day and 7
days/week for periods ranging from 3 to 84 days. Such exposurés lead to particle overload effects
in rats, whereas human exposure patterns are usually of muci: lower levels at which overload will
not occur. Secondly, human exposures are not likely to be continuous, but most likely over brief
periods of time. Parameters obfained by fitting to data under the conditions of the experimental
scenario for rats may not be optimal for the human exposure and concentration of interest.

The extrapolation of retained dose from rats to humans assumed that the macrophage-

mediated mechanical clearance of the DPM varies with the specific particulate dose to the

alveolar surface in the same proportion in humans and in rats, whereas clearance rates by
dissolution were assumed to be invariant across species. This assumption has not been validated.

3.5.3. Deposition of Organics

Using the data presented by Xu and Yu (1987), it is possible to calculate the total mass of
DPM, as well as the total organic mass and specific carcinogenic PAHs deposited in the lungs of
an individual exposed to DPM. For example, the annual deposition of DPM in the lungs of an
individual exposed continuously to 1 I,Lg/m3 DPM can be estimated to be about 420 pg.- About
0.7% of particle mass consists of PAHs (see Section 2.2.6.2, Chapter 2) for a total of 2.94 ug.
Of this amount, the deposited mass of nitro-polycyclic aromatic compounds based on data by
Campbell and Lee (1984) would equal 37 ng, while the deposited mass of 7 PAHs that tested
positive in cancer bioassays (U.S. EPA, 1993), and measured by Tong and Karasek (1984),
would range from 0.16 to 0.35 pg. While these amounts are very small, exposure concentrations
are often greater than 1 pg/m’, and deposition in humans can be expected to be concentrated at
limited sites, especially at the biturcations of the smalil bronchi.

3.6. BIOAVAILABILITY OF ORGANIC CONSTITUENTS PRESENT ON DIESEL
EXHAUST PARTICLES - |
Because it has been shown that DPM extract is not only mutagenic but also contains
known carcinogens, the organic fraction was criginally considered to be the primary source of
carcincgenicity in animal studies. Since then evidence has been nresented that carhon black,
lacking an organic component, is capable of inducing lung cancer at exposure concentrations
sufficient to induce lung particle overload. This suggested that the insoluble carbon core of the

particle may be of greater importance for the pathogenic and carcinogenic processes observed in
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the rat inhalation studies conducted at high exposure concentrations. (See Chapter 7 for a
discussion of this issue.) Nevertheless, because lung tumor induction was reported in
epidemiology studies at exposure levels unlikely to induce lung particle overload, it is reasonable
to assume that organic compounds play a role.

The bioavailability of toxic organic compounds adsorbed to particles can be influenced by
a variety of factors. Although the agent may be active while present on the particle, most
particles are taken up by AMs, a cell type not generally considered to be a target site. In order to
reach the target site, elution from the particle surface is necessary followed by diffusion and
uptake by the target cell. Metabolism to an active form by either the phagocytes or the target
cells is also required for activity of many of the compounds present.

3.6.1. In Vivo Studies
3.6.1.1. Laboratory Investigations

Several studies reported on the retention of particle-adsorbed organics following
administration to various rodent species. In studies reported by Sun et al. (1982, 1984) and Bond
et al. (1986), labeled organics were deposited on diesel particles following heating to vaporize
the organics originally present. Sun et al. (1982) conipared the disposition of either pure or
diesel particle-adsorbed benzo[a]pyrene B[a]P following nose-only inhalation by F344 rats.
About 50% of particle-adsorbed B[a]P was cleared with a half-time of 1h predominantly by
mucociliary clearance. The long-term retention of particle-adsorbed *H-B[a]P (18 days) was
approximately 230-fold greater than that for pure *H-B[a]P (Sun et al., 1982). At the end of
exposure, about 15% of the 3H label was found in blood, liver, and kidney. Similar results were
reported in a companion study by Bond et al. (1986), and by Sun et al. (1984) with another PAH,
l-nitropyrene, except retention half-time was 36 days.

Ball and King (1985) studied the disposition and metabolism of intratracheally instilled
1%C-labeled 1-NP (>99.9% purity) coated onto DPM. About 50% of the "C was excreted within
the first 24 h; 20% to 30% of this appeared in the urine, and 40% to 60% was excreted in the
feces. Traces of radiolabel were detected in the trachea and esophagus. Five percent to 12% of
the radiolabel in the lung co-purified with the protein fraction, indicating protein binding of the
1-NP-derived "“C. However, the corresponding DNA fraction contained no “C above
background levels.

Bevan and Ruggio (1991) assessed the bioavailability of B[a]P adsorbed to DPM from a
5.7-L Oldsmobile engine. In this study, exhaust particles containing 1.03 ug B[a]P/g particles
were supplemented with exogenous *H-B[a]P to provide 2.62 ug B[a]P/g of exhaust particles.
In vitro analysis indicated that the supplemented B[a]P eluted from the particles at the same rate
as the original B[a]P. Twenty-four hours after intratracheal instillation in Sprague-Dawley rats,
68.5% of the radiolabel remained in the lungs. This is approximately a 3.5-fold greater
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proportion than that reported by Sun et al. (1984), possibly because smaller amounts of B[a]P
adsorbed on the particles, resulting in stronger binding. At 3 days following administration, over
50% of the radioactivity remained in the lungs, nearly 30% had been excreted into the feces, and
the remainder was distributed throughout the body. Experiments using rats with cannulated bile
ducts showed that approximately 10% of the administered radioactivity appeared in the bile over
a 10-h period and that less than 5% of the radioactivity entered the feces via mucociliary
transport. Results of these studies showed that the retention of organics in the lungs is increased
considerably when organics are adsorbed to diesel particles. Because retention time is very short
following exposure to the pure compounds, it can be concluded that the increased retention time
is primarily the result of continued binding to the particles. The detection of labeled compounds
in blood, distant organs, urine, and bile as well as the trachea, however, provides evidence that at
least some of the organics are eluted from the particles following deposition in the lungs.

3.6.1.2. Studies in Occupationally Exposed Humans

DNA adduct induction in the lungs of experimental animals exposed to diesel exhaust ‘
have been measured in a number of animal experiments (see World Health Organization [1996]
for areview). Such studies, however, provide limited information regarding bioavailability of
organics, since positive results may well have been related to factors associated with lung particle
overload. In fact, Bond et al. (1990) reported that carbon black, which is virtually devoid of '
organics, is capable of inducing DNA adducts in rats at lung overload doses.

On the other hand, DNA adduct formation and/or mutations in blood cells following
exposure to DPM, especially at levels insufficient to induce lung overload, can be presumed to be
the result of organics diffusing into the blood. Hemminki et al. (1994) reported increased levels
of DNA adducts in lymphocytes of bus maintenance and truck terminal workers. Osterholm
et al. (1995) studied mutations at the hprt-locus of T-lymphocytes in bus maintenance workers.
Although they were unable to identify clearcut exposure-related differences in types of
mutations, adduct formation was significantly increased in the exposed workers. Nielsen et al.
(1996) reported significanily increased levels of iymphocyte DNA adducts, hydroxyvaline
adducts in hemoglobin, and i-hydroxypyrene in urine of garage workers exposed to diesel
exhaust.

3.6.2. In Viiro Stadies
3.6.2.1. Extraction of Diesel Particle-Associated Organics by Biological Fluids

In vitro extraction of organics in biological fluids can be estimated by measurement of
mutagenic activity. Using this approach, Brooks et al. (1981) reported extraction efficiencies of
only 3% to 10 % that of dichloromethane following DPM incubation in lavage fluid, serum,
saline, albumin, dipalmitoyl lecithin, or dichloromethane. Moreover, extraction efficiency did
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not increase with incubation time up to 120 h. Similar findings were reported by King et al.
(1981). In the latter study, lung lavage fluid and lung cytosol fluid extracts of DPM were not
mutagenic. Serum extracts of DPM did exhibit some mutagenic activity, but considerably less
than that for organic solvent extracts. Furthermore, the mutagenic activity of the solvent extract
was significantly reduced when combined with serum or lung cytosol fluid, suggesting protein
binding or biotransformation of the mutagenic components. Siak et al. (1980) assessed the
mutagenicity of material extracted from DPM by bovine serum albumin in solution, simulated
lung surfactant, fetal calf serum (FCS), and physiologic saline. Only FCS was found to extract
some mutagenic activity from the DPM.

Despite the apparent inability of biological fluids to extract organics in vitro, their
effectiveness in vivo remains equivocal because of differing conditions. Extracellular lung fluid
is a complex mixture of constituents that undoubtedly have a broad range of hydrophobicity
(George and Hook, 1984; Wright and Clements, 1987), and it fundamentally differs from serum
in terms of chemical composition (Gurley et al., 1988). Moreover, assessments of the ability of
lavage fluids, which actually represent substantially diluted extracellular lung fluid, to extract
mutagenic activity from DPM clearly do not reflect the in vivo condition. Finally, except under
very high exposure concentrations, few particles escape phagocytosis and possible intracellular
extraction.

