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ABSTRACT

This assessment examined information regarding the possible health hazards associated
with exposure to diesel engine exhaust (DE), which is a mixture of gases and particles. The
assessment concludes that long-term (i.e., chronic) inhalation exposure is likely to pose a lung
cancer hazard to humans, as well as damage the lung in other ways depending on exposure.
Short-term (i.e., acute) exposures can cause irritation and inflammatory symptoms of a transient
nature, these being highly variable across the population. The assessment also indicates that
evidence for exacerbation of existing allergies and asthma symptoms is emerging. The
assessment recognizes that DE emissions, as a mixture of many constituents, also contribute to
ambient concentrations of several criteria air pollutants including nitrogen oxides and fine
particles, as well as other air toxics. The assessment’s health hazard conclusions are based on
exposure to exhaust from diesel engines built prior to the mid-1990s. The health hazard
conclusions, in general, are applicable to engines currently in use, which include many older
engines. As new diesel engines with cleaner exhaust emissions replace existing engines, the

applicability of the conclusions in this Health Assessment Document will need to be reevaluated.
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FOREWORD

The diesel engine has been a vital workhorse in the United States, powering many of its
large trucks, buses, and farm, railroad, marine, and construction equipment. Expectations are
that diesel engine use in these areas will increase due to the superior performance characteristics
of the engine. Diesel engine exhaust (DE), however, contains harmful pollutants in a complex
mixture of gases and particulates. Human exposure to this exhaust comes from both highway
uses (on-road) as well as nonroad uses of the diesel engine.

EPA started evaluating and regulating the gaseous emissions from the heavy-duty
highway use of diesel engines in the 1970s and particle emissions in the 1980s. The reduction of
harmful exhaust emissions has taken a large step forward because of standards issued in 2000
which will bring about very large reductions in exhaust emissions for model year 2007 heavy-
duty engines used in trucks, buses, and other on-road uses. A draft of this assessment, along
with the peer review comments of the Clean Air Scientific Advisory Committee, was part of the
scientific basis for EPA’s regulation of heavy-duty highway engines completed in December
2000. The information provided by this assessment was useful in developing EPA’s
understanding of the public health implications of exposure to DE and the public health benefits
of taking regulatory action to control exhaust emissions. EPA anticipates developing similarly
stringent regulations for other diesel engine uses, including those used in nonroad applications.

Until these regulations take effect, EPA is partnering with state and local agencies to
retrofit older, dirtier, engines to make them run cleaner and to develop model programs to reduce
emissions from idling engines. In addition, EPA and local authorities are working to ensure
early introduction of effective technologies for particulate matter control and the availability of
low- sulfur fuel where possible in advance of the 2007 requirements. Today, at least one engine
manufacturer is producing new engines with particulate traps that, when coupled with low-sulfur
fuel, meet 2007 particulate emission levels. The Agency expects significant environmental and
public health benefits as the environmental performance of diesel engines and diesel fuels
improves.

The health assessment concludes that long-term (i.e., chronic) exposure to DE is likely to
pose a lung cancer hazard as well as damage the lung in other ways depending on exposure. The
health assessment’s conclusions are based on exposure to exhaust from diesel engines built prior
to the mid-1990s. Short-term (i.e., acute) exposures can cause transient irritation and
inflammatory symptoms, although the nature and extent of these symptoms are highly variable

across the population. The assessment also states that evidence is emerging that diesel exhaust
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exacerbates existing allergies and asthma symptoms. The assessment recognizes that DE
emissions, as a mixture of many constituents, also contribute to ambient concentrations of
several criteria air pollutants including nitrogen oxides, sulfur oxides, and fine particles, as well
as other hazardous air pollutants.

The particulate fraction of DE and its composition is a key element in EPA’s present
understanding of the health issues and formulation of the conclusions in the health assessment.
The amount of exhaust particulate from on-road engines has been decreasing in recent years and
is expected to decrease 90% from today’s levels with the engines designed to meet the 2007
regulations. The composition of the exhaust particulates and the gases also will change. While
EPA believes that the assessment’s conclusions apply to the general use of diesel engines today,
as cleaner diesel engines replace a substantial number of existing engines, the general

applicability of the conclusions in this health assessment document will need to be reevaluated.

G/

Paul Gilmarn, Ph.D.
Assistant Administrator
Office of Research and Development
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PREFACE

This document is the U.S. Environmental Protection Agency’s science-based Health
Assessment Document for Diesel Engine Exhaust. The assessment was prepared by the National
Center for Environmental Assessment which is the health risk assessment program in EPA’s
Office of Research and Development. The assessment broadly supports activities authorized in
the 1990 Clean Air Act. This assessment was specifically prepared for EPA’s Office of
Transportation and Air Quality which requested information regarding the potential health
hazards associated with diesel engine exhaust (DE) exposure. As DE emissions also contribute
to urban air toxics and ambient particulate matter, other EPA air programs also have an interest
in this assessment.

This document was preceded by five earlier drafts: a Workshop Review Draft
(EPA/600/8-90/057A, July 1990), an External Review Draft (EPA/600/8-90/057B, December
1994), an SAB Review Draft (EPA/600/8-90/057C, February 1998), an SAB Review Draft
(EPA/600/8-90/057D, November 1999), and an SAB Review Draft (EPA/600/8-90/057E, July
2000). There was an SAB Environmental Health Committee Review in 1990 of the July 1990
draft. The Science Advisory Board’s Clean Air Scientific Advisory Committee (CASAC)
reviewed the 1994 draft in public sessions in May 1995, the 1998 draft in May 1998, the 1999
draft in December 1999, and the July 2000 draft in October 2000. Public comment periods also
were conducted concurrently with the CASAC reviews. In addition many reviewers, both within
and outside the Agency, provided assistance at various review stages. This is the final version of
the assessment which was prepared in response to CASAC advice and public comments received
on the 2000 draft.

The scientific literature search for this assessment is generally current through January

2000, although a few later publications have been included.
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1. EXECUTIVE SUMMARY

1.1. INTRODUCTION

This Health Assessment Document for Diesel Engine Exhaust (DE) represents EPA’s
first comprehensive review of the potential health effects from ambient exposure to exhaust from
diesel engines. The assessment was developed to provide information about the potential for DE
to pose environmental health hazards, information that would be useful in evaluating regulatory
needs under provisions of the Clean Air Act. The assessment identifies and characterizes the
potential human health hazards of DE (i.e, hazard assessment) and seeks to estimate the
relationship between exposure and disease response for the key health effects (i.e., dose-response
assessment). A full exposure assessment and risk characterization, the other two components of
a complete risk assessment, are beyond the scope of this document.

The report has nine chapters and three appendices. Chapter 2 provides a characterization
of diesel emissions, atmospheric transformation, and human exposures to provide a context for
the hazard evaluation of DE. Chapters 3, 4, 5, and 7 provide a review of relevant information for
the evaluation of potential health hazards of DE, including dosimetry (Chapter 3), mutagenicity
(Chapter 4), noncancer effects (Chapter 5), and carcinogenic effects (Chapter 7). Chapters 6 and
8 contain dose-response analyses to provide insight about the significance of the key noncancer
and cancer hazards. Chapter 9 summarizes and characterizes the overall nature of the health
hazard potential in the environment and the overall confidence and/or uncertainties associated

with the conclusions.

1.2. COMPOSITION OF DIESEL EXHAUST

DE is a complex mixture of hundreds of constituents in either a gas or particle form.
Gaseous components of DE include carbon dioxide, oxygen, nitrogen, water vapor, carbon
monoxide, nitrogen compounds, sulfur compounds, and numerous low-molecular-weight
hydrocarbons. Among the gaseous hydrocarbon components of DE that are individually known
to be of toxicologic relevance are the aldehydes (e.g., formaldehyde, acetaldehyde, acrolein),
benzene, 1,3-butadiene, and polycyclic aromatic hydrocarbons (PAHs) and nitro-PAHs.

The particles present in DE (i.e., diesel particulate matter [DPM]) are composed of a
center core of elemental carbon and adsorbed organic compounds, as well as small amounts of
sulfate, nitrate, metals, and other trace elements. DPM consists of fine particles (fine particles
have a diameter <2.5 pm), including a subgroup with a large number of ultrafine particles
(ultrafine particles have a diameter <0.1 um). Collectively, these particles have a large surface
area which makes them an excellent medium for adsorbing organics. Also, their small size

makes them highly respirable and able to reach the deep lung. A number of potentially
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toxicologically relevant organic compounds are on the particles. The organics, in general, range
from about 20% to 40 % of the particle weight, though higher and lower percentages are also
reported. Many of the organic compounds present on the particle and in the gases are
individually known to have mutagenic and carcinogenic properties. For example, PAHs, nitro-
PAHs, and oxidized PAH derivatives are present on the diesel particles, with the PAHs and their
derivatives comprising about 1% or less of the DPM mass.

DE emissions vary significantly in chemical composition and particle sizes between
different engine types (heavy-duty, light-duty), engine operating conditions (idle, accelerate,
decelerate), and fuel formulations (high/low sulfur fuel). Also, there are emission differences
between on-road and nonroad engines simply because the nonroad engines to date are generally
of older technology. The mass of particles emitted and the organic components on the particles
from on-road diesel engines have been reduced over the years. Available data for on-road
engines indicate that toxicologically relevant organic components of DE (e.g., PAHs, nitro-
PAHs) emitted from older vehicle engines are still present in emissions from newer engines,
though relative amounts have decreased. There is currently insufficient information to

characterize the changes in the composition of DE from nonroad diesel engines over time.

1.3. DIESEL EXHAUST AS A COMPONENT OF AMBIENT PARTICULATE MATTER
DE is emitted from “on-road” diesel engines (vehicle engines) or “nonroad” diesel
engines (e.g., locomotives, marine vessels, heavy-duty equipment, etc.). Nationwide, data in
1998 indicated that DE as measured by DPM made up about 6% of the total ambient PM,
inventory (i.e., particles with aerodynamic diameter of 2.5 micrometers or less) and about 23%
of the inventory, if natural and miscellaneous sources of PM, s are excluded. Estimates of the
DPM percentage of the total inventory in urban centers are higher. For example, estimates range
from 10% to 36% in some urban areas in California, Colorado, and Arizona. Available data also
indicate that over the years there have been significant reductions in DPM emissions from the
exhaust of on-road diesel engines, whereas limited data suggest that exhaust emissions from

nonroad engines have increased.

1.4. ATMOSPHERIC TRANSFORMATION OF DIESEL EXHAUST

After emission from the tailpipe, DE undergoes dilution and chemical and physical
transformations in the atmosphere, as well as dispersion and transport in the atmosphere. The
atmospheric lifetime for some compounds present in DE ranges from hours to days. DPM is
directly emitted from diesel-powered engines (primary particulate matter) and can be formed
from the gaseous compounds emitted by diesel engines (secondary particulate matter). Limited

information is available about the physical and chemical transformation of DE in the
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atmosphere. It is not clear what the overall toxicological consequences of DE’s transformations
are because some compounds in the DE mixture are altered to more toxic forms while others are

made less toxic.

1.5. EXPOSURE TO DIESEL EXHAUST

DPM mass (expressed as jbg DPM/m’) has historically been used as a surrogate measure
of exposure for whole DE. Although uncertainty exists as to whether DPM is the most
appropriate parameter to correlate with human health effects, it is considered a reasonable choice
until more definitive information about the mechanisms of toxicity or mode(s) of action of DE
becomes available. In the ambient environment, human exposure to DE comes from both on-
road and nonroad engine exhaust. A large percentage of the U.S. population also is exposed to
ambient PM, , of which DPM is typically a significant constituent. Although this document
does not provide an exposure assessment, DE exposure information is included to provide a
context for the health effects information. Exposure estimates for the early to mid-1990s suggest
that national annual average DE exposure from on-road engines alone was in the range of about
0.5 to 0.8 Lg DPM/m’ of inhaled air in many rural and urban areas, respectively. Exposures
could be higher if there is a nonroad DE source that adds to the exposure from on-road vehicles.
For example, preliminary estimates show that, on a national average basis, accounting for
nonroad DE emissions adds another twofold to the on-road exposure. For localized urban areas
where people spend a large portion of their time outdoors, the exposures are higher and, for

example, may range up to 4.0 g DPM/m’ of inhaled air.

1.6. HEALTH EFFECTS OF DIESEL EXHAUST

Available evidence indicates that there are human health hazards associated with
exposure to DE. The hazards include acute exposure-related symptoms, chronic exposure-
related noncancer respiratory effects, and lung cancer. The health hazard conclusions are based
on exhaust emissions from diesel engines built prior to the mid-1990s. With current engine use
including some new and many more older engines (engines typically stay in service for a long
time), the health hazard conclusions, in general, are applicable to engines currently in use. As
new and cleaner diesel engines, together with different diesel fuels, replace a substantial number
of existing engines, the general applicability of the health hazard conclusions will need to be re-
evaluated. With new engine and fuel technology expected to produce significantly cleaner
engine exhaust by 2007 (e.g., in response to new federal heavy duty engine regulations),
significant reductions in public health hazards are expected for those engine uses affected by the

regulations.
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1.6.1. Acute (Short-Term Exposure) Effects

Information is limited for characterizing the potential health effects associated with
acute or short-term exposure. However, on the basis of available human and animal evidence, it
is concluded that acute or short-term (e.g., episodic) exposure to DE can cause acute irritation
(e.g., eye, throat, bronchial), neurophysiological symptoms (e.g., lightheadedness, nausea), and
respiratory symptoms (cough, phlegm). There also is evidence for an immunologic effect—the
exacerbation of allergenic responses to known allergens and asthma-like symptoms. The lack of
adequate exposure-response information in the acute health effect studies precludes the
development of recommendations about levels of exposure that would be presumed safe for

these effects.

1.6.2. Chronic (Long-Term Exposure) Noncancer Respiratory Effects

Information from the available human studies is inadequate for a definitive evaluation of
possible noncancer health effects from chronic exposure to DE. However, on the basis of
extensive animal evidence, DE is judged to pose a chronic respiratory hazard to humans.
Chronic-exposure, animal inhalation studies show a spectrum of dose-dependent inflammation
and histopathological changes in the lung in several animal species including rats, mice,
hamsters, and monkeys.

This assessment provides an estimate of inhalation exposure of DE (as measured by

DPM) to which humans may be exposed throughout their lifetime without being likely to
experience adverse noncancer respiratory effects. This exposure level, known as the reference
concentration (RfC) for DE of 5 Lg/m’ of DPM was derived on the basis of dose-response data
on inflammatory and histopathological changes in the lung from rat inhalation studies. In
recognition of the presence of DPM in ambient PM, , , it also is appropriate to consider the
wealth of PM, ; human health effects data. In this regard, the 1997 National Ambient Air
Quality Standard for PM, 5 of 15 lg/m® (annual average concentration) also would be expected
to provide a measure of protection from DPM, reflecting DPM’s current approximate proportion
to PM, ;.

1.6.3. Chronic (Long-Term Exposure) Carcinogenic Effects

This assessment concludes that DE is “likely to be carcinogenic to humans by inhalation”
and that this hazard applies to environmental exposures. This conclusion is based on the totality
of evidence from human, animal, and other supporting studies. There is considerable evidence
demonstrating an association between DE exposure and increased lung cancer risk among
workers in varied occupations where diesel engines historically have been used. The human

evidence from occupational studies is considered strongly supportive of a finding that DE
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exposure is causally associated with lung cancer, though the evidence is less than that needed to
definitively conclude that DE is carcinogenic to humans. There is some uncertainty about the
degree to which confounders are having an influence on the observed cancer risk in the
occupational studies, and there is uncertainty evolving from the lack of actual DE exposure data
for the workers. In addition to the human evidence, there is supporting evidence of DPM’s
carcinogenicity and associated DPM organic compound extracts in rats and mice by
noninhalation routes of exposure. Other supporting evidence includes the demonstrated
mutagenic and chromosomal effects of DE and its organic constituents, and the suggestive
evidence for bioavailability of the DPM organics in humans and animals. Although high-
exposure chronic rat inhalation studies show a significant lung cancer response, this is not
thought predictive of a human hazard at lower environmental exposures. The rat response is
considered to result from an overload of particles in the lung resulting from the high exposure,
and such an overload is not expected to occur in humans at environmental exposures.

Although the available human evidence shows a lung cancer hazard to be present at
occupational exposures that are generally higher than environmental levels, it is reasonable to
presume that the hazard extends to environmental exposure levels. While there is an incomplete
understanding of the mode of action for DE-induced lung cancer that may occur in humans, there
is the potential for a nonthreshold mutagenic mode of action stemming from the organics in the
DE mixture. A case for an environmental hazard also is shown by the simple observation that
the estimated higher environmental exposure levels are close to, if not overlapping, the lower
range of occupational exposures for which lung cancer increases are reported. These
considerations taken together support the prudent public health choice of presuming a cancer
hazard for DE at environmental levels of exposure. Overall, the evidence for a potential cancer
hazard to humans resulting from chronic inhalation exposure to DE is persuasive, even though
assumptions and uncertainties are involved. While the hazard evidence is persuasive, this does
not lead to similar confidence in understanding the exposure/dose-response relationship.

Given a carcinogenicity hazard, EPA typically performs a dose-response assessment of
the human or animal data to develop a cancer unit risk estimate that can be used with exposure
information to characterize the potential cancer disease impact on an exposed population. The
DE human exposure-response data are considered too uncertain to derive a confident quantitative
estimate of cancer unit risk, and with the chronic rat inhalation studies not being predictive for
environmental levels of exposure, EPA has not developed a quantitative estimate of cancer unit
risk.

In the absence of a cancer unit risk, simple exploratory analyses were used to provide a
perspective of the range of possible lung cancer risk from environmental exposure to DE. The

analyses make use of reported lung cancer risk increases in occupational epidemiologic studies,
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and the differences between occupational and environmental exposure. The purpose of having a
risk perspective is to illustrate and have a sense of the possible significance of the lung cancer
hazard from environmental exposure. The risk perspective cannot be viewed as a definitive
quantitative characterization of cancer risk nor is it suitable for estimation of exposure-specific

population risks.

1.7. SOURCES OF UNCERTAINTY

Even though the overall evidence for potential human health effects of DE is persuasive,
many uncertainties exist because of the use of assumptions to bridge data and knowledge gaps
about human exposures to DE and the general lack of understanding about underlying
mechanisms by which DE causes observed toxicities in humans and animals. A notable
uncertainty of this assessment is whether the health hazards identified from studies using
emissions from older engines can be applied to present-day environmental emissions and related
exposures, as some physical and chemical characteristics of the emissions from certain sources
have changed over time. Available data are not sufficient to provide definitive answers to this
question because changes in DE composition over time cannot be confidently quantified, and the
relationship between the DE components and the mode(s) of action for DE toxicity is/are
unclear. While recognizing the uncertainty, for this assessment a judgment is made that prior-
year toxicologic and epidemiologic findings can be applied to more current exposures, both of
which use DPM mass in air as the measure of DE exposure.

Other uncertainties include the assumptions that health effects observed at high doses
may be applicable to low doses, and that toxicologic findings in laboratory animals generally are
predictive of human responses. In the absence of a more complete understanding of how DE
may cause adverse health effects in humans and laboratory animals, related assumptions (i.e., the
presence of a biological threshold for chronic respiratory effects based on cumulative dosage and
absence of a threshold for lung cancer stemming from subtle and irreversible effects) are
considered reasonable and prudent.

Although parts of this assessment, particularly the noncancer RfC estimate, have been
derived with a generic consideration of sensitive subgroups within the population, the actual
spectrum of the population that may have a greater susceptibility to DE is unknown and cannot
be better characterized until more information is available regarding the adverse effects of DPM
in humans. Increased susceptibility, for example, could result from above-average increases in
DE deposition and retention in the respiratory system or intrinsic differences in respiratory
system tissue sensitivity. There is no DE-specific information that provides direct insight to the
question of differential human susceptibility. Given the nature of DE’s noncancer effects on the

respiratory system it would be reasonable, for example, to consider possible vulnerable
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subgroups to include infants/children, the elderly, or individuals with preexisting health
conditions, particularly respiratory conditions.

In developing a perspective on the possible significance of the environmental cancer
hazard of DE, this assessment uses information about the differences in the magnitude of DE
exposures between the occupational and environmental settings. Although an appreciation for
differences in exposure is needed only at an order-of-magnitude level for this assessment, one
should recognize that individual exposure is a function of both the variable concentrations in the
environment and the related breathing and particle retention patterns of the individual. Because
of variations in these factors across the population, different subgroups could receive lower or
higher exposure to DE than those groups mentioned in this assessment.

Lastly, this assessment considers only potential heath effects from exposures to DE
alone. Effects of DE exposure could be additive to or synergistic with concurrent exposures to
many other air pollutants. However, in the absence of more definitive data demonstrating
interactive effects (e.g., potentiation of allergenicity effects, potentiation of DPM toxicity by
ambient ozone and oxides of nitrogen) from combined exposures to DE and other pollutants, it is
not possible to address this issue. Further research is needed to improve the knowledge and data
on DE exposures and potential human health effects, and thereby reduce uncertainties of future
assessments of the DE health effects data.
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2. DIESEL EXHAUST EMISSIONS CHARACTERIZATION, ATMOSPHERIC
TRANSFORMATION, AND EXPOSURES

2.1. INTRODUCTION

This chapter provides 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 the 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), some estimates of population exposures as well as a
comparison of DPM with ambient fine particulate matter (PM, ). In addition, this chapter gives
background information that is used in conjunction with toxicology and epidemiology data to
formulate 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 intended only to provide a context for the health effects data and health hazard
findings.

For the purposes of this document, carbonaceous matter, diesel exhaust, diesel particulate

matter, elemental carbon, organic carbon, soluble organic fraction, and soot are defined below.

Carbonaceous matter: Carbon-containing compounds that are associated with
particulate matter in diesel exhaust. In this document, the term carbonaceous matter
includes all organic and elemental carbon-containing compounds that are found in the
particle phase. In other documents, this term is sometimes used interchangeably to refer

to the insoluble fraction of diesel particulate matter or the soot fraction.

Diesel engine exhaust (DE): Gaseous and particle-phase emissions resulting from the
combustion of diesel fuel in an internal-combustion, compression-ignition engine. DE
includes emissions from a diesel engine or diesel vehicle (inclusive of aftertreatment

devices), but does not include emissions from brake and tire wear.

Diesel particulate matter (DPM): The particle-phase compounds emitted in DE. DPM
can refer to both primary emissions and secondary particles that are formed by
atmospheric processes. In this document, DPM refers to primary particles. Primary

diesel particles are considered fresh after being emitted and aged after
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undergoing oxidation, nitration, or other chemical and physical changes in the
atmosphere. As used in this document, DPM refers to both fresh and aged DPM unless a

distinction is made.