3.6.2.2. Extraction of Diesel Particle-Associated Organics by Lung Cells and Cellular
Components

A more likely means by which organic carcinogens (e.g., PAHs) may be extracted from
DPM and metabolized in the lung is either particle dissolution or extraction of organics from the
particle surface within the phagolysosomes of AMs and other lung cells. This mechanism
presupposes that the particles are internalized. Specific details about the physicochemical
conditions of the intraphagolysosomal environment, where particle dissolution in AMs
presumably occurs in vivo, have not been well characterized. However, it is known that the
phagolysosomes constitute an acidic (pH 4 to 5) compartment in macrophages (Nilsen et al.,
1988; Ohkuma and Poole, 1978). The relatively low pH in the phagolysosomes has been
associated with the dissolution of some types of inorganic particles (some metals) by
macrophages (Marafante et al., 1987; Lundborg et al., 1984), but few studies provide quantitative
information concerning how organic constituents of DPM (e.g., B[a]P) may be extracted in the
phagolysosomes (Bond et al., 1983). "Whatever the mechanism, assuming elution occurs, the end
result is a prolonged exposure of the respiratory epithelium to low concentrations of carciriogenic
agents. .
Early studies by King et al. (1981) found that when pulmonary alveolar macrophages
were incubated with DPM, amounts of organic compounds and mutagenic activity decreased
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measurably from the amount originally associated with the particles, suggesting that organics
were removed from the phagocytized particles. Leung et al. (1988) studied the ability of rat lung
and liver microsomes to facilitate transfer and metabolism of B[a]P from diesel particles. '*C-
B[a]P coated diesel particles, previously extracted to remove the original organics present, were
incubated with liver or lung microsomes. About 3% of the particle adsorbed B[a]P was
transferred to the lung microsomes within 2 h. Of this amount about 1.5% was metabolized, for
a total of about 0.05% of the B[a]P adsorbed to the DPM. While transformation is slow, because
of long retention half-lives of particles in humans the fraction: eluted and metabolized may well
be significant.

In analyzing phagolysosomal dissolution of various ions from particles in the lungs of
Syrian golden hamsters, however, Godleski et al. (1988) demonstrated that solubilization did not
necessarily result in clearance of the ions and that binding of the solubilized components to
cellular and extracellular structures occurred. It is reasonable to assume that phagocytized DPM
particles may be subject to similar processes and that these processes would be important in
determining the rate of bioavailability of the particle-bound constituents of DPM.

3.6.3. Modeling Studies

Gerde et al. (1991a,b) described a model simulating the effect of particle aggregation and
PAH content on the rate of PAH release in the lung. According to this model, particle
aggregation will occur with high exposure concentrations, resulting in a slow release of PAHs

with prolonged exposure to surrounding tissues. However, large aggregates of inert dust are

~ unlikely to form at doses typical of human exposures. Inhaled particles, at low concentrations,

are more likely to deposit and react with surrounding lung medium without interference from
other particles. The model predicts that, under low-dose exposure conditions more typical in
humans, particle-associated organics will be released more rapidly from the particles because
they are not aggregated. Sustained exposure of target tissues to PAHs will result from repeated
exposures, not from increased retention due to association of PAHs with carrier particles. This
distinction is important because at iow doses PALI exposure and lung tumor formation should
occur at sites of deposition rather than reteniion as occurs with high doscs.

The site of release of PAHs influences effective dose to the lungs because, as noted
previously, at least some free organic compounds such as B[a]P deposited in the lungs are
rapidly absorbed into the bloodstream. Gerde ct al. (1991b) predicted lipephilic PAHs would be
retained in the alveoli less than 1 min, whereas they may be retained for hours in the bronchi.
These predictions were based on an average diffusion distance to capillaries of only about 0.5 pm
in the alveoli, whereas in the bronchi it probably exceeds 50 pm. An experimental study by
Gerde et al. (1999) provided support for this prediction. Beagle dogs were exposed to *H-B[a]P
adsorbed on the carbonaceous core of diesel particles at a concentration of 15 ug B[a]P/gm
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particles. A rapidly eluting fraction from particles deposited in the alveoli was adsorbed into the
bloodstream and metabolized in the liver. The rapidly eluting fraction from particles deposited in
the conducting airways, however, was to a large extent retained and metabolized in airway
epithelium. .

Nikula et al. (1997) reported that 52% of DPM deposited in the lungs of Cynomolgus
monkeys chronically inhaling diesel exhaust were found in the interstitium of small airways,
compared with 27% in rats (Nikula et al., 1997). This is primarily due to a lack of respiratory
bronchioles in the rat. Because lung structure is similar in monkeys and humans, a significantly
greater percentage of DPM matter can be predicted to deposit in small airway branches of
humans. Overall, bioavailability of organics in humans is expected to be greatest at bifurcations
of small airways because they are a major site of particle deposition, have a longer residence time

for eluted organics in airways than alveoli, allow time for uptake and metabolism by airway

epithelium, and predict more répid elution from particles at ambient exposure concentrations.
Overall, the results of studies presented in Section 3.6 provide evidence that at least some
of the organic matter adsorbed to DPM deposited in the lungs is eluted. However, the percentage
taken up and metabolized to an active form by target cells is uncertain. Organics eluted from
particles deposited in alveoli are likely to rapidly enter the bloodstream and pose little risk for
induction of lung pathology and/or cancer. Risk of harmful effects for particles deposited in the
small airways is predicted to be greater because solubilized organic compounds will be retained
longer, allowing for metabolism by epithelial cells lining the airways. Since the deposition in
small airways occurs primarily at bifurcations, localized higher concentrations will occur. At
present, unfortunately, the available data are insufficient to accurately model the
effective dose of organics in the respiratory tract of humans or animals exposed to diesel exhaust,
especially at specific target sites such as small airway branchings.

3.7. SUMMARY _

~ The most consistent historical measure of dose for diesel emissions is DPM in units of pg
particles/m®. With the assumption that all components of diesel emissions (e.g., organics in the
form of volatilized liquids or gases) are present in proportion to the DPM mass, DPM can be
used as the basic dosimeter for effects from various scenarios including acute and chronic
exposures, as well as for different endpoints such as irritation, fibrosis, of even cancer. There is,
however, little evidence currently available to prove or refute DPM as being the most appropriate
dosimeter.

The. DPM dose to the tissue is related to the extent of the deposition and clearance of

DPM. Diesel exhaust particles may deposit throughout the respiratory tract via sedimentation or
diffusion, with the latter being prevalent in the alveolar region. Particles that deposit upon

airway surfaces may be cleared from the respiratory tract completely or may be translocated to
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other sites by regionally distinct processes that can be categorized as either absorptive (i.e.,
dissolution) or nonabsorptive (i.e., transport of intact particles via mucociliary transport). With
insoluble or poorly soluble particles such as DPM, clearance by dissolution is insignificant
compared to the rate of clearance as an intact particle. Another mechanism that can affect
retention of DPM is endocytosis by alveolar lining cells that, in turn, can lead to the
accumulation of DPM in the interstitial compartmeht of the lung and subsequent translocation of
DPM to lymph nodes. For poorly soluble particles such as DPM, species-dependent rate
constants exist for the various clearance pathways that can bc modified by factors such as
respiratory tract disease.

In rats, prolonged exposure to high particle concentrations may be associated with what is
termed particle overload. This condition is defined as the overwhelming of macrophage-
mediated clearance by the deposition of particles at a rate exceeding the capacity of that
clearance pathway, occurring in rats when deposition approaches 1 mg particles/g lung tissue.
The relevance of lung overload to humans, and even to species other than laboratory rats and
mice, is problematic. Relevance to humans is further clouded by the suggestion that
macrophage-mediated clearance is normally slower and perhaps less important in humans than in
rats. Whereas such clearance is likely to be of little relevance for most “real-world” ambient
exposures of humans, it is of concern in interpreting some long-term experimental exposure data
and perhaps for some human occupational exposures.

Extrapolation of toxicological results from laboratory animals to humans to obtain an
HEC requires the use of a dosimetry model incorporating critical aspects of both species that
include (1) the deposition of DPM in various regions of the respiratory tract, and (2) the transport
and clearance of the particles from their deposited sites. Review and evaluation of the models
available led to the choice of the Yu and Yoon (1990) model. This model has a three-
compartment lung consisting of tracheobronchial, alveolar, and lymph node compartments and,
in addition, considers filtration by a nasopharyngeal or head compartment. Absorption by the
blood and gastrointestinal compartments was also considered. In addition, the model treats DPM
as being composed of the insoluble carbonaceous core, slowly cleared organics, and fast-cleared
organics. Major assumptions made in this model include that transport rates of organics in DPM
do not change across species and that the transport rate of the carbonaceous core is species
dependent such that the clearance varies with specific dose to the alveolar surface in the same
proportion in humans and in rats. This model was used to project HECs from concentrations
used in experimental animal exposures. Use of HECs partially obviates the need for an animal-
to-human uncertainty factor, as explained in Chapter 9.

The degree of bioavailability of the organic fraction of DPM is still somewhat uncertain.
However, reports of DNA induction in occupationally exposed workers as well as results of

animal studies using radiolabeled organics deposited on diesel particles indicate that at least a
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fraction of the organics present are eluted prior to particle clearance. In addition, data have been
presented indicating that a greater percentage of diesel particles are deposited in the branching of
small airways of laboratory primates, and presumably of humans, than in those of rats. -
Carcinogenic organics eluted in this region remain in the lung long enough to be metabolized to
an active form, Some of the toxicologically significant compounds, however, do not require
metabolic activation. While adequate quantitative data are lacking, they do suggest the likely

involvement of particle-associated organics in the carcinogenic process.
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4. MUTAGENICITY OF DIESEL EXHAUST

Since 1978, more than 100 publications have appeared in which genotoxicity assays were
used with diesel emissions, volatile and particulate fractions (including extracts), or individual
chemicals found in diesel emissions. Although most of the.studies deal with whether particulate

. extracts from diesel emissions possess mutagenic activity in microbial and mammalian cell

assays, a number of studies in recent years have employed bioassays (most commonly
Salmonella TA98 without S9) to evaluate (1) extraction procedures, (2) fuel modifications, (3)
bioavailability of chemicals from diesel particulate matter (DPM), and (4) exhaust filters or other
modifications and other variables associated with diesel emissions. As indicated in Chapter 2,
the number of chemicals in diesel emissions is very large. Many of these (e.g. PAHSs and nitro-
PAHs) have been determined to exhibit mutagenic activity in a variety of assay systems.
Because of the limited and uncertain role of the individual chemicals in either the cancer or .
noncancer effects of diesel emissions, discussion of those data are not included. Also, several
review articles, some containing more detailed descriptions of the available studies, are available
(International Agency for Research on Cancer, 1989) (Claxton, 1983; Pepelko and Peirano,
1983; Shirnamé-Moré, 1995). The proceedings of several symposia on the health effects of
diesel emissions (U.S. EPA, 1980; Lewtas, 1982; Ishinishi et al., 1986) are also available. An
understanding of diesel exhaust mutagenicity is important to the cancer health effects and dose-
response chapters, Chapters 7 and 8, respectively. '

4.1. GENE MUTATIONS .

Huisingh et al. (1978) demonstrated that dichloromethane extracts from DPM were
mutagenic in strains TA1537, TA1538, TA98, and TA100 of S. fyphimurium, both with and
without rat liver S9 activation. This report contained data from several fractions as well as DPM
from different vehicles and fuels. Similar results with diesel extracts from various engines and
fuels have been reported by a number of investigators using the Salmonella frameshift-sensitive
strains TA1537, TA1538, and TA98 (Siak et al., 1981; Claxton, 1981; Dukovich et al., 1981;
Brooks et al., 1984). Similarly, mutagenic activity was observed in Salmonella forward mutation
assays measuring 8-azaguanine resistance (Claxton and Kohan, 1981) and in E. coli mutation
assays (Lewtas, 1983).

One approach to identifying significant mutagens in chemically complex environmental
samples such as diesel exhaust or ambient particulate extracts is the combination of short-term
bioassays with chemical fractionation (Scheutzle and Lewtas, 1986). The analysis is most
frequently carried out by sequential extraction with increasingly polar or binary solvents.
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Prefractionation by silica-column chromatography separates compounds by polarity or into
acidic, basic, and neutral fractions. The resulting fractions are too complex to characterize by
chemical methods, but the bioassay analysis can be used to determine fractions for further
analysis. In most applications of this concept, Salmonella strain TA98 without the addition of S9 .
has been used as the indicator for mutagenic activity. Generally, a variety of nitrated polynuclear
aromatic compounds have been found that account for a substantial portion of the mutagenicity
(Liberti et al., 1984; Schuetzle and Frazer, 1986; Schuetzle and Perez, 1983). However, not all
bacterial mutagenicity has been identified in this way, and the identity of the remainder of the
mutagenic compounds remains unknown. The nitrated aromatics thus far identified in diesel
exhaust were the subject of review in the JARC monograph on diesel exhaust (International
Agency for Research on Cancer, 1989). In addition to the simple qualitative identification of
mutagenic chemicals, several investigators have used numerical data to express mutagenic
activity as activity per distance driven or mass of fuel consumed. These types of calculations
have been the basis for estimates that the nitroarenes (both mono- and dinitropyrenes) contribute
a significant amount of the total mutagenic activity of the whole extract (Nishioka et al., 1982;
Salmeen et al., 1982; Nakagawa et al., 1983). In a 1983 review, Claxton discussed a number of
factors that affected the mutagenic response in Salmonella assays. Citing the data from the
Huisingh et al. (1978) study, the author noted that the mutagenic response could vary by a factor
of 100 using different fuels in a single diesel engine. More recently, Crebelli et al. (1995) used
Salmonella to examine the effects of different fuel components. They reported that while
mutagenicity was highly dependent on aromatic content, especially di- or triaromatics, there was
no clear effect of sulfur content. Later, Sjégren et al. (1996), using multivariate statistical ‘
methods with 10 diesel fuels, concluded that the most influential chemical factors in Salmonella
mutagenicity were sulfur contents, certain polycyclic aromatic hydrocarbons (PAHs) (1-
nitropyrene), and naphthenes.

Matsushita et al. (1986) tested particle-free diesel exhaust gas and a number of benzene
gasy. 1ue paruicic-Niee exuausi gas was posiuve in o 1A100 and TAZS, but ciny witiacut S
activation. Of the 94 nitrobenzene derivatives tested, 61 were mutagenic, and the majority
showed greatest activity in TA100 without S9. Twenty-eight of 50 PAHs tested were mutagenic,
all required the addition of S9 for detection, and most appeared to show a stronger response in
TA100. When 1,6-dinitropyrene was mixed with various PAHs or an extract of heavy-duty (HD)
diesel exhaust, the mutagenic activity in TA98 was greatly reduced when S9 was absent but was
increased significantly when S9 was present. These latter results suggested that caution should
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be used in estimating mutagenicity (or other toxic effects) of complex mixtures from the specific
activity of individual components.

Mitchell et al. (1981) reported mutagenic activity of DPM extracts of diesel emissions in
the mouse lymphoma L5178Y mutation assay. Positive results were seen both with and without
S9 activation in extracts from several different vehicles, with mutagenic activity only slightly
lower in the presence of S9. These findings have been confirmed in a number of other
mammalian cell systems using several different genetic markers. Casto et al. (1981), Chescheir
etal. (1981), Li and Royer (1982), and Brooks et al. (1984) ail reported positive responses at the
HGPRT locus in Chinese hamster ovary (CHO) cells. Morimoto et al. (1986) used the APRT
and Oua' loci in CHO cells; Curren et al. (1981) used Oua’ in BALB/c 3T3 cells. In all of these
studies, mutagenic activity was observed without S9 activation. Liber et al. (1981) used the
thymidine kinase (TK) locus in the TK6 human lymphoblast cell line and observed induced
mutagenesis only in the presence of rat liver S9 when testing a methylene chloride extract of
diesel exhaust. Barfknecht et al. (1982) also used the TK6 assay to identify some of the
chemicals responsible for this activation-dependent mutagenicity. They suggested that
fluoranthene, 1-methylphenanthrene, and 9-methylphenanthrene could account for more than
40% of the observed activity.

Morimoto et al. (1986) injected DPM extracts (250 to 4000 mg/kg) into pregnant Syrian
hamsters and measured mutations at the APRT locus in embryo cells cultivated 11 days after i.p.
injection. Neutral fractions from both light-duty (LD) and HD tar samples resulted in increased
mutation frequency at 2000 and 4000 mg/kg. Belisario et al. (1984) applied the Ames test to
urine from Sprague-Dawley rats exposed to single applications of DPM administered by gastric
intubation, i.p. injection, or s.c. gelatin capsules. In all cases, dose-related increases were seen in
TA98 (without and with S9) from urine concentrates taken 24 h after particle administration.
Urine from Swiss mice exposed by inhalation to filtered exhaust (particle concentration 6 to 7
mg/m?3) for 7 weeks (Pereira et al., 1981a) or Fischer 344 rats exposed to DPM (2 mg/m?®) for 3
months to 2 years was negative in Salmonella strains. |

Schuler and Niemeier (1981) exposed Drosophila males in a stainless steel chamber
connected to the 3 m® chamber used for the chronic animal studies at EPA (see Hinners et al.,
1980 for details). Flies were exposed for 8 h and mated to untreated females 2 days later.
Although the frequency of sex-linked recessive lethals from treated males was not different from
that of controls, the limited sample size precluded detecting less than a threefold increase over
controls. The authors noted that, because there were no signs of toxicity, the flies might tolerate

exposures to higher concentrations for longer time periods.
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Driscoll et al. (1996) exposed Fischer 344 male rats to aerosols of carbon black (1.1, 7.1,
and 52.8 mg/m°) or air for 13 weeks (6 h/day, 5 days/week) and measured hprt mutations in
alveolar type II cells in animals immediately after exposure and at 12 and 32 weeks after the end
of exposure. Both the two higher concentrations resulted in significant increases in mutant
frequency. While the mutant frequency from the 7.1 mg/m’ group returned to control levels by
12 weeks, the mutant frequency of the high exposure group was still higher than controls even
after 32 weeks. Carbon black particles have very little adsorbed PAHs, hence a direct
chemically-induced mechanism is highly unlikely. The authors suggested that the likely
explanation for the observed increases was persistent pulmonary inflamation and hyperplasia.

Specific-locus mutations were not induced in (C3H x 101)F, male mice exposed to diesel
exhaust 8 h/day, 7 days/week for either 5 or 10 weeks (Russell et al., 1980). The exhaust was a
1:18 dilution and the average particle concentration was 6 mg/m?®. After exposure, males were
mated to T-stock females and matings continued for the reproductive life of the males. The
results were unequivocally negative; no mutants were detected in 10,635 progeny derived from
postspermatogonial cells or in 27,917 progeny derived from spermatogonial cells.

Hou et al. (1995) measured DNA adducts and Aprt mutations in 47 bus maintenance
workers and 22 control individuals. All were nonsmoking men from garages in the Stockholm
area and the exposed group consisted of 16 garage workers, 25 mechanics, and 6 other garage
workers. There were no exposure data, but the three groups were considered to be of higher to
lower exposure to diesel engine exhaust. Levels of DNA adducts determined by **P-postlabeling
were significantly higher in workers than in controls (3.2 versus 2.3 x 10, but Aprt mutant
frequencies were not different (8.6 versus 8.4 x 10°). Both adduct level and mutagenicity were
highest among the 16 most exposed workers and mutant frequency was significantly correlated
with adduct level. All individuals were genotyped for glutaﬂﬁone transferase GSTM1 and
aromatic amino transferase NAT2 polymorphism. Neither GSTMI1 nulls nor NAT2 slow
acetylators exhibited effects on either DNA adducts or Aprt mutant frequencies.

4.2. CHROMOSOME EFFECTS

Mitchell et al. (1981) and Brooks et al. (1984) reported increases in sister chromatid
exchanges (SCE) in CHO cells exposed to DPM extracts of emissions from both LD and HD
diesel engines. Morimoto et al. (1986) observed increased SCE from both LD and HD DPM
extracts in PAH-stimulated human lymphocyte cultures. Tucker et al. (1986) exposed human
peripheral lympbocyte cultures from four donors to direct diesel exbaust for up to 3 b. Exhaust
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Samples were taken at 16, 48, and 160 min of exposure. Cell cycle delay was observed in all
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cultures; significantly increased SCE levels were reported for two of the four cultures. Structural
chromosome aberrations were induced in CHO cells by DPM extracts from a Nissan diesel
engine (Lewtas, 1983) but not by similar extracts from an Oldsmobile diesel engine (Brooks et
al., 1984).