Elemental carbon (EC): Carbon that has undergone pyrolysis (i.e., has been stripped of
hydrogen). In pure form, EC contains only carbon atoms, although EC as it exists in

combustion particulate matter is likely to contain some hydrogen atoms.

Organic carbon (OC): Carbon- and hydrogen-containing molecules emitted in DE
largely as the result of unburned diesel fuel and, to a lesser extent, from engine
lubrication oil. OC compounds also can contain oxygen, nitrogen, and sulfur, as well as

other elements in small quantities.

Soluble organic fraction (SOF): The organic portion of DPM that can be extracted
from the particle matrix into solution. Extraction solutions and procedures vary and are
described in Section 2.2.8.1.

Soot: Agglomerations of EC and OC particles. Soot also is often characterized as the
insoluble portion of DPM, and is therefore considered to be mainly EC by some

investigators.

This chapter begins with a history of dieselization for on-road vehicles and locomotives,
followed by an introductory discussion of the formation of primary diesel emissions to assist the
reader in understanding the complex factors that influence the formation of particulate matter
(PM) and other DE emissions. The next section is a summary of EPA emission standards for
on-road and locomotive diesel engines and a description of the national trends in emissions from
on-road and nonroad diesel engine sources based on inventory modeling. The chapter continues
with a discussion of diesel fuel use and the impact of fuel properties on emissions. The
chronological assessment of emissions factors is presented in summaries of chassis and engine
dynamometer testing and tunnel tests. This is followed by a description of engine technologies
and their effect on emissions, and a description of the chemical and physical nature of emissions.
The data describing the important atmospheric transformations of DE are summarized. The
chapter concludes with a summary of the available literature regarding atmospheric
concentrations of DPM and exposures to DE. EPA has assessed national and urban-area annual
average exposure to DPM using the Hazardous Air Pollutant Exposure Model, and this

assessment is presented in Section 2.4.3. A full exposure assessment would include the
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distribution of ambient DE exposures in different geographic regions and among different
demographic groups, the most highly exposed (90" percentile), exposures in microenvironments
for short and long durations, the maximum exposure range (98" percentile), and the number of
maximum-exposed individuals. However, such an assessment is not currently available. EPA is

developing tools to provide a more complete exposure assessment.

2.2. PRIMARY DIESEL EXHAUST EMISSIONS
2.2.1. History of Dieselization

The diesel engine was patented in1892 by Rudolf Diesel, who conceived it as a prime
mover that would provide much improved fuel efficiency compared with spark-ignition (SI)
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 nonroad 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 more PM per mile driven compared with gasoline
engines of a similar weight. Over the past decade, modifications of engine components have
substantially reduced particle emissions from both diesel and gasoline engines (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, autoignites, releasing its chemical energy. The expanding combustion
gases do work on the piston before being exhausted to the atmosphere. Power output is
controlled by the amount of injected fuel rather than by throttling the air intake. Compared to its
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 generally is more massive than its SI counterpart.

Diesel engines (also called compression-ignition) may be broadly identified as being
either two- or four-stroke cycle, injected directly or indirectly, and naturally aspirated or
supercharged. They also are classified according to service requirements such 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 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 fuel to the correct
cylinder, (3) inject the 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. Fuel injection
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systems are moving toward the use of electronic components for more flexible control than is
available with purely mechanical systems to obtain lower exhaust emissions without diminishing
fuel efficiency.

Both the fuel and the lubricants that 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 °F to 650 °F. Many of the fuel and oil properties, such as specific energy content (which is
higher than gasoline), ignition quality, and specific gravity, are related to hydrocarbon
composition. Therefore, fuel and lubricant composition affect 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 (gas-phase hydrocarbons, CO, CO,, NO, NO,, SO,) and
particulate exhaust (carbonaceous matter, sulfate, and trace elements). Because of concerns over
health effects associated with DE, 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.

2.2.1.1. Dieselization of the On-Road Fleet

Because of their durability and fuel economy, the use of diesel engines, particularly in
long-distance applications, has increased over the years. The Census of Transportation, Truck
Inventory and Use Survey (TIUS) indicates that among Class 3-8 trucks, diesel engine use has
increased more rapidly than gasoline engine use in the past 20 years. Truck classes are defined
by gross vehicle weight as described in Table 2-1. Dieselization first occurred among Class 7
and 8 trucks. The TIUS indicates that 81.5% of diesel trucks on the road in 1963 were Class 7 or
8 trucks (Table 2-2). Class 7 sales became predominantly (>50%) diesel in the 1970s and Class
8 sales became predominantly diesel in the 1960s. Diesels did not make up a majority of class 5
and 6 sales until the 1990s (Figures 2-1 and 2-2). HD trucks have historically constituted the
majority of diesel sales and mileage. However, an increasing number of LD diesel trucks have
been sold domestically in recent years. In the 1990s, approximately one in three diesel trucks
sold was a Class 1 or Class 2 vehicle. Diesel trucks have historically been driven more miles per
truck than gasoline trucks. For example, the TIUS indicates that 59% of diesel trucks were

driven more than 50,000 miles in 1963, compared with 3% of gasoline trucks.
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Table 2-1. Vehicle classification and weights for on-road trucks

Class Gross vehicle weight (Ib)

1 <6,000
2 6,001-10,000
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.

Table 2-2. Total (gas and diesel) diesel trucks in the fleet in 1992

Truck class 1992 gas and 1992 diesel | % Diesels
diesel trucks trucks

Class 1 and 2 55,193,300 1,387,600 3

(Light duty)

Class 3,4, and 5 1,258,500 326,300 26

(Medium duty)

Class 6 732,300 273,800 37

(Light heavy-duty)

Class 7 and 8 2,016,600 1,725,300 86

(Heavy heavy-duty)

Source: Census of Transportation, 1995.
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Among combination trucks, consisting of tractor-trailers and single-unit trucks with trailers,
diesel vehicles have driven a majority of the miles since at least 1963, the first year in which
TIUS was conducted (Figure 2-3).
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Figure 2-3. Percentage of truck miles attributable to diesel trucks. VMT= vehicle miles
traveled.
Source: U.S. Bureau of the Census, 1999b.

The longevity of diesel trucks is an important factor to understand past, current, and
projected exposures to DE because older vehicles are subject to less stringent regulations and
may remain in use for several decades after their manufacture. American Automobile
Manufacturers Association publications (AAMA, 1927-1997) indicate that 53% of trucks from
model years 1947-1956 were still on the road after 14 years. The proportion of trucks in use
after 14 years was 63% for model years 1974-1983, suggesting that the lifespan of trucks built in
later years is longer. According to the 1997 TIUS, vehicles older than 10 years made up 40% of
Class 7 and 8 trucks and 16% of Class 7-8 vehicle miles traveled (VMT) (Figures 2-4 and 2-5).
Almost all Class 7 and 8 trucks were diesel vehicles in the period 1982-1997 (93% in 1982 and
99% in 1997).

2.2.1.2. 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 with only 50% for steam
locomotives, and had three times the thermal efficiency (Klein, 1991; Kirkland, 1983).

2-7



45%
40%
35%
30%
25%
20%
15%
10%

5%

0%

Percent of HHDT Trucks

Model Year

Figure 2-4. Model year distribution of in-use HD truck fleet in 1997.
Source: U.S. Bureau of the Census, 1999b.

18%

16%
14%

12%
10%

8%
6%
4%
2%
0%

Percentof HHDT VYMT

1998 1887 1986 1895 1984 1893 1992 19891 19890 1988 1888 Pre-
1988

Model Year

Figure 2-5. Model year distribution of vehicle miles traveled by the in-use HD truck
fleet in 1997.
Source: U.S. Bureau of Census, 1999b.

2-8



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
prototype diesel locomotive was completed in 1917. By 1924 General Electric (GE) 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 (GM) and became the Electro-Motive
Division. After this acquisition, GM began to develop the two-stroke engine for this application.
Up to this time, all locomotive diesel engines were four-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 two-stroke cycle. The first true high-speed, two-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
because the entire fleet was converted to diesel (Coifman, 1994).

The locomotive fleet has included significant percentages of both two- and four-stroke
engines. The four-stroke diesel engines were naturally aspirated in the 1940s and 1950s. It is
unlikely that any of the two-stroke engines used in locomotive applications were strictly
naturally aspirated. Nearly all two-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 two-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 four-stroke locomotive engines were naturally aspirated in 1975.
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 four-stroke engines. In part, this is because of the somewhat greater
durability of four-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 than 40 years
(U.S. EPA, 1998b). Many of the smaller railroads are still using engines built in the 1940s,

although the engines may have been rebuilt several times since their original manufacture.

2.2.2. 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 DPM and other DE emissions. Unlike SI

combustion, diesel combustion is a fairly nonhomogenous process. Fuel is sprayed at high
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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 injection pressure, the orientation of the intake ports
(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 and
indirect injection combustion systems are compared in Figure 2-6. Diesel combustion can be
considered to consist of the following phases (Heywood, 1988; Watson and Janota, 1982):

Single Hole

Injection Nozzle Precombustion

Chamber

Four Hole
Injection Nozzle

%
)
g
2

]
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14
ﬁ ’— .

ey

A. Piston Bowl B.
Figure 2-6. 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. (IDI = indirect injection, DI=direct injection)
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. An ignition 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, fuel
vaporization, and fuel composition. Fuel cetane rating is an indication of ignition
delay.

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

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

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

the end of injection.

Engine speed and load are controlled by the quantity of fuel injected. Thus, the overall
fuel-to-air ratio varies greatly as engine speed and load vary. On a macro scale, the cylinder
contents are 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 1,300 K, much of the unburned fuel that is not oxidized is pyrolized
(stripped of hydrogen) to form EC (Dec and Espey, 1995). In addition to EC, other
carbonaceous matter is present, largely from unburned fuel. The agglomeration of elemental and
OC forms particles that are frequently referred to as “soot” particles. In this document, the terms
“EC” and “OC” are used to refer to the carbon-containing components of DPM, and collectively,
they are referred to as the carbonaceous fraction of a diesel particle.

Carbonaceous particle formation occurs primarily during the diffusion-burn phase of
combustion, and is highest during high load and other conditions consistent with high fuel-air
ratios. Most of the carbonaceous matter formed (80% to 98%) is oxidized during combustion,
most likely by hydroxyl radicals (Kittelson et al., 1986; Foster and Tree, 1994).

DPM is defined by the measurement procedures summarized in the Code of Federal
Regulations, Title 40 CFR, Part 86, Subpart N (CFR 40:86.N). These procedures define DPM
emissions as the mass of material collected on a filter at a temperature of 52 °C or less after
dilution of the exhaust with air. DPM is formed by a number of physical processes acting in
concert as the exhaust is cooled and diluted. These are nucleation, coagulation, condensation,
and adsorption. The core DE particles are formed by nucleation and coagulation from primary
spherical particles consisting of solid carbonaceous (EC) material and ash (trace metals and other
elements). To these, through coagulation, adsorption, and condensation, are added organic and

sulfur compounds (sulfate) combined with other condensed material (Figure 2-7). Because of
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Figure 2-7. Schematic diagram of diesel engine exhaust particles.

Source: Modified from Kittelson, 1998.

their size, <0.5 mm, these particles have a very large surface area per gram of mass, which
makes them able to adsorb large quantities of ash, organic compounds, and sulfate. The specific
surface area of the EC core has been measured to be approximately 30-50 m*/g (Frey and Corn,
1967). Pierson and Brachaczek (1976) report that after the extraction of adsorbed organic
material, the surface area of the diesel particle core is approximately 90 m?/g.

The organic material associated with diesel particles originates from unburned fuel,
engine lubrication oil, and small quantities of partial combustion and pyrolysis products. This is
frequently quantified as the SOF, which is discussed in much more detail in Section 2.2.7. The
formation of sulfate in DE depends primarily on fuel sulfur content. During combustion, sulfur
compounds present in the fuel are oxidized to sulfur dioxide (SO,). Approximately 1% to 4% of
fuel sulfur is oxidized to form sulfuric acid (H,SO,) (Wall et al., 1987; Khatri et al., 1978;
Baranescu, 1988; Barry et al., 1985). Upon cooling, sulfuric acid and water condense into an
aerosol that is nonvolatile under ambient conditions. The mass of sulfuric acid DPM is more
than doubled by the mass of water associated with the sulfuric acid under typical DPM
measurement conditions (50% relative humidity, 20-25 °C) (Wall et al., 1987).
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Emissions from combustion engines produce oxide of nitrogen (NO,) primarily (at least
initially) as of NO. High combustion temperatures cause reactions between oxygen and nitrogen
to form NO and some NO,. Most NO, formed during combustion is rapidly decomposed. NO
can also decompose to N, and O, but the rate of decomposition is very slow (Heywood, 1988;
Watson and Janota, 1982). Thus, almost all 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 DPM
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 the EC agglomerate particles. Lacking
sufficient EC adsorption sites, the organic compounds may condense on sulfuric acid nuclei to
form a heterogeneously nucleated organic aerosol (Abdul-Khalek et al., 1999).

Although not unique to DE, the high content of EC associated with typical DPM
emissions has long been used by some investigators to distinguish diesel engine sources of this
particle from other combustion aerosols. Diesel particles from newer HD engines are typically
composed of ~75% EC (EC can range from 33% to 90%), ~20% OC (OC can range from 7% to
49%), and small amounts of sulfate, nitrate, trace elements, water, and unidentified components
(Figure 2-8). Metallic compounds from engine component wear, and from compounds in the
fuel and lubricant, contribute to DPM mass. Ash from oil combustion also contributes trace
amounts.

Ambient PM, ; measured in the eastern United States is dominated by sulfate (34%),
whereas ambient PM, , in the western United States is dominated by OC (39%) (Table 2-3) (U.S.
EPA, 1999a). Many sources contribute to ambient PM, s, and these sources and their relative
contribution to ambient PM, 5 can be identified on the basis of the chemical species present. The
OC fraction of DPM is increasingly being used to assist investigators in identifying the
contribution of diesel engine emissions to ambient PM, ;. In particular, hopane and sterane
compounds (aromatic compounds, >C,,) have been used in addition to other polycyclic aromatic
hydrocarbons (PAHs) and long-chain alkanes to distinguish DPM from other mobile source PM
and from ambient PM (Schauer et al., 1996; Fujita et al., 1998). Although PAH compounds
make up 1% or less of DPM mass, diesel emissions have been observed to have elevated
concentrations of methylated naphthalenes and methylated phenanthrene isomers compared to
other combustion aerosols (Benner et al., 1989; Lowenthal et al., 1994; Rogge et al., 1993).

Enrichment of benzo[a]anthracene and benzo[a]pyrene (B[a]P) in DPM has also been
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Figure 2-8. Typical chemical composition for diesel particulate matter (PM, ;)
from new (post-1990) HD diesel vehicle exhaust.

Table 2-3. Typical chemical composition of fine particulate matter

Eastern U.S. | Western U.S. | Diesel PM,
Elemental carbon 4% 15% 75%
ocC 21% 39% 19%
Sulfate, nitrate, 48% 35% 1%
ammonium
Minerals 4% 15% 2%
Unknown 23% — 3%

Source: U.S. EPA, 1999a.
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observed under some conditions and has been used to assess the relative contribution of DE to
ambient PM.

Although specific OC species are being used to help distinguish DPM aerosols from
other combustion aerosols, up to 90% of the organic fraction associated with DPM is currently
classified as unresolvable complex material. Ultrafine DPM (5-50 nm) accounts for the majority
(50% to 90%) of the number of particles but only 1% to 20% of the mass of DPM. A study
conducted by Gertler (1999) in the Tuscarora Mountain tunnel demonstrated an increase in 20
nm diameter particles as the fraction of diesel vehicles in the tunnel increased from 13% to 78%.
The contribution of nuclei-mode particles from a freeway on an ambient aerosol size distribution
was reported by Whitby and Sverdrup (1980).

In summary, four main characteristics of DPM are (1) the high proportion of EC, (2) the
large surface area associated with the carbonaceous particles in the 0.2 jum size range, (3)
enrichment of certain polycyclic organic compounds, and (4) 50%—-90% of the number of DPM

particles in diesel engine exhaust are in the nuclei-mode size range, with a mode of 20 nm.

2.2.3. 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 added a carbon monoxide (CO) standard and a combined hydrocarbon (HC) and NO,
standard for the 1974 model year (Table 2-4). Beginning in the 1979 model year, 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,EPA added a NO, standard (10.7 g/bhp-hr), 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 1988 model year diesel engines using the transient test (0.6
g/bhp-hr). Transient testing involves running an engine on a dynamometer over a range of load
and speed set points.

Since the 1985 model year, only the NO, and particulate standards have been tightened
for on-road diesel engines. For truck and bus engines, the particulate standard was reduced to
0.25 g/bhp-hr in 1991, and it was reduced again in 1994 for truck engines to 0.1 g/bhp-hr. For
urban bus engines, the particulate standard was reduced in 1994 to 0.07 g/bhp-hr and again in
1996 to 0.05 g/bhp-hr. The NO, standard was reduced to 4.0 g/bhp-hr in 1998 for all on-road
diesel engines (bus and truck engines). The standards for nonmethane hydrocarbon (NMHC)
and NO, combined were further lowered in a 1997 rulemaking, to take effect in 2004. EPA has
recently finalized a regulation that will further reduce NO, NMHC, and PM emissions from
diesel engines starting in 2007.
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Table 2-4. U.S. 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 — —_ —_ —_ — A:40%; L:20%
1974 — 40 — 16° — 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 — 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,0.05ub A:20%; L:15%; P:50%
1998 1.3 15.5 4.0 — 0.10t,0.05 ub A:20%; L:15%; P:50%
2004 1.3 15.5 — 2.4 NMHC! 0.10t, 0.05 ub A:20%; L:15%; P:50%
2007 15.5 0.2 0.14 NMHC 0.01 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.

0Or 2.5 plus a limit of 0.5 nonmethane hydrocarbon (NMHC).

In December 1997, EPA adopted emission standards for NO,, HC, CO, PM, and smoke
for newly manufactured and remanufactured railroad locomotives and locomotive engines. The
rulemaking, which took effect in the year 2000, applies to locomotives originally manufactured
in 1973 or after, and any time they are manufactured or remanufactured (locomotives originally
manufactured before 1973 are not regulated). Three sets of emission standards have been
adopted (Tier 0, 1, and 2); they apply to locomotives and locomotive engines originally
manufactured from 1973 through 2001 (Tier 0), from 2002 through 2004 (Tier 1), and in 2005
and later (Tier 2) (Table 2-5; 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 that represent two
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Table 2-5. U.S. emission standards: locomotives (g/bhp-hr)

Year* co 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 + (Tier 2) 1.5 0.3 55 0.20
Switch 2005 + (Tier 2) 2.4 0.6 8.1 0.24

*Date of engine manufacture.

different types of service, including line-haul (long-distance transport) and switch (involved in
all transfer and switching operations in switchyards) locomotives.

Emission standards for nonroad equipment are not as stringent as current standards for
on-road equipment and are being phased in within the next decade. Currently, Federal PM
standards exist for nonroad equipment of several horsepower ratings. For equipment between
175 and 750 horsepower, the PM standard was set at 0.4 g/bhp-hr in 1996 and will decrease to
0.15 g/bhp-hr between 2001 and 2003 depending on the power rating (Table 2-6). This
equipment includes construction, agricultural, and industrial such as bulldozers, graders, cranes,
and tractors. The current PM standard for this equipment is only slightly lower than the 0.6
g/bhp-hr PM standard in place for on-road HD diesel engines in the late 1980s.

The EPA emission trends report (U.S. EPA, 2000a) provides emission inventories for
criteria pollutants (PM,,, PM, 5, SO,, NO,, volatile organic compounds [VOC], CO, Pb, and
NH,) from point, area, and mobile sources, which indicate how emissions have changed from
1970 to 1998. The emission trends are based on the EPA mobile source inventory models
MOBILE, PARTS, and the draft NONROAD model. PARTS derives particulate emission rates
for HD diesel vehicles using data generated for new engine certification purposes. PARTS is
currently being modified to account for deterioration, in-use emissions, poor maintenance, and
tampering effects, all of which would increase emission factors. PM, SO,, NO,, and VOC
emissions trends from the report are discussed below. Ambient urban/suburban PM samples
rarely reflect the large fraction of natural and miscellaneous sources suggested by the national
inventory, owing to removal of a large portion of these emissions close to their sources as well as
dispersion from these sources to urban/suburban sites. The removal of natural and miscellaneous
PM,, (largely fugitive dust) near their source is a result of the lack of inherent thermal buoyancy,
low release height, and interaction with their surroundings (impaction and filtration by

vegetation).
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Table 2-6.

U.S. emission standards for nonroad diesel equipment (g/bhp-hr)

Power rating Model Pollutant (g/bhp-hr) Smoke %*
year
HC CO NO, NMHC + PM
NO,
11 <hp 2000 — 6.0 — 7.8 (ABT) 0.74 (ABT)
2005+ — 6.0 — 5.6 (ABT) 0.60 (ABT)
11<hp<25 2000 — 4.9 — 7.0 (ABT) 0.60 (ABT)
2005+ — 4.9 — 5.6 (ABT) 0.60 (ABT)
25< hp <50 2000 — 4.1 — 7.0 (ABT) 0.60 (ABT)
2005+ — 4.1 — 5.6 (ABT) 0.44 (ABT)
50< hp <100 1998+ — — 6.9 (ABT) — — 20/15/50
2004 — 3.7 5.6 (ABT) 0.30 (ABT)
2008+ — 3.7 3.5 (ABT) —
100< hp <175 1997+ — — 6.9 (ABT) — — 20/15/50
2003 — 3.7 — 4.9 (ABT) 0.22 (ABT)
2007+ — 3.7 — 3.0 (ABT) —
175< hp <750 1996+ 1.0 8.5 6.9 (ABT) — 0.4 20/15/50
175< hp <300 2003 — 2.6 — 4.9 (ABT) 0.15 (ABT)
2006+ — 2.6 — 3.0 (ABT) —
300< hp <600 2001 — 2.6 — 4.8 (ABT) 0.15 (ABT)
2006+ — 2.6 — 3.0 (ABT) —
600< hp <750 2002 — 2.6 — 4.8 (ABT) 0.15 (ABT)
2006+ — 2.6 — 3.0 (ABT) —
>750 hp 2000+ 1.0 8.5 6.9 (ABT) — 0.4 20/15/50
2006+ — 2.6 — 4.8 (ABT) 0.15 (ABT)

ABT=average banking and trading.
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For the summaries presented here, natural and miscellaneous sources are excluded from the
national PM and NO, inventories.