Gu et al. (1992) reported that DEP dispersed in an aqueous mixture containing
dipalmitoy! lecithin (DPL), a component of pulmonary surfactant or extracted with
dichloromethane (DCM) induced similar responses in micronucleus tests in Chinese hamster
V79 and CHO cell cultures. After the samples were separated into supernatant and sediment
fractions, mutagenic activity was confined to the sediment fraction of the DPL sample and the
supernatant of the DCM sample. These findings suggest that the mutagenic activity of DEP
inhaled into the lungs could be made bioavailable through solubilization and dispersion nature of

.pulmonary surfactants, but the application of these in vitro findings to conditions in the human

lung remains to be studied.

Pereira et al. (1981a) exposed female Swiss mice to diesel exhaust 8 h/day, 5 days/week
for 1, 3, and 7 weeks. The incidence of micronuclei and structural aberrations was similar in
bone marrow cells of both control and exposed mice. Increased incidences of micronuclei, but
not SCE, were observed in bone marrow cells of male Chinese hamsters after 6 months of

exposure to diesel exhaust (Pereira et al., 1981b).

Guerrero et al. (1981) observed a linear concentration-related increase in SCE in lung
cells cultured after intratracheal instillation of DPM at doses up to 20 mg/hamster. However,
they did not observe any increase in SCE after 3 months of inhalation exposure to diesel exhaust
particles (6 mg/m?). .

Pereira et al. (1982) measured SCE in embryonic liver cells of Syrian hamsters. Pregnant
females were exposed to diesel exhaust (containing about 12 mg/m? particles) from days 5 to 13
of gestation or injected intraperitoneally with diesel particles or particle extracts on gestational
day 13 (18 h before sacrifice). Neither the incidence of SCE nor mitotic index was affected by
exposure to diesel exhaust. The injection of DPM extracts, but not DPM, resulted in a dose-
related increase in SCE; however, the toxicity of the DPM was about twofold greater than the
DPM extract.

In the only studies with mammalian germ cells, Russell et al. (1980) reported no increase
in either dominant lethals or heritable translocations in males of T-stock mice exposed by
inhalation to diesel emissions. In the dominant lethal test, T-stock males were exposed for 7.5
weeks and immediately mated to females of different genetic backgrounds (T-stock; [C3H x
101]; [C3H x C57BL/6]; [SEC x C57BL/6]). There were no differences from controls in any of
the parameters measured in this assay. For heritable tranS‘locaﬁon analysis, T-stock males were
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exposed for 4.5 weeks and mated to (SEC x C57BL/6) females, and the F, males were tested for
the presence of heritable translocations. Although no translocations were detected among 358
progeny tested, the historical control incidence is less than 1/1,000. ‘

4.3. OTHER GENOTOXIC EFFECTS

Pereira et al. (1981b) exposed male strain A mice to diesel exhaust emissions for 31 or 39
weeks using the same exposure regimen noted in the previous section. Analyses of caudal sperm
for sperm-head abnormalities were conducted independently in three separate laboratories.
Although the incidence of sperm abnormalities was not significantly above controls in any of the
three laboratories, there were extremely large differences in scoring (control values were 9.2%,
14.9%, and 27.8% in the three labqratories). Conversely, male Chinese hamsters exposed for 6
months (Pereira et al., 1981c) exhibited almost a threefold increase in sperm-head abnormalities.
It is noted that the control incidence in the Chinese hamsters was less than 0.5%. Hence, it is not
clear whether the differing responses reflect true species differences or experimental artifacts.

4.4. SUMMARY

Extensive studies with Salmonella have unequivocally demonstrated mutagenic activity
in both particulate and gaseous fractions of diesel exhaust. In most of the studies using
Salmonella, DPM extracts and individual nitropyrenes exhibited the strongest responses in strain
TA98 when no exogenous activation was provided. Gaseous fractions reportedly showed greater
response in TA100, whereas benzo[a]pyrene and other unsubstituted PAHs are mutagenic only in
the presence of S9 fractions. The induction of gene mutations has been reported in several in
vitro mammalian cell lines after exposure to extracts of DPM. Note that only the TK6 human
cell line did not give a positive response to DPM extracts in the absence of S9 activation.
Mutagenic activity was recovered in urine from animals treated with DPM by gastric intubation
and i.p. and s.c. implants, but not by inhalation of DPM or diluted diesel exhaust. Dilutions of
whoie diesei exhaust did not induce sex-linked recessive lethals in Drosophila or specific-locus
mutations in male mouse germ cells.

Structural chromosome aberrations and SCE in mammalian cells have been induced by
particles and extracts. Whole exhaust induced micronuclei but not SCE or structural aberrations
in bone marrow of male Chinese hamsters exposed to whole diesel emissions for 6 months. In a
shorter exposure (7 weeks), neither micronuclei nor structural aberrations were increased in bone
marrow of female Swiss mice. Likewise, whole diesel exhaust did not induce dominant lethais

or heritable translocations in male mice exposed for 7.5 and 4.5 weeks, respectiveliy.
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Application of mutagenicity data to the question of the potential carcinogenicity of diesel
emissions is based on the premise that genetic alterations are found in all canéers and that several
of the chemicals found in diesel emissions possess mutagenic activity in a variety of genetic
assays. These genetic alterations can be produce by gene mutations, deletions, translocations,
aneuploidy, or amplification of genes, hence no single genotoxicity assay should be expected to
either qualitatively or quantitatively predict rodent carcinogenicity. With diesel emissions or
other mixtures, additional complications arise because of the complexity of the material being
tested. Exercises that combined the Salmonella mutagenic potency with the total concentration
of mutagenic chemicals deposited in the lungs could not account for the observed tumor
incidence in exposed rats (Rosenkranz, 1993,Goldstein, et al. 1998). Additionally, it appears that
the some of constituents responsible for the mutational increases observed in bacteria are
different from those responsible for the observed increases in CHO cells (Li and Dutcher, 1983)
or in human hepatoma-derived cells (Eddy et al., 1986).
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5. NONCANCER HEALTH EFFECTS OF DIESEL EXHAUST

The objective of this chapter is to report, evaluate, and interpret healith effects other than
cancer that have been associated with inhalation exposure to diesel exhaust. Data on this class of
health effects of diesel exhaust have been obtained from diverse human, laboratory animal, and
in vitro test systems. The human studies comprise both occupational and human experimental
exposures, the former consisting of exposure to diesel exhaust in the occupational environment
and the latter consisting of exposure to diluted diesel exhaust or diesel particulate matter (DPM)
under controlled conditions. The laboratory animal studies consist of both acute and chronic
exposures of laboratory animals to diesel exhaust or DPM. Diverse in vitro test systems
composed of human and laboratory animal cells treated with DPM or components of DPM have
also been used to investigate the effects of DPM at the cellular and molecular levels.

The noncancer health effects of ambient particulate matter, which is composed in part of DPM,
as well as the potential mechanisms underlying these effects, have been reviewed previously
(Health Effects Institute, 1995; U.S. EPA, 1996).

5.1. HEALTH EFFECTS OF WHOLE DIESEL EXHAUST
5.1.1. Human Studies
5.1.1.1. Short-Term Exposures

In a controlled human study, Rudell et al. (1990, 1994) exposed eight healthy subjects in
an exposure chamber to diluted exhaust from a diesel engine for one hour, with intermittent
exercise. Dilution of the diesel exhaust was controlled to provide a median NO, level of
approximately 1.6 ppm. Median particle number was 4.3 x 10%/cm?, and median levels of NO
and CO were 3.7 and 27 ppm, respectively (particle size and mass concentration were not
provided). There were no effects on spirometry or on closing volume using nitrogen washout.
Five of eight subjects experienced unpleasant smell, eye irritation, and nasal irritation during
exposure. Brochoalveolar lavage was preformed 18 hours after exposure and was compared with
a control BAL performed 3 weeks prior to exposure. There was no control air exposure. Small
but statistically significant reductions were seen in BAL mast cells, AM phagocytosis of
opsonized yeast particles, and lymphocyte CD4/CD8 ratios. A small increase in recovery of
PMNs was also observed. These findings suggest that diesel exhaust may induce mild airway
inflammation in the absence of spirometric changes. This study provides an intriguing glimpse
of the effect of diesel exhaust exposure in humans, but only one exposure level was used, the
number of subjects was low, and a limited range of endpoints was reported, so the data are
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inadequate to generalize about the human response. To date, no well-controlled chamber study
has been conducted using methodologies for assessing subtle lung inflammatory reactions.

Rudell et al. (1996) exposed volunteers to diesel exhaust for 1 h in an exposure chamber.
Light work on a bicycle ergometer was performed during exposure. Exposures included either
diesel exhaust or exhaust with particle numbers reduced 46% by a particle trap. The engine used
was a new Volvo model 1990, a six-cylinder direct-injection turbo charged diesel with an
intercooler, which was run at a steady speed of 900 rpm during the exposures. Comparison of
this study with others was difficult because neither exhaust dilution ratios nor particle
concentrations were reported. Carbon monoxide concentrations of 27-30 ppm and NO of
2.6-2.7 ppm, however, suggested DPM concentrations may have equaled several mg/m®. The
most prominent symptoms during exposure were irritation of the eyes and nose and an
unpleasant smell. Both airway resistance and specific airway resistance increased significantly
during the exposures. Despite the 46% reduction in particle numbers by the trap, effects on
symptoms and lung function were not significantly attenuated.

Kahn et al. (1988) reported the occurrence of 13 cases of acute overexposure to diesel
exhaust among Utah and Colorado coal miners. Twelve miners had symptoms of mucous
membrane irritation, headache, and lightheadedness. Eight individuals reported nausea; four
reported a sensation of unreality; four reported heartburn; three reported weakness, numbness,
and tingling in their extremities; three reported vomiting; two reported chest tightness; and two
others reported wheezing. Each miner lost time from work because of these symptoms, which
resolved within 24 to 48 h. No air monitoring data were presented; poor work practices were
described as the predisposing conditions for overexposure.