From 1970 to 1998, PM,, emissions decreased from slightly over 12,200,000 tons to just
over 2,800,000 tons (Figure 2-9). PM,, emissions from on-road and nonroad diesel engines
increased from 320,000 tons to more than 521,000 tons during this same period, so that in 1970
diesel engine emissions were 3% of the PM,, inventory whereas in 1998, diesel engine emissions
were 18% of the PM,, inventory. Diesel engines also contribute to secondary PM formation
from NO, and SO, emissions that are converted to nitrate and sulfate. VOCs from diesel engines
also contribute to secondary organic particle formation. The contribution of secondary PM is not
included in the national trends inventories cited here.

Mobile sources of PM include both gasoline- and diesel-powered on-road vehicles and a
variety of nonroad equipment. Nonroad diesel engine sources include construction equipment,
agricultural equipment, marine vessels, locomotives, and other sources. The EPA emission
trends report (U.S. EPA, 2000a) indicates that, excluding natural and miscellaneous sources,
mobile sources were responsible for 25% of PM,, emissions in 1998. Diesel engines (on-road

and nonroad combined) were estimated to contribute 72% of mobile-source PM,, emissions.
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Figure 2-9. Trends in PM,, emissions from on-road and nonroad engines combined
and other anthropogenic sources of PM,, from 1970 to 1998 (excludes miscellaneous
and natural sources).

Source: U.S. EPA, 2000a, National Air Pollutant Emission Trends, 1900-1998.
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Because of the high concentration of fine particles in engine emissions, diesel engines (on-road
and nonroad combined) were estimated to contribute 77% of mobile-source PM, 5 emissions and
23% of total PM,  in 1998 (excluding natural and miscellaneous emissions). If natural and
miscellaneous PM, 5 sources are included in the inventory, diesel PM, 5 contributes 6% to the
national inventory.

Gram per mile particulate emissions from diesel vehicles are much greater than those
from gasoline-fueled vehicles, accounting for the large contribution of diesel engine emissions to
the national inventory in spite of the smaller number of diesel engines in use. Particulate
emissions (PM,,) 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 year HD
diesel trucks that were first implemented in 1988 and became increasingly stringent in 1991,
1994, and 2000, as presented in Table 2-4. A decrease in on-road HD DPM emissions since the
mid-1980s is confirmed by in-use vehicle testing, as described in Section 2.2.5. Because of the
implementation of existing regulations, DPM emissions from on-road sources are expected to
decrease 37% from 1998 to 2007; however, nonroad DPM emissions are expected to increase
15% in the same period (Figure 2-10).

The EPA emission trends report (U.S. EPA, 2000a) indicates that annual on-road vehicle
PM,, emissions decreased from 397,200 tons to 257,080 tons from 1980 to 1998." Passenger car
particulate emissions decreased 53% (from 119,000 to 56,000 tons) in this timeframe, while on-
road diesel vehicle PM,, emissions decreased 27% (from 208,000 to 152,000 tons) (Figure 2-10).
Nonroad diesel engine PM,, emissions increased 17% (from 314,000 tons in 1980 to 69,000 tons
in 1998). Emissions data for PM, s are available only for the period from 1990 to 1998.

Between 1990 and 1998, PM, s emissions from mobile sources decreased by 14%, largely as the
result of decreased on-road emissions.

From 1970 to 1998, NO, emissions increased from 20,598,000 tons to 24,126,000 tons
(Figure 2-11). NO, emissions from on-road and nonroad diesel engines increased from
1,748,000 tons to 4,753,000 tons during this same period, so that in 1970 diesel engine emissions

were 8% of the NO, inventory while in 1998, diesel engine emissions were 20% of the NO,

'Exhaust emissions constitute the majority of PM emissions from mobile sources, with tire and brake wear
contributing the remainder. To compare trends estimates from past years with future projections (which are provided
for exhaust emissions only), the fraction of brake and tire wear would need to be omitted from these estimates as
reported in the emission trends report (U.S. EPA, 2000a). On average in the late 1990s 39% and 64% of gasoline
vehicle particulate emissions originated from exhaust and 95% and 98% of on-road diesel emissions originated from

exhaust for PM,, and PM, s, respectively.
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Figure 2-10. Trends in PM,, emissions from on-road and nonroad diesel engines from 1970

to 1998 and projections of emissions to 2007 and 2030%*.
*Projection to 2030 includes implementation of the recently finalized regulation “Control of Air

Pollution from New Motor Vehicles: Heavy-Duty Engine and Vehicle Standards and Highway

Diesel Fuel Sulfur Control Requirements” U.S. EPA, 2000b.
inventory. As mentioned above, some of this NO, will be converted to particulate nitrate in the

atmosphere, and this contribution to ambient PM is not quantified in national inventories.

Source: U.S. EPA, 2000a, National Air Pollutant Emission Trends, 1900-1998.

In 1998, 53% of total emitted NO, came from mobile sources, with diesels responsible

remained relatively constant over time, increasing an estimated 7% from 1980 to 1998. Whereas
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Figure 2-11. Trends in NO, emissions from on-road and nonroad diesel engines combined
and other anthropogenic sources of NO, from 1970 to 1998 (excludes miscellaneous and
natural sources).

Source: U.S. EPA, 2000a, National Air Pollutant Emission Trends, 1900-1998.

NO, from LD gasoline vehicles decreased from 1980 to 1998, resulting in an overall decrease in
on-road NO, emissions of 9%, NO, from diesel trucks and buses increased 7% (from 2,463,390
tons in 1980 to 2,630,120 tons in 1998), owing to the illegal use of electronic control devices that
bypassed the trucks’ emission control systems, as discussed in Section 2.2.5. NO, emissions
from nonroad diesel engines (including commercial marine and locomotives) have increased
46% (from 3,251,600 tons in 1980 to 4,752,800 tons in 1998) (Figure 2-12).

About 7% of SO, came from mobile sources in 1998, with diesels responsible for 74% of
that total. EPA regulations for on-road diesel fuel sulfur content (which started in 1993) have

significantly reduced SO, emissions from highway diesels. SO, emissions from highway diesel
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Figure 2-12. Trends in NO, emissions from on-road and nonroad diesel engines from 1970
to 1998.

Source: U.S. EPA, 2000a, National Air Pollutant Emission Trends, 1900-1998.

engines have decreased 72% (from 303,000 tons in 1980 to 85,000 tons in 1998) (Figure 2-13).
Similar trends are not apparent for nonroad diesels, although in 1998 nonroad diesel engines,
excluding commercial marine vessels, emitted 785,000 tons of SO,, accounting for 56% of
mobile-source SO, emissions in 1998.

Diesel engines are not a large source of VOC emissions compared with gasoline engines.
VOC emissions from diesel engines in 1998 were estimated at 2% of the total emissions from all
sources. VOC emissions from diesel mobile sources decreased 9% (from 779,000 tons in 1980
to 721,000 tons in 1998) (Figure 2-14).

Diesel engines are also not a large source of CO emissions compared with gasoline
engines. In 1998, mobile sources emitted 79% of all CO, and diesel engines accounted for 4% of
the mobile-source CO. CO emissions from on-road diesel vehicles increased 34% between 1980

and 1998, during which time nonroad diesel emissions of CO increased 45% (Figure 2-15).
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Figure 2-13. Trends in SO, emissions from on-road diesel engines from 1970 to 1998 and
nonroad diesel engines from 1990 to 1998.

Source: U.S. EPA, 2000a, National air pollutant emission trends, 1900-1998.
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Figure 2-14. Trends in VOC emissions from on-road and nonroad diesel engines from 1970
to 1998.

Source: U.S. EPA, 2000a, National air pollutant emission trends, 1900-1998.
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Figure 2-15. Trends in CO emissions from on-road and nonroad diesel engines from 1970
to 1998.

Source: U.S. EPA, 2000a, National Air Pollutant Emission Trends, 1900-1998.

2.2.4. Historical Trends in Diesel Fuel Use and Impact of Fuel Properties on Emissions

Use of diesel fuel increased steadily in the second half of the 20™ century. According to
statistics from the Federal Highway Administration (1995, 1997), in 1949 diesel fuel was
approximately 1% of the total motor fuel used, and in 1995 it was about 18%. Over the same
time, diesel fuel consumption in the United States increased from about 400 million gallons to 26
billion gallons per year, an increase by a factor of more than 60 (Figures 2-16 and 2-17).

The chemistry and properties of diesel fuel have a direct effect on emissions of regulated
pollutants from diesel engines. Researchers have studied the NOx and DPM effect of sulfur
content, total aromatic content, polyaromatic content, fuel density, oxygenate content, cetane
number, and T90 on emissions of regulated pollutants. T90 is the 90% distillation point
temperature. An increase in T90 has been observed to cause an increase in DPM emissions
(Cunningham et al., 1990; Sienicki et al., 1990). Cetane number is a measure of the ignition
quality, or ignition delay time, of a diesel fuel. The percent of cetane (less commonly referred to
as hexadecane, C,(H;,) by volume in a blend with alpha-methylnaphthalene (C,,H,CH;) defines

the cetane number that provides the same ignition delay time as the fuel in use.
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Before 1993, diesel fuel sulfur levels were not federally regulated in the United States,
although the State of California had such regulations. Industry practices that were in place (e.g.,
the ASTMD 975 specification for No. 2 oils) limited sulfur to 0.5%. During the years 1960 to
1986, fuel sulfur content showed no chronological increasing or decreasing trends and ranged
from 0.23 to 0.28 wt% (NIPER, 1986). A maximum allowable on-road diesel fuel sulfur content
in the United States was established at 0.05 mass % in 1993, in advance of the 1994 0.10 g/bhp!(
hr PM standard for HD on-highway trucks. Nationally, on-road fuels averaged 0.032% sulfur in
1994 while nonroad fuels averaged 10-fold the sulfur level of on-road fuel, or 0.32% (Dickson
and Sturm, 1994). The reduction in diesel fuel sulfur reduced total DPM mass emissions
through reduction of sulfate PM (primarily present as sulfuric acid).

Considerably higher sulfuric acid PM emissions are possible with DE aftertreatment
systems containing precious metals (oxidation catalysts, lean NO, catalysts, catalyzed DPM
traps). At temperatures over 350 °C to 500 °C (depending on device), SO, in the exhaust can be
oxidized to sulfuric acid (McClure et al., 1992; McDonald et al., 1995; Wall, 1998). Sulfur
content remains at unregulated levels for off-highway diesel fuels and fuels used in railroad
locomotives.

The chemical makeup of diesel fuel has changed over time, in part because of new
regulations and in part because of technological developments in refinery processes. EPA
currently regulates on-road diesel fuel and requires the cetane index (a surrogate for actual
measurements of cetane number) to be greater than or equal to 40, or the maximum aromatic
content to be 35% or less (CFR 40:80.29). EPA recently finalized a regulation that will limit the
sulfur content of on-road diesel fuel to 15 ppm starting in 2006 (U.S. EPA, 2000b). California
has placed additional restrictions on the aromatic content of diesel fuel (California Code of
Regulations, Title 13, Sections 2281-2282) and requires a minimum cetane number of 50 and an
aromatics cap of 10% by volume, with some exceptions for small refiners and alternative
formulations as long as equivalent emissions are demonstrated. Diesel fuel from larger refiners
is limited to 10% aromatic content, and for three small refiners (a small fraction of diesel sales)
to 20% aromatic content. The refiners can also certify a fuel with higher aromatic content as
being emissions-equivalent to the 10% (or 20%) aromatic content fuels by performing a 7-day
engine dynamometer emissions test. This method is chosen by most, if not all, California
refiners, and so a typical California diesel fuel has an aromatic content above 20%. Emissions
equivalence has been obtained through use of cetane enhancers, oxygenates, and other
proprietary additives. Nonroad diesel fuel is not regulated, and consequently, cetane index,
aromatic content, and sulfur content vary widely with nominal values for cetane number around

43, 31% aromatics, and sulfur approximately 3,000 ppm.
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The average cetane number of U.S. diesel fuel declined steadily from 50.0 to 45.1, or
about 0.2% per year, from 1960 to 1986 (NIPER, 1986). The decline in cetane number was
likely accompanied by an increase in aromatic content and density (Lee et al., 1998). A number
of EPA-sponsored studies refer to fuels with nominally 22% aromatics content as “national
average fuel” during the 1970s (Hare, 1977; Springer, 1979), whereas by the 1980s a so-called
national average fuel contained 30% aromatics (Martin, 1981a,b). Shelton (1979, 1977) has
reported a trend of increasing T90 from 1960 through the late 1970s, which is consistent with
increasing density, aromatic content, and polyaromatic content. Unfortunately, aromatic content
was not commonly measured before the 1980s.

Studies measuring the emissions impact of changes in cetane number and aromatic
content for roughly 1990 model year engine technology find that increasing the aromatic content
from 20% to 30%, with an accompanying decrease in the cetane number from 50 to 44, results in
a 2% to 5% increase in NO, and a 5% to 10% increase in total DPM (McCarthy et al., 1992;
Ullman et al., 1990; Sienicki et al., 1990; Graboski and McCormick, 1996). These ranges may
be reasonable upper bounds for the effect of changes in fuel quality on NO, and DPM emissions
during the years 1960—1990.

In the northern United States during wintertime, on-road No. 2 diesel may contain some
percentage of No. 1 diesel to improve cold-flow properties. Discussions with refiners indicate
that a typical wintertime No. 1 diesel blending level is 15 volume %; however, this number must
be taken as a rough estimate. Blending of No. 1 may lower the aromatic content, resulting in
improved emissions performance. Nationally, on-highway No. 1 fuels averaged 17% aromatic
content in 1994 (Dickson and Sturm, 1994). Thus, there may also be some small but perceptible
seasonal changes in emissions from diesel engines.

Railroad-grade diesel fuel is currently unregulated. Typically, railroad-grade diesel fuel
is a blend of approximately 10% on-road fuel and 90% nonroad diesel fuel. There are no recent
data on the composition of railroad-grade diesel fuel. Somewhat dated diesel fuel oil surveys
(Shelton, 1979) reported that railroad-grade diesels had lower cetane number, higher density,
and higher T90. Also, the cetane index for these fuels can be as much as 9 cetane units higher
than the cetane number, an indication of a high aromatic content in railroad-grade diesels.

Fuel chemistry is also important for emission of particle-associated PAHs. In studies
performed over more than a decade, Williams and Andrews of the University of Leeds have
shown that the solvent-extractable PAHs from diesel particulate originate almost entirely in the
fuel (Williams et al., 1987; Andrews et al., 1998; Hsiao-Hsuan et al., 2000). The PAH
molecules are relatively refractory, so a significant fraction survive the combustion process and
condense onto the DPM. These studies have been confirmed by other research groups (Crebelli

et al., 1995; Tancell et al., 1995). There is a consensus among these researchers that
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pyrosynthesis of PAHs occurs only at the highest temperature operating conditions in a diesel
engine. Under these conditions, most of the DPM and other pyrolysis products are ultimately
burned before exiting the cylinder. These results indicate that emissions of PAHs are more a
function of the PAH content of the fuel than of engine technology. For a given refinery and
crude oil, diesel fuel PAH correlates with total aromatic content and T90. Representative data
on aromatic content for diesel fuels in the United States do not appear to be available before the
mid-1980s. However, the decreasing trend in cetane number, increasing trend in T90, and the
increasing use of light cycle oil from catalytic cracking beginning in the late 1950s suggest that
diesel PAH content has increased over the past 40 years. Because PAHs have been implicated as
one potential contributing component to the observed toxicity of DE, changes in PAH content of
diesel fuel over time, as well as differences between diesel fuels used in different applications
(on-road, nonroad, locomotive), may influence the hazard observed in exposed populations from
different occupations. However, such a relationship would be difficult to differentiate in an
epidemiologic study because there are several other properties of DE that may be contributing to
the observed toxicity. Historical trends in PAH-measured emissions are discussed in Section
2.2.8.2.

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

Numerous studies have been conducted on emissions from in-use on-road HD diesel
vehicles. HD vehicles are defined as having a rated gross vehicle weight (GVWR) of greater
than 8,500 1b, and most over-the-road trucks have a GVWR of 80,000 Ib. Emissions of regulated
pollutants from these studies have been reviewed (Yanowitz et al., 2000); the review findings,
which encompass vehicles from model years 1976 to 1998, are summarized below. In addition,
a large amount of engine dynamometer data on HD diesel engines have been published since the
mid-1970s. These data are used below to confirm and expand upon the findings from in-use
vehicle testing.

Figure 2-18 shows chassis dynamometer data for more than 200 different vehicles
(approximately one-half of which are transit buses), reported in 20 different published studies, as
well as a large amount of additional data collected by West Virginia University (Yanowitz et al.,
1999; Warner-Selph and Dietzmann, 1984; Dietzmann et al., 1980; Graboski et al., 1998a,b;
McCormick et al., 1999; Clark et al., 1995, 1997; Bata et al., 1992; Brown and Rideout, 1996,
Brown et al., 1997; Dunlap et al., 1993; Ferguson et al., 1992; Gautam et al., 1992; Katragadda
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et al., 1993; Rideout et al., 1994; Wang et al., 1993, 1994; Williams et al., 1989; Whitfield and
Harris, 1998; West Virginia University data 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. Buses were tested using the Central Business District (CBD) cycle, while most
trucks were tested using the Urban Dynamometer Driving Schedule (UDDS), also known as the
Schedule 1d cycle. Some of the trucks were tested using the West Virginia 5-peak cycle, which
generates considerably lower g/mi emissions than the CBD or UDDS (Yanowitz et al., 1999).
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,. Table 2-7 compares the make-up of the fleet of trucks that
was tested with the in-use truck fleet according to the 1997 Vehicle Inventory and Use Survey
(U.S. Bureau of the Census, 1999a). The tested fleet is mostly vehicles in the 33,000-60,000 1b
range. Analysis of the tested fleet also shows that the model year distribution is skewed toward
newer vehicles. The 1997 Vehicle Inventory and Use Survey indicates a flat distribution with
roughly the same number of in-use vehicles for each of the model years in the decade preceding
1997. The 1992 Truck Inventory and Use Survey (U.S. Bureau of the Census, 1995) shows the
same trend, as shown in Figure 2-1. Analysis of odometer mileage for the tested fleet shows that
45% of the vehicles had less than 50,000 miles at the time of testing. Only 10% of the vehicles
had more than 250,000 miles. Although the mileage distribution of the in-use fleet is unknown,
it seems unlikely to be as heavily weighted to low-mileage vehicles. Because of the relatively

low mileage of most of the vehicles tested, deterioration of emissions may not be reflected in the

Table 2-7. Comparison of in-use truck fleet
with truck fleet tested on chassis
dynamometer, percent of total vehicles

Class | In-use trucks, Tested
1995 census trucks
3 17.7 1
4&5 13.3 0
6&7 25.0 17
8A 20.9 52
8B 23.1 30
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results. Yanowitz and co-workers (2000) report that average emissions of regulated pollutants
for vehicles of the different classes listed in Table 2-7 are approximately the same. This is
clearly a reflection of the small number of vehicles in the lighter weight classes for this dataset,
but it also indicates no real difference in emissions for vehicles in Classes 6-8. The data are
mainly for vehicles of 19,500 Ib and greater GVWR (Classes 6 and 7 and heavier), and
predominantly for vehicles of 33,000 Ib and greater GVWR (Class 8 trucks and buses).

Figure 2-18 shows emissions trends in g/mi. Least-squares linear regressions and 95%
confidence intervals are plotted on each graph and yield the following equations for predicting

emissions trends (applicable to the years 1976-98):

Log NO, (g/mile) = (Model year * —0.008) + 16.519 R*=0.024 (2-1)
Log PM (g/mile) = (Model year * —0.044) + 88.183 R*=0.28 (2-2)
Log HC (g/mile) = (Model year * -0.055) + 109.39 R*=0.27 (2-3)
Log CO (g/mile) = (Model Year * —0.041) + 82.876 R*=0.22 (2-4)

As shown in Figure 2-18, changes in NO, emissions have been relatively small, with an
emission rate averaging about 26 g/mi. The data reported in Figure 2-18 are real-world, in-use
emissions measurements and therefore more accurately reflect emission factors than engine test
data during this period. There are two potential causes for the relative constancy of NO,
emissions as described by Figure 2-18. The first is emissions deterioration due to engine wear.
Weaver and Klausmeier (1988) have shown that diesel engine deterioration results in lower NO,
emissions and higher DPM emissions, and this finding has recently been confirmed by
McCormick and co-workers (2000). Wear of mechanical devices that limit smoke, fuel pumps,
and fuel injectors alters the effective injection timing to decrease NO,. Because deterioration is
more a function of maintenance than vehicle age or mileage, deterioration introduces a wide
range in NO, emission factors measured in the chassis dynamometer studies. The lack of a
decreasing trend in NO, emissions can also be attributed to the use of illegal emissions control
devices that bypassed the trucks’ emission control systems under some driving conditions such
as steady-state cruise. EPA has reached a settlement with the diesel engine manufacturers to
discontinue use of these devices. The illegal devices produced low NO, emissions on the
transient test (HD FTP) but operated in a high-NO,/high-fuel-economy mode in use under
highway cruise conditions.

Figure 2-19 shows engine certification data for NO, emissions reported in the many
studies that have employed the transient test over the past 25 years. The engine testing data are

also listed in Table 2-8. The data compiled in Figure 2-19 show a significant decline in NO,
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Figure 2-19. Diesel engine certification data for NO, emissions as a function of model year.

Source: Data are from the transient test results provided in Table 2-8.

emissions, and all engines would appear to meet the regulatory standards for their year of
manufacture because of the illegal emissions devices. From 1980 to 1997, the EPA emissions
trends report (U.S. EPA, 1998a) predicted a decline in NO, emissions from HD diesel vehicles
because these data are based on engine test data. The emissions trend includes the growth in
vehicle miles traveled over time as well as changes in emission factors. The more recent trends
inventory (U.S. EPA, 2000a, discussed earlier) includes emission from the illegal emissions
devices and accordingly demonstrates a slight increase in NO, emissions from on-road HD diesel
vehicles from 1990 to 1998.

DPM, CO, and THC emissions, although widely variable within any model year, have
shown a pronounced declining trend (Figure 2-18). DPM emissions from chassis dynamometer
tests decreased from an average of 3-4 g/mi in 1977 to an average of about 0.5 g/mi in 1997,
suggesting a decrease in DPM emissions of a factor of about 6. Note that these data are for
vehicles or engines tested on in-use or industry-average fuel at the time they were tested.

Indications are that the observed decline in DPM is caused primarily by changes in engine
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Table 2-8. Diesel engine emissions data from engine dynamometer tests

4%
143

Reference Engine® Year Test” NO, PM CcO THC SOF SOF Total Bla]P (PAH) 1-NP (NPAH)
g/bhp] g/bhp g/bhpl g/bhpl g/bhpl Meth® aldehyde, wug/bhp-hr® ug/bhp-hr
hr hr hr hr hr mg/bhp-hr
Hare, 1977 Cat 3208 (NA) 1976  SS 798 0.871 4.04 1.11  0.103 c-hexane 0.76
DDC 6V71 (blower) 1976 SS 1024 1.92 6.55 0.71 0937 c-hexane 0.24
Springer, 1979 Mack ETAY(B)673A (DI, 1977 SS  6.613  0.61 1.588 0.476 0.098 Benz/cyc 65 2.23
TC,AC)
Cat 3208 (EGR, NA) 1977 SS 3747 221 6200 1.163 Benz/cyc 161 1.72
Cat 3406 (DI, TC, AC) 1977 SS 9.79 0.35 2.34 0.35 0.063 Benz/cyc 73 0.15
Cat 3406 (DI, TC, AC, EGR) 1977 SS 5.49 0.93 4.81 0.17  0.181 80 0.08
Cat 3406 (IDI, TC, AC) 1977 SS 5.14 0.28 1.26 0.12  0.031 Benz/cyc 80 0.11
DB OM-352A (DI, TC, AC) 1977 SS 8.93 0.56 0.190 Benz/cyc 280 0.87
DB OM-352A (DI, NA) 1977 SS 7.46 0.99 0.287 Benz/cyc 280 1.07
Perez, 1980 Cat (DI, NA) 1978 SS 8.12 0.77 5.92 0.77 0.19 DCM 1.08
Cat (DI, EGR) 1978 SS 5.16 1.21 5.37 0.57 0.079 DCM 4.34
Cat (DI, TC, AC) 1978 SS 7.66 0.33 2.20 0.27 0.037 DCM 0.34
Martin, 1981a Cat 3208 1978 T 7.83 1.06
Cummins NTC350 1976 T 11.41 0.81
DDC 6V92T (2S5) 1978 T 9.55 0.72
Cummins NTCC350 1979 T 6.58 0.52
DDC 8V71N (2S) 1978 T 7.15 0.92
DDC 6V92TA (295) 1979 T 7.80 0.65
IH DTI466B 1979 T 7.46 0.48
Mack ETAY(B)673A 1979 T 9.01 0.77
Mack ETSX676-01 1980 T 6.90 0.85
Cummins VTB-903 1979 T 8.10 0.53
Cat 3406 1979 T 11.28  0.69
Cat 3406PCTA 1979 T 7.24 0.49
Cummins BigCam NTC350 1979 T 9.97 0.54
IH DT466 1979 T 7.91 0.71
DDC 6V92TA (295) 1979 T 11.66  0.73
DDC 8V71TA (25) 1979 T 9.81 0.51
Cummins NTC290 1979 T 11.10  0.78
Cummins NH-250 1979 T 10.87  0.97
Martin, 1981b Cummins VTB-903 1980 T 5.59 0.67 2.0 223 0228 DCM
DDC 8V71TA (25) 1980 T 7.91 0.44 2.28 0.73 0.176 DCM
IH DTI466B 1980 T 441 0.62 2.35 0.87 0.186 DCM
Ullman et al., 1984 DDAD 6V-71 (25) 1980 T 6.09 0.56 3.86 142 0298 DCM 23 --
Martin, 1984 Cummins NTC300 1981 T 8.13 0.45 2.70 1.36 --
Barry et al., 1985 Cat 3406B 1985 T 6.58 0.48 2.1 0.5 0.061 DCM 70 1
DDC 8V-92 TA (2S) 1980 T 8.15 0.45 2.61 0.53 --




Table 2-8. Diesel engine emissions data from engine dynamometer tests (continued)

ceC

Reference Engine® Year Test” NO, PM CcO THC SOF SOF Total Bla]P (PAH) 1-NP (NPAH)
g/bhp] g/bhp g/bhpl g/bhpl g/bhpl Meth® aldehyde, wug/bhp-hr® ug/bhp-hr
hr hr hr hr hr mg/bhp-hr
SS 6.64 0.36 1.83 0.38 0.0255
Enga et al., 1985 DDC 8V-71 TAC (2S) 1984 T 5.85 1.26 2.99 1.48 -- -- --
Baines, 1986 Cummins NTCC-400 1985 T 4.62 0.55 3.21 0.53
Wachter, 1990 Iveco 8460 1991 T 0.22 0.0957 ?

McCarthy et al., 1992 Navistar DTA466 ES210 1993 T 493  0.082 1.3 0.28 0.0237  SFE

Perez and Williams, Engine 1 1982 T 0.93 0.179 DCM 26 0.83

1989 Engine 2 1982 T 0.86 0.145 DCM 5.8 --
Engine 3 1982 T 0.59 0.185 DCM 4.9 0.89
Engine 4 1982 T 0.96 0325 DCM 26 1.2
Engine 5 1982 T 1.06 0.076  DCM 53 --

Engine 6 1982 T 0.88 0.344 DCM
Needham et al., 1989 Average of 16 engines 1988 T 0.37 0.12 DCM
Average of 3 engines 1991 T 0.24 0.10 DCM
Kreso et al., 1998 Cummins L10-300 1988 SS 515  0.103 0.26  0.030 DCM
Cummins L10-310 1991 SS 470  0.035 0.067 0.022 DCM
Cummins M11-330E 1995 SS 3.82  0.037 0.16 0.016 DCM

Bagley et al., 1998 Cat 3304 (IDI, NA) non-road 1983  SS 0.56 0.319 Benz/cyc 1.5(133) 2.2
Graboski, 1998b DDC 6V-7IN-77 (MUI, 2S) 1977 9.96 0.83 3.59 201 0729 DCM

(and references therein)| DDC 6V-92TA-91 (DDECII) 1991
DDC-6V-92TA-87 (2S) 1987
DDC-6V92TA-83 (MUIL, 2S) 1983
DDC 6V-92TA -88 (DDECII, 2S) 1988
DDC 6V-92TA-91 (DDECII, 2S) 1991
DDC 6V-7IN-77 (MU, 2S) 1977
DDC 6V-92TA-81/89 (MUI, 2S) 1981
DDC 6V-92TA-91 (DDECIL, 2S) 1991
DDC 6V-92TA-89 (DDECII, 2S) 1989
DDC Series 60-91 DDECII 1991
Cummins L-10-87 (MUI) 1987
DDC Series 60-91 (DDECII) 1991
Cummins N-14-87 (MUI) 1987
DDC Series 60-89 (DDECII) 1989
DDC Series 60-91 (DDECII) 1991

423 0197 151 0.72  0.0788 ?
10.77  0.59 0.71 -- --
562 0265 1.19 0435 0.133 DCM
8.52 0.2 1.6 0.6 0.116 Tol/EtOH
4.4 0.276  1.65 0.42 0.07 Tol/EtOH
11.72  0.282  3.18 0.86 0212 DCM
10.06 0.268  2.16 042 0.144 DCM -- --
484 0227 151 0.44 -- -- --
4.855 0338 2499 0.526 -- -- --
4.635 0300 4.458 0.164 --
564 0309 233 0.89 --
4.68 0220 2.26 0.08 0.066 DCM
632 0369 2.20 0.58  0.100 ?
5.128 0.252  4.008 0.154 --
4303 0.182 2.004 0.392 0.061 Tol/EtOH --

437 0.106 147 0.30 0.05 DCM 0.24((18.5)

e e

Cummins B5.9 1995
Spreen et al., 1995 Navistar DTA466 1994 4779 0.090 0.989 0.181 0.035 DCM 26
Norbeck et al., 1998b Cummins L10 1991 477 0224 226 0.53 -- 80 20(1725) 1.95(4.92)
DDC Series 60 1994 489 0.112  1.402 0.065 0.043 DCM 17
Sienicki et al., 1990 Navistar DTA466 1991 5.25 0.22 - 0.23 0.05 DCM

—




Table 2-8. Diesel engine emissions data from engine dynamometer tests (continued)

Reference Engine® Year Test” NO, PM CcO THC SOF SOF Total Bla]P (PAH) 1-NP (NPAH)
g/bhp] g/bhp g/bhpl g/bhpl g/bhpl Meth® aldehyde, wug/bhp-hr® ug/bhp-hr
hr hr hr hr hr mg/bhp-hr
Ullman et al., 1990 DDC Series 60 1991 T 4.552 0.188 2.102 0.508 --
Kado et al., 1998 Cat 3406E 1997 T DCM 0.07(30) 0.34
Ullman, 1988 Cummins NTCC400 1988 T 4.47 0.42 2.22 0.53
Mitchell et al., 1994 DDC Series 60 1994 T 443 0111  2.17 0.22  0.021 DCM 34 (141) 0.04(0.12)
Navistar DTA466 1994 T 486 0.099 1.10 0.34 0.046 DCM 56 0.11(242) 0.3(0.6)
Tanaka et al., 1998 Unknown 1994 SS 4934 0.143 0.807 0352 0.036 DCM .076
Rantanen et al., 1993 Scania 1990 SS 9.30 0.157 0.031 DCM
Valmet 1990 SS 8.67  0.157
Volvo 1990 SS 9.87 0.262
Volvo 1995 SS 4.56  0.135

*NA=naturally aspirated. TC=turbocharged (engines not designated as NA or TC are turbocharged). AC=aftercooled. DI=direct injection. IDI=indirect
injection. EGR=exhaust gas recirculation. 2S=two-stroke (engines not designated as 2S are four-stroke). MUI=mechanical unit injector (not electronically
controlled). DDEC=Detroit Diesel Corporation’s engine control module (electronic control).

®SS=various single or multimode steady-state tests. T=heavy-duty FTP (transient test).

°SOF extraction method. SFE=Supercritical fluid extraction. All others by Soxhlet extraction using the indicated solvents (? for unreported).
DCM-=dichloromethane. Tol/EtOH=toluene/ethanol mixture. Benz/cyc=benzene/cyclohexane mixture. C-hexane=cyclohexane.

‘Number in parentheses is the total PAH emission obtained by summing emissions of all PAHs reported.

‘Number in parentheses is the total NPAH emission obtained by summing emissions of all NPAHs reported.




technology that often result from emission standards, as well as by the lowering of on-road diesel
fuel sulfur content in 1993.

As the discussion above indicates, there is a reasonable amount of data upon which to
base emission factor estimates for late 1970s and later HD vehicles. However, very little
transient test data are available on engines earlier than the mid-1970s. The limited data available
from six pre-1976 vehicles tested using the transient cycle suggests that PM emission rates
ranged from 1.6 g/mi to 9.0 g/mi, which is a substantially greater range than in post-1976
engines (Fritz et al., 2001).

Although a substantial decreasing trend in DPM emissions from in-use chassis
dynomometer testing and engine testing (Figure 2-20) is evident, these data reflect a wide range
in emission factors within any given model year. For example, emission factors for model year
1996 range from less than 0.1 g/mi to more than 1 g/mi (Yanowitz et al., 2000; Graboski et al.,
1998b). The high variability in DPM emissions measured in the chassis dynamometer tests is
observed because of several factors, including differences in measurement methods and test
conditions at the various testing facilities, deterioration, and engine-to-engine variation.
Although there can be excellent agreement between chassis dynamometer testing facilities
(Graboski et al., 1998a), there is no standard HD chassis dynamometer Federal test procedure,
and no detailed procedures for such testing are described in any authoritative source such as the

Code of Federal Regulations, which does contain such procedures for engine dynamometer
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Figure 2-20. Diesel engine certification data for PM emissions as a function
of model year.

Source: Data are from the transient test results provided in Table 2-8.
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testing used for EPA emission regulations. Therefore, each facility has developed its own
approach to HD testing. Clark et al. (1999) report that the test cycle can have a substantial
effect on DPM emissions, with higher DPM emissions reported from test cycles that incorporate
full-power accelerations. Test cycles incorporating full-power accelerations reflect urban HD
vehicle driving for several types of vehicles (garbage trucks, buses) operating in urban areas.
Clark et al. (1999) also report that aggressive acceleration produces higher DPM emission rates
than does conservative acceleration, and Clark and co-workers suggest that real in-use driving is
more likely to mimic aggressive acceleration. Although figures are currently unquantified, it is
generally believed that the majority of DPM is generated under transient conditions such as
heavy acceleration.

Weaver and Klausmeier (1988) have examined potential causes and frequency of DPM
emissions deterioration for in-use HD diesel vehicles. Potential causes include manufacturing
defects and malfunctions such as retarded timing, fuel injector malfunction, smoke-limiting
mechanism problems, clogged air filter, wrong or worn turbocharger, clogged intercooler, engine
mechanical failure, excess oil consumption, and electronics that have been tampered with or
have failed. The recent report by McCormick and co-workers (2000) indicates that many of
these malfunctions can have very large effects on DPM emissions, resulting in DPM increases of
typically 50% to 100%. Although Yanowitz and co-workers (1999) found that DPM emissions
were positively correlated with odometer mileage for a fleet of 21 vehicles, it is more likely that
the vehicle state of maintenance will be more important than mileage for determining the degree
of emissions deterioration. In fact, in a similar analysis performed on the chassis dynamometer
results included in the review of Yanowitz et al. (2000), DPM emissions could not be correlated
with odometer mileage. Differences in testing methods between various facilities as well as
varying states of maintenance for vehicles of the same mileage and model year probably account
for this lack of correlation.

It is difficult, given current information, to quantitatively assess the contribution of high-
emitting or smoking diesel vehicles to ambient DPM. Emission models used to prepare diesel
particulate emission inventories do not account for deterioration. The relative contribution of
high-emitting diesel vehicles to the total mass and overall chemical composition of diesel
particulates is being quantified. Some studies report numerous smoking diesel trucks. A study
of the smoke opacity-based inspection and maintenance program in California found failure rates
of 20% and higher, suggesting that high-emitting vehicles are not uncommon (CARB/EEAI,
1997). In the Northeast, smoke opacity testing conducted on 781 HD trucks found that 15% of
the vehicles failed the smoke standard (40% opacity for 1991 and newer HD diesel vehicles and
50% opacity for pre-1991 HD diesel vehicles) (Cooper, 1999). Although the correlation

between smoke and particulate emissions tends to be qualitative or semiquantitative (discussed
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below), there is a good correlation between opacity and EC concentrations, and it is expected
that high-emitting diesel vehicles may be an important part of the DPM emission inventory.

Others have attempted to determine if the effects of deterioration could be detected for
in-use vehicles. In a study of 21 vehicles (Yanowitz et al., 1999), a linear multivariate regression
analysis found that DPM emissions were positively correlated with odometer mileage (several
other correlation factors were also identified, including model year). A similar analysis
performed on the chassis dynamometer results included in the review of Yanowitz et al. (2000)
found that DPM emissions could not be correlated with odometer mileage, probably because of
differences in testing methods between the various facilities.

Other approaches for measuring emissions from in-use on-road diesel vehicles include
tunnel tests and remote sensing, the latter of which measures gaseous, but not DPM, emissions.
The literature reports of those studies are summarized in Tables 2-9 and 2-10. Several tunnel
test studies have reported DPM emission factors (Pierson and Brachaczek, 1976; Japar et al.,
1984; Pierson et al., 1983; Kirchstetter et al., 1999; Gertler et al., 1996, 1999).

The method for determining emission rates for vehicles traveling through a tunnel is
explained in detail by Pierson et al. (1996). Briefly, the emissions of a species are determined by
measuring the concentration of a pollutant entering and leaving a tunnel along with knowledge
of the cross-section of the tunnel and measurements of the wind flux at the inlet and outlet of the
tunnel. The emission rate is calculated by dividing the mass of the pollutant by the number of
vehicles that passed through the tunnel and the length of the tunnel. The diesel and gasoline
vehicle contributions to the total emission of the pollutant are separated by a simple regression
analysis where the intercepts (100% HD and 100% LD) are the diesel and gasoline emission
rates, respectively.

Emission factors from tunnel studies provide a snapshot of real-world emissions under
driving conditions experienced in the tunnel and reflect emission factors representative of the
mix of in-use vehicles and the atmospheric dilution and short-term transformation processes of
DE. Emission factors derived from tunnel studies are often used as one source of information to
study the impact of improved technology and fleet turnover on emissions because they allow
random sampling of large numbers of vehicles, including a range of ages and maintenance
conditions. However, tunnel studies are limited in that they represent driving conditions on a
single roadway passing through a tunnel and represent mostly steady-state driving conditions,
whereas most DPM is generated during transient modes of operation; also, tunnel studies do not
include cold-start operations. Both of these factors need to be assessed to understand emission
rates for DPM to which people are exposed (U.S. EPA, 1992, 1995). DPM emission factors

from in-use fleets derived from tunnel studies in the 1970s and 1980s compared with the 1990s
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Table 2-9. HD diesel emissions results from tunnel tests (adapted from Yanowitz et al., 1999)

Test Tunnel location, Fuel NO,? NMHC CoO DPM CO, NO,? NMHC | CO DPM
year of study efficiency | (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (g/gal) (g/gal) | (g/gal) | (g/gal)
(mi/gal)
Pierson and Allegheny, 1974 5.42° .90-1.80 4998
Brachaczeck, 1983 Allegheny, 1975 1.75+0.19 9.49£1.03
Allegheny, 1976 1.5+0.10 8.1+0.54
Allegheny, 1976 1.4+0.07 7604
Tuscarora, 1976 1.3+0.19 7.0+1.0
Tuscarora, 1976 1.39+£26 7.5+1.40
Allegheny, 1977 1.3+0.08 7.0 £0.43
Allegheny, 1979 1.2+0.03 6.5+0.16
Allegheny, 1979 1.4+0.04 7.6+0.19
Rogak et al., 1998 Cassiar Tunnel, 8.03° 19.50 -0.16 6.79 1,280 157 -1+£7 55
1995, Vancouver +4.22 + (.88 +11.78 +40 + 34 +95
Miguel et al., 1998 Caldecott Tunnel, 5.42¢ 23.82 £ 1.67 129 9.0
1996, San Francisco 4.17 +0.24¢ +23 +1.3¢
Weingartner et al., Gubrist Tunnel, 5.60° 0.62 35
1997b 1993, Zurich +0.02° +0.1°
Pierson et al., 1996 Fort McHenry 11.46° 9.66 0.92 6.8 897 111 11 78
Tunnel, downhill, +0.32 +0.21 +1.5 +48 +4 +2 +17
1992, Baltimore
Pierson et al., 1996 Fort McHenry 5.42° 22.50 2.55 14.3 1,897 122 14 78
Tunnel, uphill, +1.00 + 1.05 +5.5 + 168 +5 +6 +30
1992, Baltimore
Pierson et al., 1996 Tuscarora Tunnel 6.44° 19.46 0.68 6.03 1,596 125 4 39
1992, Pennsylvania + 0.85 +0.20 + 1.61 +78 +5 +1 + 10
Kirchstetter et al., Caldecott Tunnel, 5.42¢ 23.82 + 1.43 129 7.7
1999 1997, San Francisco 2.98 +0.128 +16 +0.68
Gertler,1999 Tuscarora Tunnel, 0.29
1999, Pennsylvania

NO, reported as NO,.

°Calculated 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, fuel efficiency assumed to be the same
as in slightly uphill tunnel (Fort McHenry).

Reported as black carbon, assumed that 50% of total PM emissions are

BC.

Slope of tunnel unknown, so used average fuel efficiency for the United

States.
PM,.
¢PM, ..

"Uncertainty reported as £1.0 standard deviation, except where literature

report did not specify standard deviation; in those cases uncertainty listed as

reported.




Table 2-10. Remote sensing results for HD vehicles

Reference Year study | Emissions (g/gal)
conducted
NO, Jimenez et al., 1998 1997 150 b¢
Cohen et al., 1997 1997 108 *b¢
Countess et al., 1999 1998 187 2b¢
CcO Bishop et al., 1996 1992 59°
Cohen et al., 1997 1997 54°
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.

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

Source: Yanowitz et al., 1999.

suggest approximately a fivefold decrease in DPM mass emission factors over that time, with the
most recent data from 1999 reporting an emission factor of 0.29 g/mi for the on-highway HD
diesel fleet (Figure 2-21).

Emission factors vary substantially for the various tunnels, with NO, emissions ranging
from 9.7 to 23.8 g/mi in the 1990s, CO emissions ranging from 6 to 14 g/mi, and THC emissions
ranging from 0.16 to 2.55 g/mi.

Remote sensing reports emission factors in terms of pollutant emissions per unit of fuel,
not on a per-mile basis. Agreement between remote sensing and tunnel studies for NO,
emissions is reasonably good for the fleet as a whole, suggesting an average level for the fleet of
about 130 g/gal, comparable to the average emissions factor measured in chassis dynamometer
studies (remote sensing can measure emissions from an individual vehicle, whereas tunnel
studies measure emissions from the fleet as a whole). 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
DPM can be greater than 20% and 10%, respectively (or a total difference of more than 45% and
20%, respectively, between low- and high-humidity areas), under normally occurring climatic

conditions. Additionally, the remote sensing literature has not addressed how to determine the
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Figure 2-21. Emission factors from HD diesel vehicles from tunnel studies.

Source: Data from Pierson and Brachaczek, 1976; Japar et al., 1984; Pierson et al., 1996;
Kirchstetter et al., 1999; Gertler et al., 1995, 1996; Gertler, 1999.

correct value for the NO/NO, ratio, and there is reason to believe that this value may differ
systematically from site to site, although almost all of the NO, is NO as it leaves the vehicle.

In addition to the humidity correction discussed above, several factors must be taken into
account when comparing DPM measurements from tunnel tests to chassis dynamometer
measurements (Yanowitz et al., 2000): (1) Chassis testing measures only tailpipe emissions;
tunnel tests can include emissions from other sources (tire wear, etc.), and (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.

Because THC emissions for diesel vehicles are very low in total mass in comparison with
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

unstable; small errors in the total measurements can change estimates substantially. Similarly,
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CO emissions are comparable to automobile emissions on a per-vehicle-mile basis, but because
there are generally many more automobiles than HD diesels in tunnel tests, CO measurements

from diesels may also have a high degree of uncertainty.

2.2.5.2. Locomotives

Locomotive engines generally range from 1,000 horsepower up to 6,000 horsepower.
Similar to the much smaller truck diesel engines, the primary pollutants of concern are NO,,
DPM, 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 thus 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
Electro-Motive Division of GM, and GE Transportation Systems) tested eight different engine
models and reported the results to EPA (U.S. EPA, 1998b). All available data on locomotives

are summarized in the regulatory impact assessment and shown in Figure 2-22.