'El Batawi and Noweir (1966) reported that among 161 workers from two garages where
diesel-powered buses were serviced and repaired, 42% complained of eye irritation, 37% of
headaches, 30% of dizziness, 19% of throat irritation, and 11% of cough and phlegm. Ranges of
mean concentrations of diesel exhaust components in the two diesel bus garages were as follows:
0.4 to 1.4 ppm NG,, 0.13 10 0.81 ppin SC,, 0.6 to 44.1 ppm aldehydes, and 1.34 t0 4,51 ma/m’ of
DPM; the highest concentrations wers obtaired close to the exhanst systems of the buses.

Eye irritation was reported by Battigelli (1965) in six subjects after 40 s of chamber
exposure to diluted diesel exhaust containing 4.2 ppm NO,, 1 ppm SO,, 55 ppm CO, 3.2 ppm
total hydrocarbons, and 1 to 2 ppm total aldehydes; after 3 mih and 20 s of exposure to diluted
diesel exhaust containing 2.8 ppm NO,, 0.5 ppm SO,, 30 ppm CO, 2.5 ppm total hydrocarbons,
and <1 to 2 ppm total aidehydes; and afier 6 mn of exposure to diluted diesel exhaust containing
1.3 ppm NO,, V.2 ppm SU,, <20 ppm CU, <2.0 ppm ivial hydrocaroons, and <1.0 ppii ioial

aldehydes. The concentration of DPM was not reported.
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Katz et al. (1960) described the experience of 14 chemists and their assistants monitoring
the environment of a train tunnel used by diesel-powered locomotives. Although workers
complained on three occasions of minor eye and throat irritation, no correlation was established
with concentrations of any particular component of diesel exhaust.

The role of antioxidant defenses in protecting against acute diesel exhaust exposure has
been studied. Blomberg et al. (1998) investigated changes in the antioxidant defense network
within the respiratory tract lining fluids of human subjects following diesel exhaust exposure.
Fifteen healthy, nonsmoking, asymptomatic subjects were exposed to filtered air or diesel
exhaust (DPM 300 mg/m?) for 1 hr on two separate occasions at least three weeks apart. Nasal
lavage fluid and blood samples were collected prior to, ifnmediately after, and 5 2 hr post
exposure. Bronchoscopy was performed 6 hr after the end of diesel exhaust exposure. Nasal
lavage ascorbic acid concentration increased 10-fold during diesel exhaust exposure, but returned
to basal levels 5.5 hr post-exposure. Diesel exhaust had no significant effects on nasal lavage
uric acid or GSH concentrations, and did not affect plasma, bronchial wash, or bronchoalveolar
lavage antioxidant concentrations, nor malondialdehyde or protein carbonyl concentrations. The
authors concluded that the physiological response to acute diesel exhaust exposure is an acute
increase in the level of ascorbic acid in the nasal cavity, which appears to be sufficient to prevent
further oxidant stress in the respiratory tract of healthy individuals.

5.1.1.1.1. Diesel exhaust odor. The odor of diesel exhaust is considered by most people to be
objeétionable; at high intensities, it may produce sufficient physiological and psychological
effects to warrant concern for public health. The intensity of the odor of diesel exhaust is an
exponential function of its concentration such that a tenfold change in the concentration will alter
the intensity of the odor by one unit. Two human panel fating scales have been used to measure
diesel exhaust odor intensity. In the first (Turk, 1967), combinations of odorous materials were
selected to simulate diesel exhaust odor; a set of 12 mixtures, each having twice the
concentration of that of the previous mixture, is the basis of the diesel odor intensity scale (D-
scale). The second method is the TIA (total intensity of aroma) scale based on seven steps,
ranging from 0 to 3, with 0 being undetectable, 'z very slight, and 1 slight and increasing in one-
half units up to 3, strong (Odor Panel of the CRC-APRAC Program Group on Composition of
Diesel Exhaust, 1979; Levins, 1981). .
Surveys, utilizing volunteer panelists, have been taken to evaluate the general public’s
response to the odor of diesel exhaust. Hare and Springer (1971) and Hare et al. (1974) found
that at a D rating of about 2 (TIA = 0.9, slight odor intensity), about 90% of the participants
perceived the odor, and almost 60% found it objectionable. At a D rating of 3.2 (TIA =1.2,
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slight to moderate odor intensity), about 95% perceived the odor, and 75% objected to it, and, at
a D rating of 5 (TIA = 1.8, almost moderate), about 95% objected to it.

Linnell and Scott (1962) reported odor threshold measurement in six subjects and found
that the dilution factor needed to reach the threshold ranged from 140 to 475 for this small
sample of people. At these dilutions, the concentrations of formaldehyde ranged from 0.012 to
0.088 ppm.

5.1.1.1.2. Pulmonary and respiratory effects. Battigelli (1955) exposed 13 volunteers to three
dilutions of diesel exhaust obtained from a one-cylinder, four-cycle, 7-hp diesel engine (fuel type
unspecified) and found that 15-min to 1-h exposures had no significant effects on pulmonary
resistance. Pulmonary resistance was measured by plethysmography utilizing the simultaneous
recording of esophageal pressure and airflow determined by electrical differentiation of the
volume signal from a spirometer. The concentration of the constituents in the three diluted
exhausts were 1.3, 2.8, and 6.2 ppm NO,; 0.2, 0.5, and 1 ppm SO,; <20, 30, and 55 ppm CO; and
<1.0, <1 to 2, and 1 to 2 ppm total aldehydes, reépectively. DPM concentrations were not
reported.

A number of studies have evaluated changes in pulmonary function occurring over a
workshift in workers occupationally exposed to diesel exhaust (specific time period not always
reported but assumed to be 8 h). In a study of coal miners, Reger (1979) found that both forced
expiratory volume in 1 s (FEV,) and forced vital capacity (FVC) decreased by 0.05 L in
60 diesel-exposed miners, an amount not substantially different from reductions seen in non-
diesel-exposed miners (0.02 and 0.04 L, respectively). Decrements in peak expiratory flow rates
were similar between diesel and non-diesel exhaust-exposed miners. Miners with a history of
smoking had an increased number of decrements over the shift than nonsmokers did. Although
the monitoring data were not reported, the authors stated that there was no relationship between
the low concentrations of measured respirable dust or NO, (personal samplers) when compared
with shift changes for any lung function parameter measured for the diesel-exposed miners. This
study is limited because results were preliminary (abstract) and there was incomplete information
on the control subjects.

Ames et al. (1982) compared the pulmonary function of 60 coal miners exposed to diesel
exhaust with that of a control group of 90.coal miners not exposed to diesel exhaust for evidence
of acute respiratory effects associated with exposure to diesel exhaust. Changes over the
workshift in FVC, FEV,, and forced expiratory flow rate at 50% FVC (FEF,,) were the indices
for acute respiratory effects. The environmental concentrations of the primary pollutants were

A

2.0 mg/m’ respirable dust (<10 um MMAD), 0.2 ppm NO,, 12 ppm CO, and 0.3 ppm
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formaldehyde. The investigators reported a stati‘stically‘ significant decline in FVC and FEV,
over the workshift in both the diesel-exposed and comparison groups. Current smokers had
greater decrements in FVC, FEV,, and FEFs, than ex-smokers and nonsmokers. There was a
marked disparity between the ages and the time spent underground for the two study groups.
Diesel-exposed miners were about 15 years younger and had worked underground for 15 fewer
years (4.8 versus 20.7 years) than miners not exposed to diesel exhaust. The significance of
these differences between the populations studied on the results is difficult to ascertain.

Except for the expected differences related to age, 120 underground iron ore miners
exposed to diesel exhaust had no workshift changes in FVC and FEV, when compared with
120 matched surface miners (Jérgensen and Svensson, 1970). Both groups had equal numbers
(30) of smokers and nonsmokers. The frequency of bronchitis was higher among underground
workers, much higher among smokers than nonsmokers, and also higher among older than
younger workers. The authors reported that the underground miners had exposures of 0.5 to
1.5 ppm NO, and between 3 and 9 mg/m® particulate matter with 20 to 30% of the particles
<5 um MMAD. The majority of the particles were iron ore; quartz was 6 to 7% of the fraction
<5 um MMAD.

Gamble et al. (1979) measured preshift FEV, and FVC in 187 salt miners and obtained
peak flow forced expiratory flow rates at 25, 50, and 75% of FVC (FEF,;, FEF,, or FEF,;).
Postshift pulmonary function values were determined from total lung capacity and flows at
preshift percentages of FVC. The miners were exposed to mean NO, levels of 1.5 ppm and mean
respirable particulate levels of 0.7 mg/m®. No statistically significant changes were found
between changes in pulmonary function and in NO, and respirable particles combined. Slopes of
the regression of NO, and changes in FEV,, FEF,;, FEF,;, and FEF,, were signiﬁcantly different
from zero. The authors concluded that these small reductions in pulmonary function were
attributable to variations in NO, within each of the five salt mines that contributed to the cohort.

Gamble et al. (1987a) investigated the acute effects of diesel exhaust in 232 workers in
four diesel bus garages using an acute respiratory questionnaire and before and after workshift
spirometry. The prevalence of burning eyes, headaches, difficult or labored breathing, nausea,
and wheeze experienced at work was higher in the diesel bus garage workers than in a
comparison population of lead/acid battery workers who had not previously shown a statistically
significant association of acute symptoms with acid exposure. Comparisons between the two
groups were made without adjustment for age and smoking. There was no detectable association
of exposure to NO, (0.23 ppm + 0.24 S.D.) or inhalable (less than 10 xm MMAD) particles
(0.24 mg/m?® + 0.26 S.D.) and acute reductions in FVC, FEV |, peak flows, FEFs,, and FEF .
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Workers who had respiratory symptoms had slightly greater but statistically insignificant
reductions in FEV, and FEF,,.