2.2.6. Engine Technology Description and Chronology

NO, emissions, DPM 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 increase DPM and BSFC. One manifestation of the
interplay among NO,, DPM, and BSFC is that an increase in combustion temperatures will tend
to increase NO formation. Higher temperatures will also often improve thermal efficiency, can
improve BSFC, and can increase the rate of DPM oxidation, thus lowering DPM emissions. One

example of this is the tradeoff of DPM emissions and BSFC versus NO, emissions with fuel
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injection timing. Many recent advances in reducing the emissions of diesel engines without
aftertreatment are combinations of technologies that provide incremental improvementsin the
tradeoffs among these emissions and fuel consumption. The sum total, however, can be
considerable reductions in regul ated emissions within acceptable levels of fuel consumption.

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

. A four-stroke cycle

. Direct-injection, high-pressure (1,200 bar to >2,000 bar) fuel injection systems with
electronic control of injection timing and, in some cases, injection rate

. Centrally located multihole injection nozzles

. Three or four valves per cylinder

. Turbochargers

. In many cases, air-to-air aftercooling

. 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. These engines are expected to
last longer and therefore have a useful life longer than the regulatory estimate of full useful life
for HD engines (~1,000,000 miles) previously used by EPA (for 1980 engines that were driven
less than 300,000 miles between rebuilds and were rebuilt up to three times). Current four-
stroke locomotive engines use engine technology similar to on-highway diesel engines, except
that electronic controls have only recently been introduced.

It isdifficult to separate the components of current high-speed diesel engines for
discussion of their individual effects on emissions. Most of the components interact in numerous
ways that affect emissions, performance, and fuel consumption.

2.2.6.1. Indirect and Direct I njection 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
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1930s, it became possible to inject the fuel directly into the cylinder for the first time, although
indirect injection (IDI) diesel engines continued in use for many years. Asdieselswere
introduced into the heavy truck fleet in the 1930s through the 1950s, both IDI and direct
injection (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. After thistime,
only asmall fraction of truck engines used an IDI system.

DI diesel engines have now all but replaced IDI diesel enginesfor HD on-highway
applications.? 1DI 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. 1DI 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 applications into the 1980s. Caterpillar and Deutz il
produce engines of thistype, primarily for use in underground mining applications. 1DI
combustion systems are still used in many small-displacement (<0.5 L/cylinder), very high-
speed (>3,000 rpm rated speed) diesel engines for small nonroad equipment (small imported
tractors, skid-steer loaders), auxiliary engines, and small generator sets, and they were prevalent
in diesel automotive engines in the 1980s; IDI designs continue to be used in automotive diesel
engines.

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 four-valve/cylinder designs (e.g., the six-cylinder Daimler LD
engine) can be equally applied to IDI diesel enginesasin DI, but they negate advantagesin cost
over DI engines. DI diesel engines of the same power output consume 15% to 20% less fuel
than IDI engines (Heywood, 1988). Considering the sensitivity of the HD truck market to fuel
costs, this factor alone accounts for the demise of IDI diesel enginesin these types of
applications. Throttling and convective heat transfer through the chamber-connecting orifice,
and heat rejection from the increased surface area of 1Dl combustion systems, decrease their
efficiency and can cause cold-start difficulties when compared to DI designs. Most IDI diesel
engine designs require considerably higher than optimum compression ratios (from an efficiency
standpoint) to aid in cold-starting (19:1 to 21:1 for IDI enginesvs. ~15:1 to 17:1 for DI engines).

>The GM Powertrain/AM General 6.5L electronically controlled, turbocharged IDI-swirl chamber engine,
certified asalight HD diesel truck engine, isthe last remaining HD on-highway I1DI engine sold in the United
States.
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Because of the early introduction of DI technology into truck fleets, it islikely that by the
end of the 1960s, only a small fraction of the HD diesel engines sold for on-highway use were
IDI engines. Itisunlikely that the shift from IDI to DI engine designs through the 1950s and
1960s occurred rapidly and likely that this shift had little significant impact on emissions.
Springer (1979) reports a comparison of nearly identical Caterpillar 3406 engines (turbocharged
and aftercooled) in DI and IDI configurations tested on an engine dynamometer under steady-
state conditions, which limits the usefulness of these data. There was no significant differencein
emissions of DPM, SOF, aldehydes, or DPM-associated B[a]P (Table 2-8). Note that IDI
designs continue to be used in automotive diesel engines.

2.2.6.2. Injection Rate

Decreasing the duration of diffusion combustion and promoting EC oxidation during the
expansion stroke can reduce formation of EC agglomerates (Stone, 1995) and reduce the
particul ate carbon fraction at high load (Needham et al., 1989). Both of these effects are
enhanced by increasing the fuel injection rate. The primary means of accomplishing thisis by
increasing fuel injection pressure. In 1977 Robert Bosch introduced a new type of high-pressure
pump capable of producing injection pressures of 1,700 bar at the nozzle (Voss and Vanderpoel,
1977). Thisincreased fuel injection pressure by roughly afactor of 10. Unit injection, which
combines each fuel injection nozzle with individual cam-driven fuel pumps, can achieve very
high injection pressures (>2,000 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 jointly developed by Caterpillar and Navistar, introduced on
the Navistar T444E engine (and variants) in 1993.

It iswidely known that high fuel injection pressures have been used to obtain compliance
with the PM standards that went into effect in 1988 (Zelenkaet a., 1990). Thus, itislikely that
atransition 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-hr Federal PM standard went into
effect.

The use of electronic control of injection rateis rapidly increasing on medium HD diesel
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.

Increased injection rate and pressure can significantly reduce EC emissions, but it can
also increase combustion temperatures and cause an increase in NO, emissions (Springer, 1979;
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Watson and Janota, 1982; Stone, 1995). Low NO,, low DPM, and relatively good BSFC and
brake mean engine pressure (BMEP) are possible when combined with turbocharging,
aftercooling, and injection timing retard.

2.2.6.3. 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 with a naturally aspirated engine of the same power output.
Turbocharging utilizes otherwise wasted exhaust heat and pressure to generate intake boost. The
boosted intake pressure effectively increases air displacement and increases the amount of fuel
that can be injected to achieve agiven fuel-air ratio. Turbocharging increases the power density
of an engine. Boosting intake pressure viaturbocharging 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 DPM
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 DPM emissions and fuel consumption. This allows arough 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),
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Figure 2-23. Effect of turbocharging and after cooling on NO, and PM.

Source: Mori, 1997.

2-48



which can reduce particulate emissions. Although this may offer advantages for steady-state
operation, hard accel erations can temporarily cause overly fuel-rich conditions because the
turbocharger speed lags behind arapid change in engine speed (turbo-lag). This can cause
significant increasesin DPM emissions during accelerations. Before the advent of electronic
controls, the effect of acceleration on DPM emissions could be limited by mechanically delaying
demand for maximum fuel rate with a“smoke-puff eliminator.” Because 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 DPM emissions when compared to either non-aftercooled or naturally aspirated diesel
engines (Hardenberg and Fraenkle, 1978; Pischinger and Cartellieri, 1972; Stone, 1995). The
use of charge-air cooling effectively shifts the NO,-DPM tradeoff curve, as shown in

Figure 2-23.

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 (although emissions of DPM are substantial during
this driving mode). 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 acceptabl e performance and
durability at high altitudes. Previous mechanical unit injected engines (e.g., the 1980s Cummins
L 10, the Non-Electronic Control Detroit Diesel 6V 92) were capable of reasonably high injection
pressures, but they 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 manufacturersto retard injection timing to obtain low NO, emissions during
highly transient urban operation, similar to that found during emissions certification. HD engine
manufacturers also advanced injection timing during less transient operation (such as freeway
driving) for fuel consumption improvements (~3% to 5%) at the expense of greatly increased
NO, emissions (approximately three to four times regulated levels). This particular situation
resulted in the recent consent decree settlements between the Federal Government and most HD
engine manufacturers to ensure effective NO, control in all driving conditions, including on-
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highway high-speed steady-state driving.

Turbocharged engines entered the market very slowly beginning in the 1960s. Data for
DPM emissions from naturally aspirated engines of model years 1976 to 1983 are compared with
DPM emissions from turbocharged engines in Figure 2-24. Thereis no consistent differencein
DPM emissions between turbocharged and naturally aspirated engines. Although not plotted, the
data also show no difference in emissions of NO,, DPM SOF, or DPM-associated B[a]P and 1-
nitropyrene (1-NP).

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 into heavy trucks 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 being the most common. Johnson and co-workers (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 DPM
emissions (50% lower than the 1988 engine) and lower NO, emissions. Higher injection
pressureislikely to have enabled the reduced DPM emissions, whereas the lower charge-air
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Figure 2-24. Comparison of diesel engine dynamometer PM emissions for four-stroke,
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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 conjunction with other changes to produce a
decrease in emissions. On the advent of a NO, standard in 1985, NO, was probably reduced on
the order of 10% to 30% in turbocharged aftercooled engines with retarded injection timing.
This decrease is not evident in the in-use chassis testing data because of deterioration and the use
of illegal emissions devices as described above. Overall, it is expected that engines in the 1950s
to mid-1970s timeframe would have similar DPM emission rates, whereas post-1970 engines
would have somewhat lower DPM emission rates.

2.2.6.4. Two-Stroke and Four-Stroke High-Speed Diesel Engines

A detailed discussion of the two- and four-stroke engine cycles can be found in the
literature (Heywood, 1988; Taylor, 1990; Stone, 1995). Nearly all high-speed two-stroke diesel
engines utilize uniflow scavenging assisted by a positive-displacement blower (Figure 2-25).
Uniflow-scavenged two-stroke diesels use poppet exhaust valves similar to those found in four-
stroke engines. Theintake air enters the cylinder through a pressurized port in the cylinder wall.
A crankshaft-driven, positive-displacement blower (usually aroots-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 four-stroke counterparts
and have higher BMEP (torgue per unit displacement) (Heywood, 1988). It isuseful to note that
two-stroke cycle fires each cylinder once every revolution, whereas the four-stroke cycle fires
every other revolution. Thus, for a given engine size and weight, two-strokes can produce more
power. However, two-stroke diesel engines are less durable than their four-stroke counterparts.
Lubricating oil is transferred from the piston rings to the intake port, which causes relatively
high oil consumption relative to four-stroke designs. Durability and low oil consumption are
desirable for on-highway truck applications. This may be why four-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 6V 92 series of two-stroke diesel enginesis still the most popular for urban bus
applications, where the high power density allows the engine to be more easily packaged within
limited spaces. The primary reason that two-stroke engines like the 6V 92 are no longer offered
for urban bus applicationsis excessive DPM emissions. The lubricating oil control with two-
strokes tends to be lower than for four-stroke engines, and therefore, emissions have higher VOC
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and organic DPM emissions relative to four-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 one-half of the
current on-highway HD diesel engine PM standard, although EPA isin the process of proposing
more strict standards for HD diesel truck engines along with further reductionsin diesel fuel
sulfur levels. No two-stroke diesel engine designs have been certified to meet the most recent
urban bus PM emissions standards, and Detroit Diesel Corporation has not certified atwo-stroke
diesel engine for on-highway truck use since 1995.

A comprehensive review of emissions from hundreds of vehicles (197698 model years)
that had been tested on chassis dynamometers found that DPM emissions vary substantially
within a given model year and that within that variation there are no discernible differencesin
DPM emissions between two- and four-stroke vehicles (Figure 2-26) (Y anowitz et al., 2000).
DPM emission factors reported for engine tests also indicate that two- and four-stroke engines
have comparable emission factors, as these engines all had to meet the same regulatory standard
(Figure 2-27). In contrast to DPM emissions, evidence suggests that mid-1970s two-stroke
engines exhibited very high SOF levels compared with four-stroke engines, with later model
years showing similar SOF emissions for two- and four-stroke engines (Figure 2-28). For
aldehydes, benzo[a]pyrene, and 1-nitropyrene, data are available for only one two-stroke engine,
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Source; Yanowitz et a ., 2000.

but they indicate no significant difference in emissions from comparable model year four-stroke
engines. Overall, regulated emissions changes attributable to changing proportions of two- and
four-stroke enginesin the in-use fleet do not appear to have influenced DPM emission levels, but
the transition to four-stroke engines in the 1970s would have decreased the fraction of SOF
associated with the DPM. It appears that the proportion of two-stroke engines in the in-use fleet
was relatively constant until the late 1980s, when it began to decline.

2.2.7. Air Toxic Emissions

HD diesel vehicle exhaust contains several substances that are known, likely, or possible
human or animal carcinogens, or that have serious noncancer health effects. These substances
include, but are not limited to, benzene, formaldehyde, acetaldehyde, 1,3-butadiene, acrolein,
dioxin, PAH, and nitro-PAH (the complete list of chemically characterized compounds present
in DE is provided in Section 2.3.1). Very few historical data are available to examine changesin
emission rates over time. In this section, trends in aldehyde emissions over time and a summary
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of dioxin emission factors are presented. PAH and nitro-PAH emission factors are discussed in
Section 2.2.8.2.

2.2.7.1. Aldehyde Emissions

Among the gaseous components emitted by diesel engines, the aldehydes are particularly
important because they constitute an important fraction of the gaseous emissions and they are
probable carcinogens that also produce noncancer health effects. Formaldehyde makes up the
majority of the aldehyde emissions (65% to 80%), with acetaldehyde being the second most
abundant aldehyde in HD diesel emissions. Total aldehyde emissions reported from chassis
dynamometer testing suggest that aldehyde emissions have declined since 1980; however, only
two tests reported aldehydes from engines made after 1985 (Figure 2-29). Engine dynamometer
studies also suggest a downward trend in the emissions of aldehydes in the time period from
1976 to 1994 (Figure 2-30). Engine dynamometer studies report aldehyde emission levels of
150-300 mg/bhp-hr for late 1970s engines with no significant effect of turbocharging, or 1DI
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-hr range (Mitchell et al., 1994).

2.2.7.2. Dioxin and Furans

Ballschmiter et al. (1986) reported detecting polychlorinated dibenzo-p-dioxins (CDDs)
and polychlorinated dibenzofurans (CDFs) in used motor oil and thus provided some of the first
evidence that CDDs and CDFs might be emitted by the combustion process in diesel-fueled
engines. Incomplete combustion and the presence of a chlorine source in the form of additivesin
the oil or the fuel were speculated to lead to the formation of CDDs and CDFs. Since 1986,
severa studies have been conducted to measure or estimate CDD/CDF concentrationsin
emissions from diesel-fueled vehicles. These studies can be characterized as direct
measurements from the engine exhaust and indirect measurements from the sampling of air
within transportation tunnels.

Table 2-11 isasummary of various CDD/CDF emission characterization studies reported
in the United States and Europe for diesel-fueled cars and trucks. Hagenmaier et a. (1990)
reported an emission factor for LD diesel vehicles of 24 pg TEQ per liter of diesel fuel
consumed. TEQ, or the toxic equivalency factor, rates each dioxin and furan relative to that of
2,3,7,8-TCDD, which is arbitrarily assigned a TEQ of 1.0 based on animal assays. Schwind et
al. (1991) and Hutzinger et al. (1992) studied emissions of CDDS/CDFs from German internal
combustion engines running on commercia diesel fuels and reported arange of CDD/CDF
emission rates across the test conditions (in units of pg TEQ per liter of diesel fuel consumed) of
10-130 pg TEQ/L for diesel car exhaust and 70-81 pg TEQ/L for diesel truck exhaust.
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Table2-11. Summary of CDD/CDF emissions from diesel-fueled vehicles

Number
of test Emission factor
Study Country Vehicletested | vehicles (pg TEQ/km driven) Driving cycle; sampling location
CARB, 1987; Lew, 1996 United States Diesel truck 1 663-1,300 6-hr dynamometer test at 50 km/hr
Marklund et al., 1990 Sweden Diesel truck 1 not detected (<18)? U.S. Federal mode 13 cycle; before muffler
Hagenmaier et al., 1990 Germany Diesel car 1 2.42 Comparable to FTP-73 test cycle; in tailpipe
Hagenmaier, 1994 Germany Diesel bus 1 not detected (< 1 pg/L) On-the-road testing
Oehmeet al., 1991 (tunnel Norway — (b) 520° Cars moving uphill (3.5% incline) at 60 km/hr
study) 38° Cars moving downhill (3.5% decline) at 70 km/hr
avg = 280
9,500° Trucks moving uphill (3.5% incline) at 60 km/hr
720° Trucks moving downhill (3.5% decline) at 70 km/hr
avg = 5,100
Schwind et a., 1991 Germany Diesel car 1 5.0-13% Various test conditions (i.e., loads and speeds)
Hutzinger et a., 1992 Diesel truck 1 13-15% Various test conditions (i.e., loads and speeds)
Gertler et a., 1996 (tunnel United States Diesdl trucks (d) mean = 172 Mean of seven 12-hour samples
study)
Gullett and Ryan, 1997 United States Diesel truck 1 mean - 29.0 Mean of five sample routes

*Results reported were in units of pg TEQ/liter of fuel. For purposes of this table, the fuel economy factor used by Marklund et al. (1990), 10 knmv/L or 24 miles/gal, was used to convert the emission rates
into units of pg TEQ/km driven for the cars. For the diesel-fueled truck, the fuel economy factor reported in CARB (1987a) for a 1984 heavy-duty diesel truck, 5.5 km/L (or 13.2 miles/gal), was used.
PTests were conducted over portions of 4 days, with traffic rates of 8,000-14,000 vehicles/day. Heavy-duty vehicles (defined as vehicles over 7 metersin length) ranged from 4% to 15% of total.
°Emission factors are reported in units of pg Nordic TEQ/km driven; the valuesin units of 1-TEQ/km are expected to be about 3% to 6% higher.

“Tests were conducted over 5 days with heavy-duty vehicle rates of 1,800-8,700 vehicles per 12-hour sampling event. Heavy-duty vehicles accounted for 21% to 28% of all vehicles.



In 1994, Hagenmaier reported CDD/CDF emissions from a diesel-fueled bus and found
no detectable levelsin the exhaust (at a detection limit of 1 pg/L of fuel consumed) for
individual congeners. 1n 1987, the California Air Resources Board (CARB) produced a draft
report of a HD engine tested under steady-state conditions indicating a TEQ emission factor of
7,290 pg/L of fuel burned (or 1,300 pg/km driven) if nondetected values are treated as one-half
the detection limit. Treating nondetected values as zeros yields a TEQ concentration equivalent
to 3,720 pg/L of fuel burned (or 663 pg/km driven) (Lew, 1996). Norbeck et a. (1998c) reported
emission factors for dioxin and furans from a Cummins L 10 HD diesel engine running on pre-
1993 fuel of 0.61 pg/L and 0.41 pg/L for the same engine running on reformulated fuel. The low
emission factors reported by Norbeck et a. (1998c) were attributed to losses of dioxin and furan
compounds to the dilution tunnel walls.

EPA has directly sampled the exhaust from a HD diesdl truck for the presence and
occurrence of CDDS/CDFs (Gullett and Ryan, 1997). The average of five tests (on highway and
city street driving conditions) was 29.0 pg TEQ/km with a standard deviation of 38.3 pg
TEQ/km; this standard deviation reflects the 30-fold variation in the two city driving route tests.

Tunnel studies are an indirect means of measuring contaminants that may be associated
with emissions from cars and trucks. In these studies, scrapings of carbonaceous matter from the
interior walls of the transportation tunnel or the tunnel air are sampled and analyzed for the
target contaminants. Several European studies and one recent U.S. study evaluated CDD/CDF
emissions from vehicles by measuring the presence of CDDS/CDFs in tunnel air. This approach
has the advantage of allowing random sampling of large numbers of vehicles passing through the
tunnel, including arange of ages and maintenance levels. The disadvantage of this approach is
that it relies on indirect measurements (rather than tail pipe measurements), which may introduce
unknown uncertainties into the interpretation of results.

Oehme et al. (1991) reported the emission rates associated with HD diesel trucks as
follows: uphill = 9,500 pg TEQ/km; downhill = 720 pg TEQ/km; mean = 5,100 pg TEQ/km.
The mean values are the averages of the emission rates corresponding to the two operating
modes: vehicles moving uphill on a 3.5% incline at an average speed of 37 mi/hr and vehicles
moving downhill on a 3.5% decline at an average speed of 42 mi/hr.

Wevers et al. (1992) measured the CDD/CDF content of air samples taken during the
winter of 1991 inside atunnel in Antwerp, Belgium. The results obtained indicated that the
tunnel air had a dioxin TEQ concentration about twice as high as the outside air (80.3 fg TEQ/m?
for tunnel air vs. 35 fg TEQ/m® for outside air for one set of measurements and 100 fg TEQ/m®
for tunnel air vs. 58 fg TEQ/m® for outside air for a second set of measurements).
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During October/November 1995, Gertler et al. (1996, 1998) measured CDDS/CDFsin the
Fort McHenry Tunnel in Baltimore, Maryland. The emission factors calculated, assuming that
all CDDS/CDFs emitted in the tunnel were from HD vehicles, are presented in Table 2-12. The
average TEQ emission factor was reported to be 172 pg TEQ/km. The major uncertaintiesin the
study were tunnel air volume measurement, sampler flow volume control, and analytical
measurement of CDDs/CDFs (Gertler et al., 1996, 1998).

The relative strengths of the Gertler et al. (1996; 1998) study include: (1) The study isa
recent study conducted in the United States and thus reflects current U.S. fuels and technology;
(2) virtually no vehicle using the tunnel used leaded gasoline, which is associated with past
emissions of CDDs and CDFs from gasoline-powered vehicles; (3) the tunnel walls and streets
were cleaned 1 week before the start of sampling, and in addition, the study analyzed road dust
and determined that resuspended road dust contributed only about 4% of the estimated emission
factors; and (4) HD vehicles made up, on average 25.7% of vehicles using the tunnel.

Using the emissions factor from the Gertler et a. studies, the EPA Office of Research and
Development’ s dioxin source emission inventory estimates that 33.5 g of dioxin TEQ (total
2,3,7,8-TCDD equivalents) were emitted from HD U.S. trucksin 1995. Thisisavery small
contribution (1.2%) compared with the national annual emission of 2,800 g CDDS/CDFs.

2.2.8. Physical and Chemical Composition of Diesel Exhaust Particles

DPM is defined by the measurement procedures summarized in Title 40 CFR, Part 86,
subpart N. This definition and the basic characteristics of DPM have been summarized in
Section 2.2.2. Asdescribed there, DE particles are aggregates of primary spherical particles that
consist of solid carbonaceous material and ash and contain adsorbed organic and sulfur
compounds (sulfate) combined with other condensed material. The organic material includes
unburned fuel, engine lubrication oil, and low levels of partial combustion and pyrolysis
products.