Ulfvarson et al. (1987) evaluated workshift changes in the pulmonary function of 17 bus
garage workers, 25 crew members of two types of car ferries, and 37 workers on roll-on/roll-off
ships. The latter group was exposed primarily to diesel exhaust; the first two groups were
exposed to both gasoline and diesel exhaust. The diesel-only exposures that averaged 8 h
consisted of 0.13 to 1.0 mg/m’ particulate matter, 0.02 to 0.8 mg/m?* (0.016 to 0.65 ppm) NO,
0.06 to 2.3 mg/m’ (0.03 to 1.2 ppm) NO,, 1.1 to 5.1 mg/m? (0.96 to 4.45 ppm) CO, and up to
0.5 mg/m® (0.4 ppm) formaldehyde. The largest decrement in pulmonary function was observed
during a workshift following no exposure to diesel exhaust for 10 days. Forced vital capacity
and FEV, were significantly reduced over the workshift (0.44 L and 0.30 L, p<0.01 and p<0.001,
respectively). There was no difference between smokers and nonsmokers. Maximal
midexpiratory flow, closing volume expressed as the percentage of expiratory vital capacity, and
alveolar plateau gradient (phase 3) were not affected. Similar but less pronounced effects on
FVC (-0.16 L) were found in a second, subsequent study of stevedores (n = 24) only following
5 days of no exposure to diesel truck exhaust. Pulmonary function returned to normal after
3 days without occupafional exposure to diesel exhaust. No exposure-related correlation was
found between the observed pulmonary effects and concentrations of NO, NO,, CO, or
formaldehyde; however, it was suggested that NO, adsorbed onto the diesel exhaust particles
may have contributed to the overall dose of NO, to the lungs. In a related study, six workers (job
category-not defined) were placed in an exposure chamber and exposed to diluted diesel exhaust
containing 0.6 mg/m’* DPM and 3.9 mg/m® (2.1 ppm) NO,. The exhaust was generated by a
6-cylinder, 2.38-L diesel engine, operated for 3 h and 40 min at constant speed, equivalent to
60 km/h, and at about one-half full engine load. No efféct on pulmonary function was observed.

5.1.1.1.3. Immunological effects. The potential for DPM to cause immunologic changes has
been investigated in several studies. Wade and Newman (1993) reported that diesel exhaust can
induce reactive airway disease in railroad workers. In that study, three workers were identified
who developed asthma following either a single exposure or a series of short-term exposures to
high concentrations of diesel exhaust. Asthma diagnosis was based on symptoms, pulmonary
function tests, and measurement of airway hyperreactivity to methacholine or exercise. Exposﬁre
occurred as a result of train crews riding in locomotive units trailing immediately behind the lead
engine. Although the individuals had worked for the railroad for many years and presumably
had been chronically exposed to lower levels of exhaust, the symntoms developed following

these subacute incidents. Unfortunately, exposure levels were not measured.
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Salvi et al. (1999) exposed healthy human subjects to diluted diesel exhaust (DPM 300
ug/m’) for 1 hr with intermittent exercise. Although there were no changes in pulmonary
function, there were significant increases in neutrophils and B lymphocytes as well as histamine
and fibronectin in airway lavage fluid. Bronchial biopsies obtained 6 hr after diesel exhaust
exposure showed a significant increase in neutrophils, mast cells, CD4+ and CD8+ T
lymphocytes along with upregulation of the endothelial adhesion molecules ICAM-1 and
VCAM-1, with increases in the number of LFA-1+ in the bronchial tissue. Significant increases
in neutrophils and platelets were observed in peripheral blood following exposure to diesel
exhaust.

In an attempt to evaluate the potential allergenic effects of DPM in humans Diaz-Sanchez
and associates carried out a series of clinical investigations. In the first of these (Diaz-Sanchez
et al., 1994), healthy human volunteers were challenged by spraying either saline or 0.30 mg
DPM into their nostrils. This dose was considered equivalent to total exposure on 1-3 average
days in Los Angeles, but could occur acutely in certain nonoccupational settings such as sitting
at a busy bus stop or in an express tunnel. Enhanced IgE levels were noted in nasal lung lavage
cells in as little as 24 h, with peak production observed 4 days after DPM challenge. The effects
seemed to be somewhat isotype-specific, because in contrast to IgE results, DPM challenge had
no effect on the levels of IgG, IgA, IgM, or albumin. The selective enhancement of local IgE
production was demonstrated by a dramatic increase in IgE-secreting cells.

Although direct effects of DPM on B-cells have been demonstrated by in vitro studies, it
was considered likely that other cells regulating the IgE response may also be affected. Cytokine
production was therefore measured in nasal lavage cells from healthy human volunteers
challenged with DPM (0 or 0.15 mg in 200 xL saline) sprayed into each nostril (Diaz-Sanchez et
al., 1996). Before challenge with DPM, most subjects’ nasal lavage cells had detectable levels of
only interferon-y, IL-2, and IL-13 mRNA. After challenge with DPM, the cells produced readily
detectable levels of mRNA for IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, and interferon-y. In addition,
all levels of cytokine mRNA were increased. Although the cells in the nasal lavage before and
after challenge do not necessarily represent the same ones either in number or type, the broad
increase in cytokine production was not simply the result of an increase in T cells recovered in
the lavage fluid. On the basis of these findings, the authors concluded that the increase in nasal
cytokine expression after exposure to DPM can be predicted to contribute to enhanced local IgE
production and thus play a role in pollutant-induced airway disease.

The ability of DPM to act as an adjuvant to the ragweed allergen Amb a I was also
examined by nasal provocation in ragweed-allergic subjects using 0.3 mg DPM, Amb a I, or both
(Diaz-Sanchez et al., 1997). Although allergen and DPM each enhanced ragweed-specific IgE,

11/5/99 5-7 DRAFT—DO NOT CITE OR QUOTE



0 N O Ok WN 2

W W W W W W N NNDNDDNDNDNDDNDDNDDNDNDDNDNS=SS @2 29 @D 9 3 23 a9
A d W =2 0 ©O© 0N O O Hh WN -2 O W0 NO OO A W= 0O

DPM plus allergen promoted a 16-times greater éntigeﬁ-speciﬁc IgE production. Nasal
challenge with DPM also influenced cytokine production. Ragweed challenge resulted in a weak
response, DPM challenge caused a strong but nonspecific response, and allergen plus DPM
caused a significant increase in the expression of mRNA for THO and TH2-type cytokines (IL-4,
IL-5, IL-6, IL-10, IL-13), with a pronounced inhibitory effect on IFN-y gene expression. The
author concluded that DPM can enhance B-cell differentiation and, by initiating and elevating

IgE production, may be a factor in the increased incidence of allergic airway disease.

5.1.1.1.4. Human cell culture studies. The potential mechanisms by which DPM may act to
cause allergenic effects has been examined in human cell culture studies. Takenaka et al. (1995)
reported that DPM extracts enhanced IgE production from purified human B cells. Interleukin-4
plus monoclonal antibody-stimulated IgE production was enhanced 20% to 360% by the addition
of DPM extracts over a period of 10-14 days. DPM extracts themselves did not induce IgE
production or synergize with interleukin-4 alone to induce IgE from purified B cells, suggesting
that the extracts were enhancing ongoing IgE production rather than inducing germline
transcription or isotype switching. The authors concluded that enhancement of IgE production in
the human airway resulting from the organic fraction of DPM may be an important factor in the
increasing incidence of allergic airway disease.

Steerenberg et al. (1998) studied the effects of exposure to DPM on airway epithelial
cells, the first line of defense against inhaled pollutants. Cells from ab human bronchial cell line
(BEAS-2B) were cultured in vitro and exposed to DPM (0.04-0.33 mg/mL) and the effects on
IL-6 and IL-8 production were observed. Increases in IL-6 and IL-8 production (11- and 4-fold,
respectively) were found after 24 or 48 hr exposure to DPM compared to the nonexposed cells.
This increase was lower compared to silica (17- and 3.3-fold) and higher compared to titanium
dioxide, which showed no increase for either [L-6 or IL-8. The study was extended to observe
the effects of DPM on inflammation-primed cells. BEAS-2B cells were exposed to TNF-a
followed by DPM. Additive effects on IL-6 and IL-8 production by BEAS-2B cells were found
after TNF-a priming and subsequent exposure to DPM only at a low dose of DPM and TNF-«
(0.05-0.2 ng/mL). The investigators concluded that BEAS-2B phagocytized DPM and produced
an increased amount of IL-6 and IL-8, and that in TNF-a-primed BEAS-2B cells DPM increased
interleukin production only at low concentrations of DPM and TNF-a. ’ ’

Ohtoshi et al. (1998) studied the effect of suspended particulate matter (SPM), obtained
from high-voiume air samplers, and DPM cn the producticn of IL-8 and granulocyte-colony
stimulating factor (GM-CSF) by human airway epithelial cells in vitre. Nontexic doses of DPMs
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stimulated production of IL-8 and GM-CSF by three kinds of human epithelial cells (nasal
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polyp-derived upper airway, normal bronchial, and transformed bronchial epithelial cells) in a
dose- and time-dependent fashion. SPM had a stimulatory effect on GM-CSF, but not on IL-8
production. The effects could be blocked with a protein synthesis inhibitor, suggesting that the
process required de novo protein synthesis, and appeared to be due to an extractable component
because neither charcoal nor graphite showed such stimulatory effects. The authors concluded
that SPM and DPM, a major component of SPM, may be important air pollutants in the
activation of airway cells for the release of cytokines relevant to allergic airway inflammation.

The mechanisms underlying DPM-induced injury to airway cells were investigated in
human bronchial epithelial cells (HBEC) in culture (Bayram et al., 1998). HBEC from bronchial
explants obtained at surgery were cultured and exposed to DPM (10-100 ..g/mL) or to a filtered
solution of DPM (50 wg/mL), and the effects on permeability, ciliary beat frequency (CBF), and
release of inflammatory mediators were observed. DPM and filtered solution of DPM
significantly increased the electrical resistance of the cultures but did not affect movement of
bovine serum albumin across cell cultures. DPM and filtered DPM solution significantly
attenuated the CBF of these cultures and significantly increased the release of IL-8. DPM also
increased the release by these cultures of GM-CSF and soluble intercellular adhesion molecule-1
(sICAM-1). The authors concluded that exposure of airway cells to DPM may lead to functional
changes and release of proinflammatory mediators and that these effects may influence the
development of airway disease.

Bayram et al. (1998) investigated the sensitivity of cultured airway cells from asthmatic
patients to DPM. Incubation with DPM significantly attenuated the CBF in both the asthmatic
and nonasthmatic bronchial epithelial cell cultures. Cultured airway cells from asthmatic
patients constitutively released significantly greater amounts of IL-8, GM-CSF, and sICAM-1
than cell cultures from nonasthmatic subjects. Only cultures from asthmatic patients additionally
released RANTES. The authors concluded that cultured airway cells from asthmatic subjects
differ with regard to the amounts and types of proinflammatory mediators they can release and
that the increased sensitivity of bronchial epithelial cells of asthmatic subjects to DPM may
result in exacerbation of their disease symptoms. _

Devalia et al. (1999) investigated the potential sensitivity of bronchial epithelial cells
(HBEC) biopsied from atopic mild asthmatic patients and non-atopic nonasthmatic subjects to
DPM. HBEC from asthmatic patients constitutively released significantly greater amounts of
IL-8, GM-CSF, and sICAM-1 than HBEC from nonasthmatic subjects. RANTES was only
released by HBEC of asthmatic patients. Incubation of the asthmatic cultures with 10 pg/mlL
DPM significantly increased the release of IL-8, GM-CSF, and sSICAM-1 after 24 h. In contrast,
only higher concentrations (50-100 pg/mL DPM) significantly increased the release of IL-8 and

11/5/99 | 5-9 DRAFT—DO NOT CITE OR QUOTE



0O N O G A WN =

W oW W wWwWNRNNMNMNNNLNRNNNDNN-SD =2 2 2 9 a9 a9 aa)
P W N =2 0O O 0NN OO0~ WN=2 0 00 ~NO”®B GO P WN-= 0 ©

GM-CSF from HBEC of nonasthmatics. The authors conclude that the increased sensitivity of
the airways of asthmatics to DPM may be, at least in part, a consequence of greater constitutive
and DPM-induced release of specific pro-inflammatory mediators from bronchial epithelial cells.

Boland et al. (1999) compared the biological effects of carbon black and DPM collected
from catalyst- and noncatalyst-equipped diesel vehicles in cultures of both human bronchial
epithelial cells (16HBE140-) and human nasal epithelial cells. Transmission electron
microscopy indicated that DPM was phagocytosed by epithelial cells and translocated through
the epithelial cell sheet. The time and dose dependency of phagocytosis and its nonspecificity
for different particles (DPM, carbon black, and latex particles) were established by flow
cytometry. DPM also induced a time-dependent increase in interleukin-8, granulocyte-
macrophage colony-stimulating factor, and interleukin-1p release. The inflammatory response
occurred later than phagocytosis and, because carbon black had no effect on cytokine re;lease, its
extent appeared to depend on the content of absorbed organic compounds. Furthermore,
treatment of the exhaust gas to decrease the adsorbed organic fraction reduced the DPM-induced
increase in granulocyte-macrophage colony-stimulating factor release. These results indicate that
DPM can be phagocytosed by and induce a specific inflammatory response in airway epithelial
cells.

5.1.1.1.5. Summary. In the available exposure studies, considerable variability is reported in
diesel exhaust detection threshold. The odor scales described in some of these studies have no
general use at present because they are not objectively defined; however, the studies do clearly
indicate substantial interindividual variability in the ability to detect odor and the level at which
it becomes objectionable. Much of what is known about the acute effects of diesel exhaust
comes from case reports that lack clear measurements of exposure concentrations. The studies of
pulmonary function changes in exposed humans have looked for changes occurring over a
workshift or after a short-term exposure. The overall conclusion of these studies is that
Teveisivie chainiges in pulmonary functicn in humeans can occur in relation to diecel exhanst
exposure, althoush it is not nossible to relate these changes to specific exposure levels. Based on
the report by Wade and Newman (1993), reversible airflow obstruction and a syndrome
consistent with asthma are possible following acute, high-level exposure to diesel exhaust. The
studies by Diaz-Sanchez and co-workers have prbvided data indicat:ing that DPM is a likely'
factor in the increasing incidence of allergic hypersensitivity. They have also shown that effects -
are due primarily io the organic iraction and that DPM synergizes with known allergens to

Increase their effectiveness. Kesulis irom Uic Iwuiail Céu Cutiurc indicatc that DPM has the
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potential to influence the development of airway disease through its adjuvant properties and by
causing the release of proinflammatory mediators.

5.1.1.2. Long-Term Exposures

Several epidemiologic studies have evaluated the effects of chronic exposure to diesel
exhaust on occupationally exposed workers.

Battigelli et al. (1964) measured several indices of pulmonary function, including vital
capacity, FEV,, peak flow, nitrogen washout, and diffusion capacity in 210 locomotive
repairmen exposed to diesel exhaust in three engine houses. The average exposure of these
locomotive repairmen to diesel exhaust was 9.6 years. When compared with a control group
matched for age, body size, "past extrapulmonary medical history" (no explanation given), and
job status (154 railroad yard workers), no significant clinical differences were found in
pulmonary function or in the prevalence of dyspnea, cough, or sputum between the diesel
exhaust-exposed and nonexposed groups. Exposure to diesel exhaust showed marked seasonal
variations because the doors of the engine house were open in the summer and closed in the
winter. For the exposed group, the maximum daily workplace concentrations of air pollutants
measured were 1.8 ppm NO,, 1.7 ppm total aldehydés, 0.15 ppm acrolein, 4.0 ppm SO,, and 5.0
ppm total hydrocarbons. The concentration of airborne particles was not reported.

Gamble et al. (1987b) examined 283 diesel bus garage workers from four garages in two
cities to determine if there was excess chronic respiratory morbidity associated with exposure to
diesel exhaust. Tenure of employment was used as a surrogate of exposure; mean tenure of the
study population was 9 years + 10 years S.D. Exposure-effect relationships within the study
population showed no detectable associations of symptoms with tenure. Reductions in FVC,
FEV,, peak flow, and FEF;, (but not FEF ;) were associated with increasing tenure. Compared
with a control population (716 nonexposed blue-collar workers) and after indirect adjustment for
age, race, and smoking, the exposed workers had a higher incidence of cough, phlegm, and
wheezing; however, there was no correlation between symptoms and length of employment.
Dyspnea showed an exposure-response trend but no apﬁarent increase in prevalence. Mean
FEV,, FVC, FEF,, and peak flow were not reduced in the total cohort compared with the
reference population but were reduced in workers with 10 years or more tenure.

Purdham et al. (1987) evaluated respiratory symptoms and pulmonary function in
17 stevedores employed in car ferry operations who were exposed to both diesel and gasoline
exhausts and in a control group of 11 on-site office workers. Twenty-four percent of the exposed
group and 36% of the controls were smokers. If a particular symptom was considered to be

influenced by smoking, smoking status was used as a covariate in the logistic regression analysis;
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pack-years smoked was a covariate for lung function indices. The frequency of respiratory
symptoms was not significantly different between the two groups; however, baseline pulmonary
function measurements were significantly different. The latter comparisons were measured by
multiple regression analysis using the actual (not percentage predicted) results and correcting for
age, height, and pack-years smoked. The stevedores had significantly lower FEV,, FEV,/FVC,
FEF,, and FEF,, (p<0.021, p<0.023, p<0.001, and p<0.008, respectively) but not FVC. The
results from the stevedores were also compared with those obtained from a study of the
respiratory health status of Sydney, Nova Scotia, residents. These comparisons showed that the
dock workers had higher FVC, similar FEV,, but lower FEV/FVC and flow rates than the
residents of Sydney. Based on these consistent findings, the authors concluded that the lower
baseline function measurements in the stevedores provided evidence of an obstructive ventilatory
defect but caution in interpretation was warranted because of the small sample size. There were
no signiﬁcaﬁt changes in lung function over the workshift, nor was there a difference between
the two groups. The stevedores were exposed to significantly (p<0.04) higher concentrations of
particulate matter (0.06 to 1.72 mg/m’, mean 0.50 mg/m?) than the controls (0.13 to 0.58 mg/m’,
mean not reported). Exposures of stevedores to SO,, NO,, aldehydes, and PAHs were very low;
occasional CO concentrations in the 20 to 100 ppm range could be detected for periodsup to 1 h
in areas where blockers were chaining gasoline-pbwered vehicles.