The organic material is absorbed to the EC core and is also found in heterogeneously
nucleated aerosol. Thisfraction of the DPM is frequently quantified as the SOF (i.e., the fraction
that can be extracted by an organic solvent). Because of the toxicological significance of the
organic components associated with DPM, it isimportant to understand, to the extent possible,
the historical changes in the composition of SOF and potential changes in the fraction of SOF
associated with DPM.

Various researchers have attempted to apportion the SOF to unburned oil and fuel
sources by thermogravimetric analysis and have found that the results vary with test cycle and
engine (Abbass et al., 1991; Wachter, 1990). Kittelson (1998) estimates that a typical
composition of
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Table 2-12. Baltimore Harbor Tunnel Study: estimated CDD/CDF emission factorsfor HD vehicles

Mean

Run-specific emission factors emission

Run no. 2 Run no. 3 Runno.5 Run no. 6 Run no. 8 Run no. 9 Run no. 10 factors

Congener/congener group (pg/km) (pg/km) (pg/km) (pg/km) (pg/km) (pg/km) (pg/km) (pg/km)
2,3,7,8-TCDD 24.5 61.6 0.0 21.2 37.8 40.1 54.9 34.3
1,2,3,7,8-PeCDD 40.2 20.6 15.4 5.6 38.4 0.0 83.0 29.0
1,2,3,4,7,8-HxCDD 18.2 25.2 46.5 8.3 64.5 0.0 123 40.8
1,2,3,6,7,8-HxCDD 375 28.2 64.3 19.6 153 711 186 80.0
1,2,3,7,8,9-HxCDD 53.6 56.5 91.6 48.4 280 126 370 147
1,2,3,4,6,7,8-HpCDD 0 401 729 111 2,438 963 2,080 960
OCDD 0 3,361 3,382 1,120 9,730 5,829 7,620 4,435
2,3,7,8-TCDF 0 94.3 67.6 152.8 155.8 73.4 61.7 86.5
1,2,3,7,8-PeCDF 0 48.9 72.6 23.6 53.3 0.0 433 345
2,3,4,7,8-PeCDF 24.5 75.7 131 46.6 85.0 63.9 108 76.4
1,2,3,4,7,8-HXCDF 15.4 139 204 93.8 124 164 166 129
1,2,3,6,7,8-HXCDF 0.3 75.1 73.7 51.0 61.3 54.4 95.5 58.8
1,2,3,7,8,9-HXCDF 27.7 14.8 75.6 0 20.6 37.2 63.5 34.2
2,3,4,6,7,8-HXCDF 15.2 82.5 152 55.7 93.0 86.8 111 85.2
1,2,3,4,6,7,8-HpCDF 12.6 280 445 154 313 354 308 267
1,2,3,4,7,8,9-HpCDF 0 58.5 60.8 31.1 25.0 2.3 34.9 30.4
OCDF 0 239 401 175 416 534 370 305
Total 2,3,7,8-CDD 174 3,954 4,328 1,335 12,743 7,028 10,515 5,725
Total 2,3,7,8-CDF 95.7 1,108 1,684 784 1,347 1,371 1,362 1,107
Total TEQ 73.8 175 170 96 235 153 303 172
Total TCDD 245 0 140 165 311 109 97.3 152
Total PeCDD 110 219 83.3 35.6 174 0.0 165 84.2
Total HXCDD 677 0 753 545 2,009 1,666 2,971 1,162
Total HpCDD 0 802 1,498 142 5,696 1,933 4,377 2,064
Total OCDD 0 3361 3,382 1,120 9,730 5,829 7,620 4,435
Total TCDF 0 901 1,314 656 2,416 1,007 687 997
Total PeCDF 124 119 1,152 78.4 1,055 282 626 491
Total HXCDF 136 319 852 67.6 444 719 619 451
Total HpCDF 0 223 814 144 513 354 637 384
Total OCDF 0 239 401 175 416 534 370 305
Total CDD/CDF 1,291 5,987 10,390 2,638 22,766 12,434 18,168 10,525
HD vehicles as % of total 21.2 22.0 22.6 34.0 28.8 24.2 27.4 25.7

vehicles
Notes:

(2) Listed values are based on the difference between the calculated chemical mass entering the tunnel and the mass exiting the tunnel.
(2) All calculated negative emission factors were set equal to zero.
(3) All CDD/CDF emissions were assumed to result from heavy-duty diesel-fueled vehicles. The table presentsin the last row the percent of total traffic that was heavy-duty vehicles.

Source: Gertler et al., 1996.



SOF is about one-fourth unburned fuel and three-fourths unburned engine lubrication oil. Partial
combustion and pyrolysis products represented a very small fraction of the SOF on a mass basis
(Kittelson, 1998), which is confirmed in numerous other studies.

A number of investigators have tried to separate the organic fraction into various classes
of compounds. Schuetzle (1983) anayzed the dichloromethane extract of DPM fromalLD
diesel engine and found that approximately 57% of the extracted organic massis contained in the
nonpolar fraction. About 90% of this fraction consists of aliphatic HCs from approximately C,,
to about C,, (Black and High, 1979; Pierson and Brachaczek, 1983). PAHs and akyl-substituted
PAHSs account for the remainder of the nonpolar mass. The moderately polar fraction (~9% w/w
of extract) consists mainly of oxygenated PAH species, substituted benzal dehydes, and nitrated
PAH. The polar fraction (~32% w/w of extract) is composed mainly of n-alkanoic acids,
carboxylic and dicarboxylic acids of PAH, hydroxy-PAH, hydroxynitro-PAH, and nitrated N-
containing heterocyclic compounds (Schuetzle, 1983; Schuetzle et ., 1985).

Rogge et al. (1993) reported the composition of the extractable portion of fine DPM
emitted from two HD diesel trucks (1987 model year). The DPM filters were extracted twice
with hexane, then three times with a benzene/2-propanol mixture. The extract was analyzed by
capillary gas chromatography/mass spectrometry (GC/MS) before and after derivatization to
convert organic acids and other compounds having an active H atom to their methoxylated
analogues. Unidentified organic compounds made up 90% of the eluted organic mass and were
shown to be mainly branched and cyclic HCs. From the mass fraction that was resolved as
discrete peaks by GC/MS, ~42% were identified as specific organic compounds. Most of the
identified resolved organic mass (~60%) consisted of n-alkanes, followed by n-alkanoic acids
(~20%). PAH accounted for ~3.5% and oxy-PAH (ketones and quinones) for another ~3.3%.

The distribution of the emissions between the gaseous and particul ate phasesis
determined by the vapor pressure of the individua species, by the amount and type of the DPM
present (adsorption surface available), and by the temperature (Ligocki and Pankow, 1989).
Two-ring and smaller compounds (e.g., naphthalene) exist primarily in the gas phase, whereas
five-ring and larger compounds (e.g., benzo[a] pyrene) are almost completely adsorbed on the
particles. Three- and four-ring compounds are distributed between the two phases. The vapor
pressures of these intermediate PAHs can be significantly reduced by their adsorption on various
surfaces. Because of this phenomenon, the amount and type of DPM present play an important
role, together with temperature, in the vapor-particle partitioning of semivolatile organic
compounds (SOCs).

The measurements of gas/particulate phase distribution are often accomplished by using a
high-volume filter followed by an adsorbent such as polyurethane foam (PUF), Tenax, or XAD-2
(Cautreels and Van Cauwenberghe, 1978; Thrane and Mikalsen, 1981; Y amasaki et a., 1982).
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The pressure drop behind a high-volume filter or cascade impactor can contribute to
volatilization of the three- to five-ring PAHs from the PM proportional to their vapor pressures.
The magnitude of this blow-off artifact depends on a number of factors, including sampling
temperature and the volume of air sampled (Van Vaeck et al., 1984; Coutant et al., 1988).
Despite these problems from volatilization, measurements with the high-volume filters followed
by a solid adsorbent have provided most estimates of vapor-particle partitioning of SOCsin
ambient air, aswell asinsightsinto the factors influencing SOC adsorption onto aerosols.
Significant fractions of phenanthrene, anthracene, and their alkylated derivatives, along with
fluoranthene and pyrene, exist in the gas phase. PAHs with molecular weight greater than that of
pyrene are typically not observed on PUF samples. During the collection of particulate organic
compounds, adsorption of semivolatile PAHs can also occur, as well as chemical transformation
of the semivolatile compounds (Schauer et a., 1999; Cantrell et al., 1988; Feilberg et al., 1999;
Cautreels and Van Cauwenberghe, 1978).

Most of the sulfur in the fuel is oxidized to SO,, but a small amount (1% to 4%) is
oxidized to sulfuric acid in the exhaust. Sulfate emissions are roughly proportional to sulfur in
thefuel. Since the reduction of the alowable sulfur content in diesel fuel in 1993, sulfate
emissions have declined from roughly 10% of the DPM mass to around 1%. Particulate
emissions from numerous vehicles tested using low-sulfur fuel were found to have a sulfate
content of only about 1% (Y anowitz et a., 1999). Water content is on the order of 1.3 timesthe
amount of sulfate (Wall et a., 1987).

Metal compounds and other elementsin the fuel and engine lubrication oil are exhausted
asash. Hare (1977) examined 1976 Caterpillar 3208 and Detroit Diesel Corporation 6V-71
engines and found the most abundant elements emitted from the 6V-71 engine were silicon,
copper, calcium, zinc, and phosphorus. From the Caterpillar engine the most abundant elements
were lead, chlorine, manganese, chromium, zinc, and calcium. Calcium, phosphorus, and zinc
were present in the engine lubrication oil. The two-stroke 6V-71 engine had higher engine
lubrication oil emissions and therefore emitted higher levels of zinc, calcium, and phosphorus
than the Caterpillar 3208 engine. Other elements may have been products of engine wear or
contaminants from the exhaust system. Springer (1979), in his study of 1977 Mack
ETAY(B)673A and Caterpillar 3208 (EGR) engines, found that calcium was the most abundant
metallic element in DPM samples, with levels ranging from 0.01 to 0.29 wt% of the DPM.
Phosphorus and silica were the next most abundant elements reported, and sodium, iron, nickel,
barium, chromium, and copper were either present at very low levels or were below detection
limits. Roughly 1 wt% of the total DPM was represented by the analyzed metals. There was no
consistent difference in metal emissions between the engines tested by Springer or between
modes. Springer tested both engines on a 13-mode steady-state test. Dietzmann and co-workers
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(1980) examined metal emission rates from four HD vehicles tested using the UDDS chassis
cycle. For the single two-stroke engine tested (1977 Detroit Diesel Corporation 8V-71),
calcium, phosphorus, and zinc emission rates were more than 10 times higher than metal levels
observed for three 1979 model year four-stroke engines because of higher engine lubrication oil
emissions. Metals accounted for 0.5% to 5% of total DPM, depending on engine model. In
addition to these studies, other source profiles for HD diesel engine emissions report levels of
chromium, manganese, mercury compounds, and nickel at levels above the detection limit
(Cooper et al., 1987).

In more recent studies, Hildemann and co-workers (1991) examined metals in DPM from
the same two 1987 trucks (four-stroke engines) studied by Rogge and co-workers (1993).
Aluminum, silicon, potassium, and titanium were the only metals observed at statistically
significant levels. Taken together these made up less than 0.75 wt% of total DPM mass.
Lowenthal and co-workers (1994) also report metals emission rates for a composite sample of
several diesel vehicles. The most abundant metals were zinc, iron, calcium, phosphorus, barium,
and lanthanum. Together these represented less than 0.3% of total DPM mass, with an emissions
rate of 3.3 mg/mi. Norbeck and co-workers (1998b) report engine transient test emissions of
metals for a1991 Cummins L10 engine. Silicon, iron, zinc, calcium, and phosphorus were
observed and together made up about 0.5% of total DPM, with an emissions rate of 1.2 mg/bhp-
hr.

2.2.8.1. Organic and EC Content of Particles

2.2.8.1.1. Measurement of the organic and EC fraction. Various methods have been used to
quantify the organic fraction of DPM. The most common method has been Soxhlet extraction
with an organic solvent. Following extraction, the solvent can be evaporated and the mass of
extracted material (the SOF) determined, or aternatively the PM filter is weighed before and
after extraction and the extracted material can be further analyzed to determine concentrations of
individual organic compounds. Vacuum oven sublimation is used to measure a comparable
guantity, the volatile organic fraction (VOF), which can be further speciated by GC with aflame
ionization detector. Other methods have also been employed, including thermal methods,
microwave extraction, sonication with an organic solvent, supercritical fluid extraction,
thermogravimetric analysis, and thermal desorption GC. Abbass et al. (1991) compared various
methods, including vacuum oven sublimation and 8 hours of Soxhlet extraction, with 4.1
benzene/methanol solvent for determination of SOF and found reasonably good agreement
between the two methods. The VOF value was typically 10% higher; however, this variation
was less than the coefficient of variation between measurements using the same method.
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Levson (1988) reviewed literature regarding the extraction efficiency of various solvents
and found contradictory resultsin many cases. He concluded that there is strong evidence that
the most commonly used solvent, dichloromethane, leads to poor recoveries of higher molecular
weight PAH. More recently, Lucas et al. (1999) reported the effect of varying
dichloromethane/benzene ratios in the solvent (from 25% to 100% dichloromethane) and
changing extraction times and found that the most effective extraction (i.e., the largest extracted
mass) utilized a 70% dichloromethane/30% benzene mixture and extraction times several times
longer than the commonly used 8-hour extraction period. Extractions of 70 hours using pure
dichloromethane were found to result in about twice as much SOF as extractions of only 12
hours. Between 6 and 24 hours of extraction time (the typical range of extraction times used),
the SOF recovered increased by about one-third. Using the most effective extraction conditions
(Soxhlet, 70 hours, 70:30 dichloromethane:benzene ratio), Lucas et al. (1999) were able to
extract more than 90% of the total particulate mass.

Other researchers have investigated the relative quantities of mass removed by sequential
extraction by polar, moderately polar, and nonpolar solvents. The extracted nonpolar fraction
(cyclohexane) ranged from 56% to 90% of the SOF, the moderately polar (dichloromethane)
from 6% to 22%, and the polar fraction (acetonitrile) from 4% to 29% (Dietzmann et al., 1980).
Water and sulfate are not soluble in cyclohexane or dichloromethane but are soluble in
acetonitrile.

Although the reports on the extraction efficiencies for PAHs are in part contradictory, it
appears that Soxhlet extraction and the binary solvent system composed of aromatic solvent and
alcohol yield the best recovery of PAHSs, as determined by C-B[a]P* (benzo[a] pyrene) spiking
experiments (Schuetzle and Perez, 1983). Limited recovery studies have shown that thereis
little degradation or loss of diesel POM on the HPLC column. More than 90% of the mass and
70% to 100% of the Ames S. typhimurium-active material injected onto the column has been
recovered (Schuetzle et al., 1985).

Two thermal methods of organic and EC analysis include thermal optical reflectance
(TOR) and thermal optical transmittance (TOT). The extractable portion of total carbon,
although commonly used as a measure of organic compound content, is not equivalent to the OC
fraction as measured by TOR or TOT. In addition, methodological differences between TOR
and TOT also giveriseto significant differencesin the fraction of total carbon reported as
organic and EC (Birch, 1998; Norris et al., 2000; Chow et al., 2000). Although total carbon
reported using TOR or TOT provides results that are comparable (within 10%) (Norriset al.,
2000) the EC content of samples analyzed by TOR is higher than that measured by TOT. This
differenceis primarily attributed to the temperature used to evolve carbon from the quartz filter
onto which it is collected. In an analysis of urban PM,; samples, Norris et al. (2000) found that
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the EC content of samples analyzed by TOR was a factor of two higher than the EC content of
the same samples analyzed by TOT. Experiments are ongoing to test specific source materials
(including DPM) because some of the difference between methods appears to depend on the type
of OC present on the sample.

The analytical technique used to measure OC and EC can have a significant effect on the
guantity of reported. In the discussion that follows, every effort has been made to compare only
studies using comparable methods and to state the analysis method employed.

2.2.8.1.2. Trendsin SOF emissions. SOF emission values are highly dependent on the test
cycleused. Various studies have shown that SOF generally increases at light engine loads and
high engine speeds because these conditions lead to low exhaust temperatures, where fuel and oil
are not as effectively oxidized (Scholl et al., 1982; Kittelson, 1998; Springer, 1979; Schuetzle
and Perez, 1983; Martin, 1981b; Shi et al., 2000). These conditions are more typically observed
in LD diesel vehicle applications, and thus DPM from these vehicles typically has a higher SOF
component than HD diesel vehicles (Norbeck et a., 1998c). Acceleration modes normally cause
increased emission of EC and an increase in total DPM emissions, whereas organic components
are more dominant when motoring (Wachter, 1990). Additionally, cold-start test emissions of
SOF have been shown to be approximately 25% higher than hot-start emissions (Wachter, 1990).

The quantity of sulfur in diesel fuel has been suggested to have arole in the quantity of
SOF emitted (Sienicki et al., 1990; Tanaka et al., 1998). Sienicki et a. (1990) reported an
approximate 25% increase in SOF when sulfur concentrations are increased from 0.08% to
0.33%. The causeis unclear but several explanations have been put forth, including increased
absorption of organic compounds from the vapor phase onto the DPM by sulfates or sorbed
sulfuric acid. Alternatively, it has been proposed that the measured SOF may include some
sulfate, so that the apparent increase in organic material is due instead to sulfate. Other fuel
effects include an increase in SOF emissions with a higher T90 (or T95) and with an increase in
aromatic content (Barry et al., 1985; Sienicki et a., 1990; Tanaka et al., 1998; Rantanen et al.,
1993).

Figures 2-31 and 2-32 show SOF emissions as a function of year for transient emissions
tests on chassis and engines, respectively. Both figures suggest a significant decline in SOF
emissions of approximately afactor of 5 since about 1980. The highest SOF emissions are for
two-stroke engines built in the 1970s (up to approximately 1.2 g/mi). These data indicate that
SOF emission factors for newer model year vehicles are lower than SOF emission factors for
pre-1990 model year vehicles and that this decrease is similar to that observed for emissions of
total DPM by model year. In arecent test of six pre-1976 HDDV's, Fritz et al. (2001) reported
the
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Figure 2-31. Trend in SOF emissions based on chassis dynamometer testing of HD diesel
vehicles. Warner-Selph and co-workers: dichloromethanefor 8 hours. Dietzman and co-
workers. hexane followed by dichloromethane, extraction times not reported. Graboski
and co-workers: VOF by vacuum sublimation at 225°C for 2.5to 3 hours. Rogge and co-
workers. cyclohexane followed by a benzene/2-propanol mixture that may extract
significantly mor e or ganic matter.
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Figure 2-32. Trend in SOF emissionsfor transient engine dynamometer testing of HD
diesal engines. Various extraction methods used; see Table 2-8.
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volatile organic fraction (V OF) ranged from 0.4 g/mi to 4.5 g/mi. These data highlight the wide
range in emission rates for of OC, as have been observed for total PM.

Steady-state testing conducted on late-1970s engines reported SOF at levels between 0.1
and 0.9 g/bhp-hr, whereas engines from the late 1980s and 1990s all emitted 0.03 g/bhp-hr or
less (Table 2-8). Hori and Narusawa (1998) measured emissions from engines produced two
decades apart, using identical analytical procedures, and found that SOF emission factors and the
percentage contribution of SOF to DPM were lower in the new engine compared with the old
engine, under all tested engine load and speed conditions and with different fuels. The authors
reported that the decrease in SOF was due to lower emissions of both lubricating oil and
unburned fuel. To meet the 1991 and 1994 U.S. emission standards, SOF emission rates would
need to be reduced from the levels of the previous decade, although one may expect differences
in SOF fractions of DPM with transient cycles used to determine compliance with emission
standards verus steady-state conditions used in earlier test programs (Kawatani et al., 1993;
Wachter, 1990). Finally, in the past three decades, for economic reasons engine manufacturers
have made efforts to reduce oil consumption and increase the fuel efficiency of diesel engines,
both of which would be expected to reduce SOF emissions. Problemsin achieving SOF
reductions from two-stroke engines were one factor leading to the phaseout of these engines for
on-road use during the 1990s. No data are available prior to 1976 on SOF emissions from HD
diesel vehicles. The engine technology changes that occurred between the mid-1950s and mid-
1970s (high-pressure direct injection and turbocharging, primarily) might be expected to increase
the efficiency of combustion and thereby reduce fuel-related SOF. SOF emissions levelsin the
mid- to late 1970s may be used as a conservative (low) estimate of SOF emissions during the
preceding two decades.

The fraction of DPM attributed to SOF from chassis dynamometer studies also shows a
decreasing trend over time, from SOFs that ranged up to approximately 50% in the 1980s to 20%
SOF or lessin the 1990s (Figure 2-33). The recent study by Fritz et a. (2001) reported the
fraction of DPM attributed to VOF from 10% to 60% for HDDV's of model years 1951-1974.
The wide range in SOF as a percent of DPM displayed in Figure 2-33 is suspected to result from
factors such as engine deterioration and test cycle. The vehicle emissions data reported in Figure
2-33 do not overrepresent buses that are likely to emit DPM with a greater fraction of SOF than
other vehicles. Figure 2-34 presents SOF as a fraction of DPM from the same engine
dynamometer studies reported in Figure 2-32. These data do not reflect adownward trend in
SOF as afraction of DPM. Because similar extraction methods were used in reports of the SOF
in both the chassis and engine dynamometer studies, this does not appear to be a source of the
wide variability observed in the fraction of SOF reported. In some of the engine studies,
improved air:fuel ratio control was tested in an attempt to lower carbonaceous DPM formation.
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Figure 2-33. Trend in SOF emissions as a per cent of total PM based on chassis
dynamometer testing of HD diesel vehicles. Warner-Selph and co-workers:
dichloromethanefor 8 hours. Dietzman and co-workers. hexane followed by
dichloromethane, extraction times not reported. Graboski and co-workers. VOF by
vacuum sublimation at 225° C for 2.5to 3 hours. Rogge and co-workers. cyclohexane
followed by a benzene/2-propanol mixture that may extract significantly more organic
matter.
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Figure 2-34. Trend in SOF emissions as a per centage of total PM from engine
dynamometer testing. Data arefrom Table 2-8. (See Figure 2-32 for figure key.)
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Therefore, substantial differencesin SOF as a percent of total DPM could be the result of
different engine technology or test conditions. The engine dynamometer results presented in
Figures 2-32 and 2-34 are from new, or relatively new, engines, that is, engines with no
deterioration, whereas the older engines tested on a chassis dynamometer may have experienced
significant deterioration that would increase SOF emissions as a percent of DPM. One of the
main differences suspected for the lack of a decreasing trend in the percent of SOF in the engine
dynamometer studiesisthe test cycle used. The engine dynamometer tests typically include test
modes, such as high speed and low load, or low-speed lugging modes, that produce much higher
SOF relative to DPM than the driving cycles used on the chassis tests.

It appears that as a fraction of total DPM, SOF from new model year HD diesel vehicles
islower than that from older (pre-1990) HD diesel vehicles. However, as with total DPM
emissions, awide range in the fraction of SOF can be observed under different driving
conditions and from vehicles with extensive engine wear. In general, DPM emissions have a
lower fraction of organic matter compared to gasoline PM (Table 2-13). Recent testing of HD
engines at the Desert Research Institute suggests that the OC fraction of DPM is approximately
19%, whereas earlier studies reported in the U.S. EPA SPECIATE database suggest a dlightly
higher organic fraction of DPM from HD diesel vehicles, ranging from 21% to 36%. The
SPECIATE database represents older vehicles that, as discussed above, tend to have higher SOF
emissions. The OC emissions from LD diesel vehicles recently reported by Norbeck et al.
(1998c¢) and those reported by the U.S. EPA SPECIATE suggest that LD diesel vehicles emit
DPM with adlightly higher organic content than that from HD diesel vehicles, ranging from 22%
to 43%. Gasoline engine PM emissions have recently been analyzed at the Desert Research
Institute by Fujitaet al. (1998) and Watson et al. (1998) for hot stabilized, visibly smoking
vehicles, and cold-starts. These dataall indicate that LD gas vehicles emit PM with a higher
fraction of organic matter than diesel vehicles, with the highest organic content measured from
smoking and high-emitting gasoline vehicles (averaging 76% OC). One new finding from the
datareported by Fujitaet al. (1998) is the roughly equivalent emission of organic and EC from
cold-start emissions of gasoline vehicles. Additional information is needed to characterize a
range of OC for DPM from smoking and high-emitting diesel vehicles aswell as cold-start HD
diesal vehicles.

2.2.8.1.3. Trendsin EC content. Because EC isamajor component of the chemical source
profile of DE, it is commonly used to determine the contribution of diesel vehiclesto ambient
PM samples (i.e., in source apportionment via chemical mass balance modeling). EC isnot,
strictly speaking, aregulated pollutant, and so EC emissions are not routinely measured in tests
of diesel vehicles and engines. The scant data available on measured EC emissions from HD
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Table 2-13. Organic and elemental carbon fractions of diesel and gasoline engine

PM exhaust
Enginetype % OC %
Elemental
carbon
HD diesel engines® 19+8 75+ 10
HD diesel engines (SPECIATE)" 21-36 52-54
LD diesel engines® 30+9 61+ 16
LD diesel engines (SPECIATE) 22-43 51-64
Gasoline engines (hot stabilized)? 56+ 11 25+ 15
Gasoline engines (smoker and high emitter)c 76 + 10 7+6
Gasoline engines (cold start)® 46 + 14 42 + 14

2Fujitaet a., 1998, and Watson et al., 1998.
PU.S. EPA SPECIATE database.
°Norbeck et al., 1998c.

diesel vehicles are plotted in Figure 2-35. Different analytical methods were employed for these
studies, making the comparison of emission rates difficult. Results from the three studies, all
performed on HD trucks, suggest a declinein EC emission rates by model year since the early
1980s. In astudy conducted in 1992, four HD vehicles of unknown vintage were tested and a
combined EC emission rate of 0.81 g/mi was reported, which is consistent with the 1990
timeframe in Figure 2-35 (Lowenthal et a., 1994). EC as a percentage of total DPM in these
studies ranged from 30% to 90%, most likely as aresult of different testing cycles and different
engines and different analytical methods.

Figure 2-36 presents these data as EC fraction of total fine PM. The EC content of DPM
varied widely in the 1980s from approximately 20% to 90%, whereas in more recent years, the
data suggest asmaller range in the EC fraction, from approximately 50% to 90% (with one data
point at 30%). Recent emission profilesfor HD diesel vehicles suggest that 75% + 10% of the
DPM is attributable to EC, whereas approximately 25% of gasoline PM is composed of EC,
except for PM emissions during gasoline vehicle cold-starts, which were found to have an EC
content of approximately 42% (Table 2-13). These data also provide evidence that newer model
year HD engines generally emit DPM that is more rich in EC than older HD engines.

2.2.8.2. PAHsand Nitro-PAH Emissions
PAHSs, nitro-PAHSs, and oxidized derivatives of these compounds have attracted
considerabl e attention because of their known mutagenic and, in some cases, carcinogenic
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character (National Research Council, 1982). In this section, PAH and nitro-PAH
concentrations and emission rates and trends in emissions over time are presented.

2.2.8.2.1. PAHsidentified in DE. At least 32 PAHs have been identified in the exhaust of LD
diesel vehiclesand HD diesel vehicles (Table 2-14) (Watson et al., 1998; Zielinska et al., 1998).
Table 2-15 lists the PAHs and thioarenes identified in three LD diesel vehicles DPM extracts,
reported as ng/g of DPM (Tong et al., 1984). SOF fractions accounted for 11% to 15% of the
total DPM mass for the LD diesel vehicles reported by Tong et al. (1984), which islower than
the LD diesel vehicles organic fraction reported by Norbeck et al. (1998c) in Table 2-13.
Among the PAHSs reported by Watson et a. (1998) and Zielinska et al. (1998), the higher
molecular weight compounds (pyrene through coronene) that are expected to partition to the
particle phase have emission rates from HD diesel vehicles ranging from below detection limits
up to 0.071 mg/mi. HD diesel vehicle emission rates for the lower molecular weight PAHsS
ranged up to 2.96 mg/mi for dimethylnaphthalenes. In general, among the vehicles tested, PAH
emission rates were higher for LD diesel vehicles compared with HD diesel vehicles. Table 2-16
presents emission rates of four representative particle-phase PAHs from HD diesel vehicles, LD
diesel vehicles, and gasoline (with and without catalytic converter) engines. Emission rates for
benzo[a] pyrene were higher in diesel emissions compared with gasoline emissions, except for
the report by Rogge et al. (1993), who used extraction methods different from those in other
studies (discussed above).

2.2.8.2.2. Nitro-PAHs identified in DE. Positiveisomer identification for 16 nitro-PAHSs has
been made utilizing the GC retention times of authentic standards and low- and high-resolution
mass spectra as identification criteria. These include 1-nitropyrene; 2-methyl-1-nitronaph-
thalene; 4-nitrobiphenyl; 2-nitrofluorene; 9-nitroanthracene; 9-methyl-10- nitroanthracene; 2-
nitroanthracene; 2-nitrophenanthrene; 1-methyl-9-nitroanthracene; 1-methyl-3-nitropyrene; 1-
methyl-6-nitropyrene; 1-methyl-8-nitropyrene; 1,3-, 1,6-, and 1,8-dinitropyrene; and 6-
nitrobenzo[a]pyrene. In addition, two nitrated heterocyclic compounds were identified, 5- and 8-
nitroquinoline. Forty-five additional nitro-PAHs were tentatively identified in this diesel
particul ate extract (Paputa-Peck et al., 1983). The concentration of nitro-PAHs adsorbed on
diesel particles varies substantially from sample to sample. Usually 1-nitropyreneisthe
predominant component, and concentrations ranging from 7 to 165 ug/g of particles are reported
(Levson, 1988).

Table 2-17 gives the approximate concentrations of several of the abundant nitro-PAHs
quantified in the early 1980s LD diesel particulate extracts (with the exception of
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Table 2-14. Emission rates of PAH (mg/mi) from LD and HD diesel vehicles

PAH Light-duty Heavy-duty
diesal diesel

Naphthalene 5.554 + 0.282 2451 +0.154
2-Menaphthalene 3.068 + 0.185 2.234+0.152
1-Menaphthalene 2.313+0.134 1582+ 0.103
Dimethylnaphthalenes 5.065 £ 0.333 2.962 + 0.488
Biphenyl 0.743 + 0.041 0.505 + 0.037
2-Methylbiphenyl 0.203 £ 0.015 0.049 + 0.024
3-Methylbiphenyl 1.048 + 0.063 0.401 + 0.036
4-Methylbiphenyl 0.447 + 0.028 0.144 + 0.021
Trimethyl naphthal enes 6.622 + 0.563 1940+ 0.221
Acenaphthylene 0.422 £ 0.024 0.059 + 0.087
Acenaphthene 0.096 + 0.008 0.030 + 0.040
Phenanthrene 1.411 £ 0.072 0.084 + 0.011
Fluorene 0.442 + 0.038 0.066 + 0.022
Methylfluorenes 1.021 + 0.091 0.071 £ 0.055
Methylphenanthrenes 1.115+ 0.064 0.124 + 0.069
Dimethylphenanthrenes 0.637 £ 0.047 0.090 + 0.096
Anthracene 0.246 + 0.025 0.052 + 0.016
9-Methylanthracene 0.013 £ 0.002 0.434 £ 0.082
Fluoranthene 0.213+0.014 0.044 + 0.026
Pyrene 0.245 + 0.020 0.071+0.017
Methyl(pyrenes/fluoranthenes) 0.548 £ 0.045 0.022 £ 0.082
Benzonaphthothiophene 0.002 £ 0.002 0.001 + 0.027
Benz[a]anthracene 0.020 = 0.005 0.066 + 0.046
Chrysene 0.029 + 0.005 0.009 £ 0.021
Benz[b+j+k]fluoranthene 0.056 + 0.005 0.009 + 0.022
Benzo[€e]pyrene 0.019 £ 0.003 0.010+ 0.014
Benzo[a]pyrene 0.013 + 0.004 0.013+ 0.044
Indeno[1,2,3-cd]pyrene 0.010 + 0.003 0.001 £+ 0.037
Dibenzo[a]anthracene 0.002 £ 0.003 0.000 £ 0.053
Benzo[b]chrysene 0.001 £ 0.002 0.001 £ 0.027
Benzo[ghi]perlyne 0.018 + 0.004 0.013 £ 0.048
Coronene 0.006 + 0.006 0.001 + 0.095
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Table 2-15. Polycyclic aromatic hydrocar bons identified in
extracts of diesel particlesfrom LD diesel engine exhaust

Compound Molec. | Concentration
wt. ng/mg extract

Acenaphthylene 152 30
Trimethylnaphthalene 170 140-200
Fluorene 166 100-168
Dimethylbiphenyl 182 30-91
C, -Naphthalene 184 285-351
Trimethylbiphenyl 196 50
Dibenzothiophene 184 129-246
Phenanthrene 178 2,186-4,883
Anthracene 178 155-356
M ethyl dibenzothiophene 198 520-772
Methylphenanthrene 192 2,028-2,768
Methylanthracene 192 517-1,522
Ethylphenanthrene 206 388464
4H-Cyclopenta] def| phenanthrene 190 517-1,033
Ethyldibenzothiophene 212 151-179
2-Phenylnaphthalene 204 650-1,336
Dimethyl(phenanthrene/anthracene) 206 1,298-2,354
Fluoranthene 202 3,399-7,321
Benzo[ def]dibenzothiophene 208 254-333
Benzacenaphthylene 202 791-1,643
Pyrene 202 3,532-8,002
Ethylmethyl 220 590-717
(phenanthrene/anthracene)

Methyl(fluoranthene/pyrene) 216 1,548-2,412
Benzo[ a]fluorene/benzo[ b]fluorene 216 541-990
Benzo[ b]naphtho[2,1-d]thiophene 234 30-53
Cyclopentapyrene 226 869-1,671
Benzo[ghi]fluoranthene 226 217-418
Benzonaphthothiophene 234 30-126
Benz[a]anthracene 228 463-1,076
Chrysene or triphenylene 228 657-1,529
1,2-Binapthyl 254 30-50
Methylbenz[a]anthracene 242 30-50
3-Methylchrysene 242 50-192
Phenyl (phenanthrene/anthracene) 254 210-559
Benzo[j]fluoranthene 252 492-1,367
Benzo[b]fluoranthene 252 421-1,090
Benzo[K]fluoranthene 252 91-289
Benzo[e]pyrene 252 487-946
Benzo[a]pyrene 252 208-558
Benzo[ah]anthracene 278 50-96
Indeno[1,2,3-[cd]pyrene 276 30-93
Benzo[ghi]perylene 276 443-1,050
Dibenzopyrene 302 136254

Source: Tong et al., 1984.
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Table 2-16. Emission rates of particle-bound PAH (ug/mi) from diesel and gasoline engines

PAH Diesdl engines Gasoline engines
HDD LDD Noncatalyst Catalyst
@ (b) (©) @) (d) (© (€) @ (©
Pyrene 71 17.6 36.2 245 66 49.6 45 248 4.0
Fluoranthene 44 27.2 20.8 213 50 77.3 32 196 3.6
Benzo[a]pyrene 13 <0.1 2.1 13 NA 69.6 3.2 1.0 3.0
Benzo[€]pyrene 10 0.24 4.2 19 NA 73.3 4.8 1.0 3.6

(8) Watson et a., 1998 included gas-phase PAH .
(b) Westerholm et al., 1991.

(c) Roggeet al., 1993.

(d) Smith, 1989; 1986 Mercedes Benz.

(e) Alshergetal., 1985.

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 pg/g for 2,7-dinitro-9-
fluorenone and 75 ug/g for 1-nitropyrene. More recent nitro-PAH and PAH datafor HD diesdl
engines are reported in units of g/bhp-hr or mass/volume of exhaust, making it impossible to
directly compare them to the older data (Norbeck et al., 1998b; Bagley et al., 1996, 1998;
Baumgard and Johnson, 1992; Opriset a., 1993; Hansen et al., 1994; Harvey et ., 1994;
Kantolaet a., 1992; Kreso et a., 1998; McClure et a., 1992; Pataky et al., 1994).

2.2.8.2.3. PAH and nitro-PAH emission changes over time. Itisdifficult to compare PAH
emissions from different studies because not all investigators analyze for total PAH or the same
suite of PAH compounds. Most studies have reported emissions of B[a]P or 1-nitropyrene (1-
NP) because of their toxicological activity. The results of chassis dynamometer studiesin which
B[a]P or 1-NP were measured are displayed in Figure 2-37. Dietzmann and co-workers (1980)
examined four vehicles equipped with late 1970s turbocharged DI engines. Emissions of B[a]P
from particle extracts ranged from 1.5 to 9 ug/mi. No relationship between engine technology
(one of the engines was two-stroke) and B[a] P emissions was observed. Rogge and co-workers
(1993) reported total particle-associated PAH and B[a] P emissions from two 1987 model year
trucks (averaged together, four-stroke and turbocharged engines). Thetotal particle-phase PAH
emission rate was 0.43 mg/mi and the B[a]P emission rate was 2.7 ug/mi. Particle-phase PAH in
the Rogge et a. (1993) study accounted for approximately 0.5% of total DPM mass. Schauer
and co-workers (1999) recently reported a particle-phase PAH emission rate of 1.9 mg/mi
(accounting for about 0.7% of total DPM mass) for a 1995 MD turbocharged and aftercooled
truck. B[a]P emissions were not reported, but emissions of individual species of similar
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Table 2-17. Concentrations of nitro-PAHs identified in LD diesel

particulate extracts

Nitro-PAH? Concentration
(Hg/g of
particles)
4-nitrobiphenyl 22
2-nitrofluorene ~1.8
2-nitroanthracene 4.4
9-nitroanthracene 1.2
9-nitrophenanthrene 1.0
3-nitrophenanthrene 4.1
2-methyl-I-nitroanthracene 8.3
1-nitrofluoranthene 1.8
7-nitrofluoranthene 0.7
3-nitrofluoranthene 4.4
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” 0.6t06.6

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

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

YFrom Enyaet a., 1997 (Isuzu Model 6HEL 7127cc).
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Figure 2-37. Diesel engine emissions of benzo[a]pyrene and 1-nitropyrene measured in
chassisdynamometer studies.

Source: Schuetzle and Perez, 1983; Zielinska et al., 1988; Kado et a., 1996; Dietzmann et al., 1980; Warner-Selph
and Dietzmann, 1984; Rogge et a., 1993; Schauer et al., 1999.

molecular weight were approximately 10 pg/mi. Schauer et al. (1999) also reported a gas-phase
PAH emission rate of 6.9 mg/mi for the same truck. Measurements of particle- and gas-phase
PAHs conducted for the Northern Front Range Air Quality Study in Colorado (Zielinska et al.,
1998) showed an average B[a]P emission rate of 13 pg/mi for 15 vehicles ranging from 1983 to
1993 model years. The combined gas- and particle-phase PAH emission rate reported for the
NFRAQS study was 13.5 mg/mi. B[a]P emissions from chassis studies are summarized in
Figure 2-37. Zielinska (1999) reports a decreasing trend in particle-associated DE PAH from 11
measurements made on vehicles from model year 1984 to 1993 with alow correlation coefficient
of 0.29.

B[a] P emissions reported from diesel engine dynamometer studies are summarized in
Figure 2-38. Springer (1979) compared B[a]P emissions from naturally aspirated and
turbocharged engines and found that naturally aspirated engines emitted about 1 pg B[a] P/bhp-
hr, and DI and IDI engines emitted about 0.15 pg B[a]P/bhp-hr (Table 2-8). The difference
between 1 and 0.15 pg/bhp-hr could not be attributed to specific technology changes. The
majority of engine test data indicate that B[a] P emissions have generally ranged from
approximately 1 to 4 pg/bhp-hr over the past 25 years.
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Emissions reported for 1-NP from diesel engines tested by chassis dynamometer range
from 0.1 to 12 pg/mi (Figure 2-37), and diesel engine dynamometer studies report 1-NP
emission factors ranging from 1 to 4 pug/bhp-hr (Figure 2-38). Too few measurements are
available to discern trends in the emission rates of these compounds.
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Figure 2-38. Diesel engine dynamometer measur ements of benzo[a]pyrene and 1-
nitropyrene emissions from HD diesel engines.

Source: Dataare from Table 2-8.

Asdiscussed in Section 2.2.4, Williams et al. (1987) and Andrews et a. (1998) of the
University of Leeds have demonstrated that the solvent-extractable PAH from diesel particul ate
originates primarily in the fuel. PAH molecules are relatively refractory, so asignificant fraction
survives the combustion process and is exhausted as DPM. These studies have been confirmed
by other research groups (Crebelli et al., 1995; Tancell et al., 1995) that included the use of
isotopic labeling of fuel PAH. Additionally, engine oil was found to be areservoir for PAH that
originatesin the fuel. Pyrosynthesis of PAH occurs during very high temperature conditionsin a
diesel engine, and under these conditions many of the DPM and other pyrolysis products are
ultimately oxidized before exiting the cylinder. Thus, pyrogenic formation of PAH isthought to
contribute a small fraction of the total PAH in diesel engine exhaust. As discussed above, fuel
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PAH content is expected to have slowly increased over a 30-year period until 1993, after which
PAH content of diesel fuel is expected to have remained constant. Increasing use of catalytic
cracking over time may lead to increasing proportions of PAH in distillates; however, fuel
standards limit the aromaticity of fuel to 35% (Section 2.2.4).

Recently, Norbeck et a. (1998a) reported on the effect of fuel aromatic content on PAH
emissions. Three diesel fuelswere used in a Cummins L10 engine: pre-1993 fuel containing
33% aromatic HC and 8% PAH; low aromatic fuel containing a maximum content of 10%
aromatic HC and maximum of 1.4% PAH; and areformulated fuel containing 20% to 25%
aromatic HC and 2% to 5% PAH. The investigators found that emission rates for the low-
molecular-weight PAHs (PAHs with three or fewer rings) were significantly lower when the
engine was tested using the low aromatic fuel compared to when the engine was run on the pre-
1993 or reformulated fuel (Table 2-18). Although emission rates reported for several higher
molecular weight (particle-associated) PAHs were lower (ranging from 4% to 28% lower) for
the low aromatic fuel compared with the other two fuels, the differences were not statistically
significant except for coronene.

On the basis of these limited data it is difficult to draw a precise, quantitative conclusion
regarding how PAH, B[a]P, or 1-NP emissions have changed over time and in response to fuel
and engine changes. A decrease in the emissions of PAH from post-1990 model year vehicles
and engines compared with pre-1990 vehicles and engines is suggested by the data; however, the
data also suggest that differencesin avehicle’ s engine type and make, general engine condition,
fuel composition, and test conditions can influence the emission levels of PAH.

2.2.8.3. Particle Size

Figure 2-39 shows a generic size distribution for diesel particul ate based on mass and
particle number. Approximately 50% to 90% of the number of particlesin DE arein the
ultrafine size range (nuclei-mode), with the majority of diesel particles ranging in size from
0.005-0.05 um and the mode at about 0.02 pm. These aerosol particles are formed from exhaust
constituents and consist of sulfuric acid droplets, ash particles, condensed organic material, and
primary carbon spherules (Abdul-Khalek et al., 1998; Baumgard and Johnson, 1996). Although
it accounts for the majority of particles, ultrafine DPM accounts for only 1% to 20% of the mass
of DPM.

Approximately 80% to 95% of diesel particle massisin the size range from 0.05to 1.0
um, with a mean particle diameter of about 0.2 um. The EC core has a high specific surface area
of approximately 30 to 50 m?/g (Frey and Corn, 1967), and Pierson and Brachaczek (1976)
report
that after the extraction of adsorbed organic material, the surface area of the diesel particle core
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Table 2-18. Average emission ratesfor polycyclic aromatic hydrocarbonsfor different fuel

types (units are pg/bhp-hr)

PAH

Pre-1993 diesel
fuel
Cetane No. >40

Aromatic 33% v.

Low aromatic
diesdl fuel
Cetane No. >48

Aromatic 10% v.

Reformulated diesel
blend
Cetane No. 50-55
Aromatic 20%-25% v.