Additional epidemiological studies on the health hazards posed by exposure to diesel
exhaust have been conducted for mining operations. Reger et al. (1982) evaluated the respiratory
health status of 823 male coal miners from six diesel-equipped mines compared with
823 matched coal miners not exposed to diesel exhaust. The average tenure of underground
work for the underground miners and their controls was only about 5 years; on average, the
underground workers in diesel mines spent only 3 of those S years underground in diesel-use
mines. Underground miners exposed to diesel exhaust reported a higher incidence of symptoms
of cough and phlegm but proportionally fewer symptoms of moderate to severe dyspnea than
their matched counterparts. These differences in prevalence of symntoms were not statistically
significant. The diesel-exnosed underground miners. on the average, had lower FVC, FEV,,
FEF;,, FEF,s, and FEF,, but higher peak flow and FEF,, than their matched controls. These
differences, however, were not statistically 51gmﬁcant Health indicators for surface workers and
their matched controls were directionally the same as for matched underground workers. There
were no consistent relationships between the findings of increased respiratory symptoms,
decreased pulmonary function, smoking history, years of exposure, or monitored atmesphere
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ranged from 0 to 0.6 ppm for short-term area samples, 0.13 to 0.28 ppm for full-shift personal
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samples, and 0.03 to 0.80 for full-shift area samples. Inhalable particles (less than 10 um
MMAD) averaged 0.93 to 2.73 mg/m’ for personal samples and 0 to 16.1 mg/m? for full shift
area samples. Ames et al. (1984), using a portion of the miners studied by Reger, examined
280 diesel-exposed underground miners initially in 1977 and again in 1982. Each miner in this
group had at least 1 year of underground mining work history in 1977. The control group was
838 miners with no exposure to diesel exhaust. The miners were evaluated for the prevalence of
respiratory symptoms, chronic cough, phlegm, dyspnea, and changes in FVC, FEV, and FEF,,,.
No air monitoring data were reported; exposure to diesel exhaust gases and mine dust particles
were described as very low. These authors found no decrements in pulmonary function or
increased prevalence of respiratory symptoms attributable to exposure to diesel exhaust. In fact,
the 5-year incidences of cough, phlegm, and dyspnea were greater in miners without exposure to
diesel exhaust.
. Attfield (1978) studied 2,659 miners from 21 mines (8 metal, 6 potash, 5 salt, and
2 trona). Diesels were employed in only 18 of the mines, but the 3 mines not using diesels were
not identified. The years of diesel usage, ranging from 8 in trona mines to 16 in potash mines,
were used as a surrogate for exposure to diesel exhaust. Based on a questionnaire, an increased
prevalence of persistent cough was associated with exposure to aldehydes; this finding, however,
was not supported by the pulmonary function data. No adverse respiratory symptoms or
pulmonary function impairments were related to CO,, CO, NO,, inhalable dust, or inhalable
quartz. The author failed to comment on whether the prevalence of cough was related to the high
incidence (70%) of smokers in the cohort.

Questionnaire, chest radiograph, and spirometric data were collected by Attfield et al.
(1982) on 630 potash miners from six potash mines. These miners were exposed for an average
of 10 years (range 5 to 14 years) to 0.1 to 3.3 ppm NO,, 0.1 to 4.0 ppm aldehyde, 5 to 9 ppm CO,
and total dust concentrations of 9 to 23 mg/m®. No attempt was made to measure diesel-derived
particles separately from other dusts. The ratio of total to inhalable (<10 um MMAD) dust
ranged from 2 to 11. An increased prevalence of respiratory symptoms was related solely to
smoking. No association was found between symptoms and tenure of employment, dust
exposure, NO,, CO, or aldehydes. A higher prevalence of symptoms of cough and phlegm was
found, but no differences in pulmonary function (FVC and FEV,) were found in these
diesel-exposed potash miners when compared with the predicted values derived from a logistics
model based on blue-collar workers working in nondusty jobs.

Gamble et al. (1983) investigated respiratory morbidity in 259 miners from five salt
mines in terms of increased respiratory symptoms, radiographic findings, and reduced pulmonary
function associated with exposure to NO,, inhalable particles (<10 /im MMAD), or years worked
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underground. Two of the mines used diesel extensively; no diesels were used in one salt mine.
Diesels were introduced into each mine in 1956, 1957, 1963, or 1963 through 1967. Several
working populations were compared with the salt miner cohort. After adjustment for age and
smoking, the salt miners showed no increased prevalence of cough, phlegm, dyspnea, or airway
obstruction (FEV,/FVC) compared with aboveground coal miners, potash miners, or blue-collar
workers. The underground coal miners consistently had an elevated level of symptoms. Forced
expiratory volume at 1 s, FVC, FEF,;, and FEF,; were uniformly lower for salt miners in relation
to all the comparison populations. There was, however, no association between changes in
pulmonary function and years worked, estimated cumulative inhalable particles, or estimated
NO, exposure. The highest average exposure to particulate matter was 1.4 mg/m? (particle size
not reported, measurement includes NaCl). Mean NO, exposure was 1.3 ppm, with a range of
0.17 ppm to 2.5 ppm. In a continuation of these studies, Gamble and Jones (1983) grouped the
salt miners into low-, intermediate-, and high-exposure categories based on tenure in jobs with
diesel exhaust exposure. Average concentrations of inhalable particles and NO, were 0.40, 0.60,
and 0.82 mg/m® and 0.64, 1.77, and 2.21 ppm for the three diesel exposure categories,
respectively. A statistically significant concentration-response association was found between
the prevalence of phiegm in the salt miners and exposure to diesel exhaust (p<0.0001) and a
similar, but nonsignificant, trend for cough and dyspnea. Changes in pulmonary function
showed no association with diesel tenure. In a comparison with the control group of
nonexposed, blue-collar workers, adjusted for age and smoking, the overall prevalence of cough
and phlegm (but not dyspnea) was elevated in the diesel-exposed workers. Forced expiratory
volumes at 1 s and FVC were within 4% of expected, which was considered to be within the
normal range of variation for a nonexposed population.

In a preliminary study of three subcohorts from bus company personnel (clerks [lowest
exposure], bus drivers [intermediate exposure], and bus garage workers [highest exposure])
representing different levels of exposure to diesel exhaust, Edling and Axelson (1984) found a
fourfoid higher risk ratio for cardiovascular mortality in bus garage workers, even after adjusting
for smoking history and allowing for at least 10 years of exposure and 15 years or more of
induction-latency. Carbon monoxide was hypothesized as the etiologic agent for the increased
cardiovascular disease but was not measured. However, in a more comprehensive
epidemiological study, Edling etal. (1987) evaluated mortality data covering a 32-year period for
a cohort of 694 bus garage employees and found no significant differences between the observed
and expected number of deaths from cardiovascular disease. Information on exposure

components and their concentrations was not reported.
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1 The absence of reported noncancerous human health effects, other than infrequently
2 occurring effects related to respiratory symptoms and pulmonary function changes, is notable.
Unlike studies in laboratory animals to be described later in this chapter, studies of the impact of

Q diesel exhaust on the defense mechanisms of the human lung have not been performed.

5 No direct evidence is available in humans regarding doses of diesel exhaust, gas phase,

6 particulate phase, or total exhaust that lead to impaired particle clearance or enhanced

7 susceptibility to infection. A summary of epidemiology studies is presented in Table 5-1.

8 To date, no large-scale epidemiological study has looxed for effects of chronic exposure

9 to diesel éxhaust on pulmonary function. In the long-term longitudinal and cross-sectional

10 studies, a relationship was generally obse;rved between work in a job with diesel exposure and
11 respiratory symptoms (such as cough and phlegm), but there was no consistent effect on

12 pulmonary function. The interpretation of these results is hampered by lack of measured diesel
13 exhaust exposure levels and the short duration-of exposure in these cohorts. The studies are
14 further limited in that only active workers were included, and it is possible that workers who
15 have developed symptoms or severe respiratory disease are likely to have moved away from
16 these jobs. The relationship between work in a job with diesel exposure and respiratory
17 symptoms may be due to short-term exposure.
18

5.1.2. Laboratory Animal Studies
Q Because of the large number of statistical comparisons made in the laboratory animal
21 studies and to permit uniform, objective evaluations within and among studies, data will be
22 reported as significantly different (i.e., p<0.05) unless otherwise specified. The exposure
23 regimens used and the resultant exposure conditions employed in the laboratory animal
24 inhalation studies are summarized in Appendix A. Other than the pulmonary function studies
25 performed by Wiester et al. (1980) on guinea pigs during their exposure in inhalation chambers,

26 the pulmonary function studies performed by other investigators, although sometimes

27 unreported, were interpreted as being conducted on the following day or thereafter and not

28 immediately following exposure.

29

30 S.1.2.1. Acute Exposures _

31 The acute toxicity of undiluted diesel exhaust to rabbits, guinea pigs, and mice was

32 . assessed by Pattle et al. (1957). Four engine operating conditions were used, and 4 rabbits,

33 10 guinea pigs, and 40 mice were tested under each exposure condition for 5 h (no controls were
34 used). Mortality was assessed up to 7 days after exposure. With the engine operating under light
35 load, the exhaust was highly irritating but not lethal to the test species, and only mild tracheal
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Table 5-1. Human studies of exposure to diesel exhaust

Study

Description

Findings

Kahn et al. (1988)

El Batawi and
Noweir (1966)

Battigelli (1965)

Katz et al. (1960)

Hare and Springer
(1971)
Hare et al. (1974)

Linnell and Scott
(1962)

Rudell et al. (1990,
1994)

Rudell et al. (1996)

Battigelli (1965)

Wade and Newman
(1993)

Diaz-Sanches ¢i al.
(1994)

Acute exposures

13 cases of acute exposure, Utah
and Colorado coal miners.

161 workers, two diesel bus
garages.

Six subjects, eye exposure
chamber, three dilutions.

14 persons monitoring diesel
exhaust in a train tunnel.

Volunteer panelists who evaluated
general public’s response to odor of
diesel exhaust.

Odor panel under highly controlled
conditions determined odor
threshold for diesel exhaust.

Eight healthy non-smoking subjects
exposed for 60 min in chamber to
diesel exhaust (3.7 ppm NO,

1.5 ppm NO,, 27 ppm CO,

0.5 mg/m? formaldehyde, particles
(4.3 x 10%cm?). Exercise, 10 of
each 20 min (75 W).

Volunteers exposed to diesel
exhaust for one hour while doing
light work. Lxposuic
concentrations uncertain.

13 volunteers exposed to three

dilutions of diesel exhaust for
15minto 1 h.

Three railroad workers acutely
exposed to diesel exhaust.

Voiunieers chalienged by a nasal
spray of 0.30 meg DPM.

Acute reversible sensory irritation, headache,
nervous system effects, bronchoconstriction were
reported at unknown exposures.

Eye irritation (42%), headache (37%), dizziness
(30%), throat irritation (19%), and cough and
phlegm (11%) were reported in this order of
incidence by workers exposed in the service and
repair of diesel-powered buses.

Time to onset was inversely related and severity
of eye irritation was associated with the level of
exposure to diesel exhaust.

Three occasions of minor eye and throat
irritation; no correlation established with
concentrations of diesel exhaust components.

Slight odor intensity, 90% perceived, 60%
objected; sligh