PAH 8% wit. PAH 1.4% wt. PAH 2%-5% wit.
2,3,5-trimethyl naphthalene 283.68 + 5.27 1477+ 2.42 56.21+2.82
Phenanthrene 336.71+ 9.08 160.92 + 15.54 220.73 + 52.68
Anthracene 38.89+1.43 1854 +2.13 26.16 + 6.86
Methylphenanthrenes/anthracenes 331.32 + 16.07 2517+ 141 111.98+28.74
Fluoranthene 128.45 + 7.60 132.36 + 18.30 123.07 + 26.21
Pyrene 193.03+ 16.51 211.19+ 37.35 206.82 + 39.04
Benzo[ c]phenanthrene 3.03+0.24 1.74+0.14 154 +0.26
Benzo[ghi]fluoranthene 24.84 + 2.68 18.93+2.14 16.94 + 231
Cyclopenta[cd]pyrene 2144+ 411 26.15+ 3.12 21.25+ 3.46
Benz[a]anthracene 16.42 + 1.67 10.57 £ 1.15 10.96 + 2.42
Chrysene + triphenylene 17.36 + 1.66 10.38 + 0.54 1220+ 2.72
Benzo[b+j+k]fluoranthene 31.05+4.17 23.17+1.98 29.18 +7.93
Benzo[€e]pyrene 16.71+2.72 1455+ 1.34 18.99 + 5.58
Benzo[a]pyrene 20.46 + 3.27 16.48 + 1.56 2059 +5.75
Perylene 4.32+0.88 3.71+0.74 418+ 1.16
Indeno[1,2,3-cd]fluoranthene 0.34+0.07 0.21+0.02 0.17+0.00
Benzo[c]chrysene 0.29 + 0.05 0.18 + 0.05 0.14+0.04
Dibenz[ah]anthracene 0.93+0.05 0.55+0.10 0.67 +0.09
Indeno[ 1,2,3-cd]pyrene 1945+ 271 14.04 + 1.99 22.16+9.11
Dibenz[a,h+a,clanthracene 154+0.15 0.87+0.12 1.48 £ 0.67
Benzo[b]chrysene 0.40+0.01 0.15+ 0.05 0.27 £ 0.05
Benzo[ghi]perylene 49.17 £ 9.63 39.81+7.22 60.74 + 26.60
Coronene 949+ 3.13 4.93+0.47 748 £1.59
Dibenzo[a,l]pyrene 2.84+ 045 1.25+0.15 231+048
Dibenzo[a,€]pyrene 1.10+£0.29 0.61 + 0.06 1.13+0.15
Dibenzo[a,i]pyrene 091+0.21 0.27+0.09 0.71+0.15
Dibenzo[a,h]pyrene 1.33+0.25 0.75+ 0.07 0.84+0.20

Source: Norbeck et al., 1998a.
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Figure 2-39. Particlesizedistribution in DE.

Source: Kittelson, 1998.

is approximately 90 m?/g. Because these particles have a very large surface area per gram of
mass, it makes them excellent carriers for adsorbed inorganic and organic compounds;
potentially enhancing penetration of such compounds to lower portions of the respiratory tract
upon inhalation. In addition, ultrafine aerosols can aso reach the same areas of the lung.
Considerable caution is required when reporting particle size measurements from diesel
engine exhaust because dilution conditions during the measurement process significantly affect
size distributions (i.e., the size distribution is largely a function of how it was measured), and
DPM size distributions obtained in dilution tunnel systems may not be relevant to size
distributions resulting from the physical transformation of engine exhaust in the atmosphere.
M easurements made on diluted DE 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. To understand particle size distributions emitted from diesel
engines, investigators employ various dilution techniques, none of which have been
standardized. Dilution ratio, sampling temperature, humidity, relative concentrations of carbon
and volatile matter, and other sampling factors can therefore have alarge impact on the number
and makeup of nuclei-mode particles (Abdul-Khalek et al., 1999; Shi and Harrison, 1999; L Gders
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et a., 1998; Brown et al., 2000). Dilution air temperature and humidity can have alarge effect
on particle number and size distribution, especialy in the size range below 0.05 um (also
referred to as nanoparticles). Shi and Harrison (1999) report that a high dilution ratio and high
relative humidity favor the production of ultrafine particlesin diesel engine exhaust.
Abdul-Khalek et al. (1998) report that an increase in the residence time of the exhaust during
dilution resulted in an increase in the number of particlesin exhaust. Khatri et al. (1978) report
increased gas-phase HC condensation to DPM with adecrease in dilution air temperature. Some
studies report no peak in diesel particlesin the ultrafine size range (Kleeman et al., 2000).
Kittelson (2000) reports that nanoparticle formation can be prevented by an oxidizing catalyst,
which burns organic components of the exhaust, making them unavailable for nucleation or
condensation to form an aerosol.

Experiments conducted in a dilution tunnel represent the atmospheric behavior of DE
only under the conditions specific to the dilution tunnel and do not represent the full range of
atmospheric conditions. Gertler (1999) demonstrated an increase in 0.02 um particles as the
fraction of diesel vehiclesin the Tuscarora Mountain tunnel increased from 13% to 78%. These
data suggest that the mode at 0.02 pum for ultrafine DPM from DE is evidenced under some
real-world conditions.

Several groups have shown that decreasing sulfur content decreases the number of
nuclei-mode particles measured in the exhaust, assuming temperature islow enough and
residence time is long enough for nucleation and condensation of sulfate aerosol and water in the
dilution tunnel (Baumgard and Johnson, 1992, 1996; Opris et al., 1993; Abdul-Khalek et al.,
1999). 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. With all other factors
held constant, it appears that reducing fuel sulfur content reduces the number of sulfate nuclei-
mode particles. Thus, the reduction in on-road fuel sulfur content that occurred in 1993 reduced
the amount of sulfur dioxide and sulfate available for particle formation. As discussed above,
the contribution of sulfate to total DPM mass ranges from 1% to 5% and is therefore not a
substantial portion of DPM mass.

More controversia is the suggestion that the DPM emission size distribution from newer
technology engines (1991 and later) may be shifted to a much higher number concentration of
nuclei-mode particles, independent of fuel sulfur content (Kreso et al., 1998; Abdul-Khalek
et a., 1998; Baumgard and Johnson, 1996; Bagley et al., 1996). For example, Kreso and co-
workers (1998) compared emissions from a 1995 model year engine with measurements made on
1991 and 1988 model year enginesin earlier studies (Bagley et al., 1993, 1996). Nuclei-mode
particles made up 40% to 60% of the number fraction of DPM emissions for the 1988 engine and
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97%+ of the DPM from the 1991 and 1995 engines. Number concentrations were roughly two
orders of magnitude higher for the newer engines. SOF made up 25% to 30% of DPM massin
the 1988 engine and 40% to 80% of DPM mass for the newer engines. Total DPM mass was
significantly reduced for the newer engines. It was suggested that increased fuel injection
pressure leads to improved fuel atomization and evaporation, in turn leading to smaller primary
carbonaceous particles. 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 whereas the 1995
engine was tested with 310 ppm sulfur fuel, which may confound the results to some extent.

The results of Kreso and co-workers (1998) and of Bagley and co-workers (1993, 1996)
have been called into question because the high level of SOF emitted by the 1991 engine,
particularly at high-load test modes, was inconsistent with SOF values measured for other
engines using similar types of technology (Last et al., 1995; Ullman et al., 1995). Kittelson
(1998) notes that there is far less carbonaceous DPM formed in newer engines compared with
older engines. Accumulation-mode particles may have provided a high surface areafor
adsorption of sulfate and unburned organic compounds. In the absence of this surface areafor
adsorption, higher number concentrations of small particles are formed from nucleation of HCs
and sulfuric acid.

A study performed at EPA by Pagan (1999) suggested that increased injection pressure
can lead to the formation of more nuclei-mode particlesin the exhaust. Particle size distributions
were measured for diluted exhaust from an engine in which injection pressure could be varied
from roughly 35 to 110 MPa (about 5,000-16,000 psi), comparabl e to pressures obtained with
injection technology introduced in the 1980s. The dilution system and particle size measurement
setup were identical in all experiments, removing some of the uncertainty in earlier studies that
compared engine tests performed years apart. The results showed a clear increase in the number
of nuclei-mode particles and a decrease in the number of accumulation-mode particles as
injection pressure was increased. This shift did not occur, however, at high engine speeds and
loads, but only at low to intermediate speeds and loads. The increase in number concentration of
nuclei-mode particles was much lower than the two orders of magnitude increase reported by
Kreso et al. (1998) or Bagley et al. (1996). One must use caution in applying the results of
Pagan to modern high-injection pressure diesel engines with turbocharging/charge-air cooling
because the engine used by Pagan was a naturally aspirated engine to which high-pressure
common rail injection was applied. Thiswould likely preclude this particular engine from
meeting current on-highway PM or NO, standards. Although some studies have suggested that
increased injection pressure can lead to elevated ultrafine DPM number counts, Kittelson et al.
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(1999) cite a German study that reported a decrease in ultrafine DPM number and mass with
increasing injection pressure.

Although the majority of particlesin DE from modern on-road diesel engines are in the
ultrafine size range, evidence regarding a change in the size distribution over timeisunclear. To
understand the size distribution of DPM to which people are exposed will require measurements
under conditions that more closely resemble ambient 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 arelisted in
Table 2-19. 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 isimportant in assessing
environmental exposures and risks. This section describes some of the major atmospheric
transformation processes for gas-phase and particle-phase DE, focusing on the primary and
secondary organic compounds that are of significance for human health. For amore
comprehensive summary of the atmospheric transport and transformation of diesel emissions,
see Winer and Busby (1995).

2.3.1. Gas-Phase Diesel Exhaust

Gas-phase DE contains organic and inorganic compounds that undergo various chemical
and physical transformations in the atmosphere, depending on the abundance of reactants and
meteorol ogical factors such as wind speed and direction, solar radiation, humidity, temperature,
and precipitation. Gaseous DE will react primarily with the following species (Atkinson, 1988):

*  Sunlight, during daylight hours

*  Hydroxyl (OH) radical, during daylight hours

*  Ozone (O,), during daytime and nighttime

*  Hydroperoxyl (HO,) radical, typically during afternoon/evening hours

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

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



Table 2-19. Classes of compoundsin diesel exhaust

Particulate phase Gasphase
Heterocyclics, hydrocarbons (C,,-C;s), and Heterocyclics, hydrocarbons (C,-C,,), and
PAHSs and derivatives: derivatives:
Acids Cycloakanes Acids Cycloakanes, Cycloakenes
Alcohols Esters Aldehydes Dicarbonyls
Alkanoic acids Halogenated cmpds. Alkanoic acids Ethyne
n-Alkanes Ketones n-Alkanes Halogenated cmpds.
Anhydrides Nitrated cmpds. n-Alkenes Ketones
Aromatic acids Sulfonates Anhydrides Nitrated cmpds.
Quinones Aromatic acids Sulfonates
Quinones
Elementa carbon Acrolein
Inorganic sulfates and nitrates Ammonia
Metals Carbon dioxide, carbon monoxide
Water 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

Sources: 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.

The major loss process for most of the DE emission constituents is oxidation, which
occurs primarily by daytime reaction with OH radical (Table 2-20). For some pollutants,
photolysis, reaction with O,, 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 asa PAH
loss process, but it is more important as a route of formation of mutagenic nitro-PAHs. The
reaction products for some of the major gaseous DE compounds are listed in Table 2-21 and are
discussed briefly below.

2.3.1.1. Organic Compounds

The organic fraction of diesel isacomplex mixture of compounds, very few of which
have been characterized. The atmospheric chemistry of several organic constituents of DE
(which are also produced by other combustion sources) has been studied. A few of these
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Table 2-20. Calculated atmospheric lifetimesfor gas-phase reactions of selected

compounds present in automotive emissions with important reactive species

Atmospheric lifetimeresulting from reaction with:

Compound = - - S S

OH 0, NO, HO, hv
NO, 1.3 days 12h 24 min 2h 2min
NO 2.5 days 1min 1.2min 20 min —
HNO, 110 days — — — —
SO, 16 days >200 years >1.4x10% years | >600 years —
NH, 90 days — — — —
Propane 12 days >7,000 years — — —
n-Butane 5.6 days >4,500 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 6.8h >80 days 1.5 years — —
2-Methylnaphthalene 2.8h >40 days 180 days —
1-Nitronaphthal ene/ 2.3 days >28 days 18 years 1.7h
Acenaphthend 15h >30 days 1.2h — —
Acenaphthylené 1.3h ~43 min 6 min — —
Phenanthrene/ 11.2h 41 days 4.6h — —
Anthracene 8.6h — — — —
Fluoranthene ~29h — ~1 year — —
Pyrend ~2.9h — ~ 120 days — —

2 For 12-h average concentration of OH radical of 1.6x10° molecule/cm® (Prinn et al., 1992).
® For 24-h average O, concentration of 7x10™ molecule/cm?®,

¢ For 12-h average NO, concentration of 5x108 molecule/cm® (Atkinson, 1991).

4 For 12-h average HO, concentration of 10° molecule/cm?®.

¢ For solar zenith angle of 0°.

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

Source: Winer and Busby, 1995, unless noted otherwise.
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Table2-21. Major components of gas-phase diesel engine emissions, their
known atmospheric transfor mation products, and the biological impact of the
reactants and products

Gas-phase emission
component

Atmospheric reaction
products

Biological impact

Carbon dioxide

Magjor contributor to global
warming.

Carbon monoxide

Highly toxic to humans; blocks
oxygen uptake.

Oxides of nitrogen

Nitric acid, ozone

Nitrogen dioxide is arespiratory
tract irritant and major ozone
precursor. Nitric acid contributes to
acid rain.

Sulfur dioxide

Sulfuric acid

Respiratory tract irritation.
Contributor to acid rain.

Hydrocar bons:

Alkanes (<Cy)

Aldehydes, alkyl nitrates,
ketones

Respiratory tract irritation. Reaction
products are ozone precursors (in the
presence of NO,).

Alkenes (<C,)
(e.0., 1,3-butadiene)

Aldehydes, ketones

Respiratory tract irritation. Some
alkenes are mutagenic and
carcinogenic. Reaction products are
ozone precursors (in the presence of
NO,).

Aldehydes:

Formaldehyde

Carbon monoxide,
hydroperoxy! radicals

Formaldehyde is a probable human
carcinogen and an o0zone precursor
(in the presence of NO,).

Higher aldehydes (e.g.,
acetal dehyde, acrolein)

Peroxyacyl nitrates

Respiratory tract and eye irritation;
causes plant damage.

Monocyclic aromatic
compounds (e.g., benzene,
toluene)

Hydroxylated and
hydroxylated-nitro derivatives:

Benzene istoxic and carcinogenic in
humans. Some reaction products are
mutagenic in bacteria (Ames assay).

PAHSs (<4 rings) (e.g.,
phenanthrene, fluoranthene)®

Nitro-PAHSs (4 rings)°

Some of these PAHs and nitro-
PAHSs are known mutagens and
carcinogens.

Nitro-PAHs (2 and 3 rings)
(e.g., nitronaphthal enes)

Quinones and hydroxylated-
nitro derivatives

Some reaction products are
mutagenic in bacteria (Ames assay).

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

Source: Health Effects Institute, 1995.
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2.3.1.1. Organic Compounds

The organic fraction of diesel is a complex mixture of compounds, very few of which
have been characterized. The atmospheric chemistry of several organic constituents of DE
(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 (viaformation of peroxyl radicals and reaction
with NO,), 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 2-21).

For those PAHSs present in the gas phase, reaction with the OH radical is the major
removal route, leading to atmospheric lifetimes of afew hoursin daylight. The gas-phase
reaction of PAHSs 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-
methylnaphthal ene, acenaphthylene, biphenyl, fluoranthene, pyrene, and acephenanthrylene lead
to the formation of nitroarenes (Arey et a., 1986; Atkinson, 1986; Atkinson et al., 1990;
Zielinskaet al., 1988, 1989a; Arey, 1998). In addition, in atwo-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-methylnaphthal ene, acenaphthene,
phenanthrene, anthracene, 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.,
1986; Atkinson et a., 1987, 1990; Zielinska et al., 1986, 1989a). For example, the same 2-
nitrofluoranthene is produced from both OH radical and NO, gas-phase reactions, but the
reaction with NO, produces a much higher yield. The production of severa nitroarene
compounds has been studied in environmental chambers (Arey et al., 1989; Zielinska et al.,
1990; Atkinson and Arey, 1994; Arey, 1998; Feilberg et a., 1999), and 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 (Pittset al.,
1985a-c; Arey et a., 1986; Zielinska et al., 1988). Photolysisis the major removal pathway for

2-88



nitroarenes with lifetimes of approximately 2 hours (Feilberg et a., 1999; Nielsen and Ramdahl,
1986).

2.3.1.2. Inorganic Compounds

SO, and oxides of nitrogen (primarily NO) are emitted from diesel engines. SO, 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 H,SO, aerosols. Because SO, issolublein
water, it is scavenged by fog, cloud water, and raindrops. In agueous systems, SO, is readily
oxidized to sulfate by reaction with hydrogen peroxide (H,0,), O, or O, in the presence of a
metal catalyst (Calvert and Stockwell, 1983). Sulfur emitted from diesel enginesis
predominantly (~98%) in the form of SO,, a portion of which will form sulfate aerosols by the
reaction described above. Nonroad equipment, which typically uses fuel containing 3,300 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 estimates that mobile sources are responsible for about 7% of nationwide SO,
emissions, with diesel engines contributing 74% of the mobile source total (the majority of the
diesel SO, emissions originate from nonroad engines) (U.S. EPA, 1998b).

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 DE (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 one-half of the mobile source total (U.S. EPA, 1998b).

2.3.1.3. Atmospheric Transport of Gas-Phase DE

Gas-phase DE can be dry deposited, depending on the deposition surface, atmospheric
stability, and the solubility and other chemical properties of the compound. Dry deposition of
organic speciesistypically 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 SO,
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 severa gas-phase components of DE are on the order
of hours or days, during which time atmospheric turbulence and advection can disperse these
pollutants widely.
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2.3.2. Particle-Phase Diesel Exhaust

Particle-associated DE is composed of primarily carbonaceous material (organic and EC)
with avery small fraction composed of inorganic compounds and metals. The OC fraction
adsorbed on DPM is composed of high-molecul ar-weight compounds, such as PAHSs, which are
generally more resistant to atmospheric reactions than PAHs in the gas phase. The EC
component of DE isinert to atmospheric degradation, whereas the PAH compounds are
degraded by reaction with the following species:

. Sunlight, during daytime hours

. O,, during daytime and nighttime

. NO,; and N,Os, during nighttime hours

. OH and HO,

. NO,, during nighttime and daytime hours

. H,O,

. HNO, and other species such as HONO and H,SO,.

Because 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 mgjor degradation products from particulate DE
and their biologica impact are listed in Table 2-22.

2.3.2.1. Particle-Associated PAH Photooxidation

Laboratory studies of photolysis of PAHs adsorbed on 18 different fly ashes, carbon
black, silicagel, 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 isrelated to the amount of carbon black 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-livesincreased to a period of days. The presence and
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Table 2-22. Major components of particle-phase diesel engine emissions,
their known atmospheric transfor mation products, and the biological impact
of the reactants and products

Particle-phase emission Atmospheric reaction Biological impact
component products

Elemental carbon — Nuclei adsorb organic compounds,

size permits transport deep into the
lungs (alveoli)

Inorganic sulfate and — Respiratory tract irritation

nitrate

Hydrocarbons (C,,-C,s) Little information; Unknown

possibly aldehydes, ketones,
and alkyl nitrates

PAHs (=4 rings) (e.g., Nitro-PAHs (>4 rings)? Larger PAHs are major contributors
pyrene, benzo[a]pyrene) Nitro-PAH lactones of carcinogensin combustion
emissions. Many nitro-PAHs are
potent mutagens and carcinogens.

Nitro-PAHs (=3 rings) Hydroxylated-nitro derivatives | Many nitro-PAHSs are potent

(e.g., nitropyrenes) mutagens and carcinogens. Some
reaction products are mutagenic in
bacteria (Ames assay).

Nitro-PAHs with more than two rings will partition into the particle phase.
Source: Health Effects Institute, 1995.

composition of an organic layer on the aerosol seemsto influence the rate of PAH photolysis
(Jang and McDow, 1995; McDow et a., 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 DPM contains arelatively high quantity of
EC, it isreasonable to speculate that PAHs adsorbed onto these particles might be relatively
stable under standard atmospheric conditions, leading to an anticipated 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 B[a] P deposited on glass-
fiber filters exposed to air containing 0.25 ppm NO, with traces of HNO, formed nitro-B[a]P,
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, Og, yielding their nitro derivatives (Pitts et a., 1985b,c). The most abundant isomers
formed were 1-NP from pyrene, 6-nitro-B[a]P from B[a] P, and 3-nitroperylene from perylene.
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The formation of nitro-PAHs during sampling may be an important consideration for
DPM caollection because of the presence of NO, and HNO, (Feilberg et al., 1999). However,
Schuetzle (1983) concluded that the artifact formation of 1-NP was less than 10% to 20% of the
1-NP present in the diesel particlesif the sampling time was less than 23 min (one FTP cycle)
and 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).

DPM 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 Sl vehicle PM, respectively.
These values are much lower than would be predicted on the basis of |aboratory measurements
for either diesel or Sl engines (Gorse et al., 1983). Severa nitroarene measurements have been
conducted in airsheds heavily affected by motor vehicle emissions (Arey et a., 1987; Atkinson
et a., 1988; Zielinska et al., 1989a,b; Ciccioli et al., 1989, 1993). Ambient PM samples were
collected at three sitesin 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-

nitrofluoranthene was also present in DPM at concentrations ranging from not detectable to 70
3

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; Pittset a.,
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 a., 1980, 1986).
Half-lives on the order of 1 to several hours were reported for the more reactive PAHSs, such as
B[a] P, anthracene, and benz[a]anthracene (Katz et al., 1979).

The reaction of PAHs deposited on diesel particleswith 1.5 ppm O, under high-volume
sampling conditions has been shown to be relatively fast, and half-lives on the order of 0.5to 1
hour have been reported for most PAHs studied (Van Vaeck and Van Cauwenberghe, 1984).
The most reactive PAHs include B[a] P, perylene, benz| alanthracene, cyclopenta] cd]pyrene, and
benzo[ghi]perylene. The benzofluoranthene isomers are the least reactive of the PAHs studied,
and benzo[e]peryleneisless reactive than itsisomer B[a]P. Theimplications 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
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episodes, when the ambient level of O, ishigh. However, the magnitude of this artifact is
difficult to assess from available data.

2.3.2.4. Atmospheric Transport of DE Particulate Matter

Ultrafine particles emitted by diesel engines undergo nucleation, coagulation, and
condensation to form fine particles. DPM can be removed from the atmosphere by dry and wet
deposition. Particles of small diameter (<1 um), such as DPM, 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, DE
particles have residence times of several days (dry deposition velocities of approximately 0.01
cm/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
bel ow-cloud.

In astudy designed to assess the atmospheric concentrations and transport of DE
particles, Horvath et al. (1988) doped the sole source of diesel fuel in Viennawith an
organometallic compound of the heavy earth element dysprosium. The authors found that in
some of the more remote sampling areas, DPM composed more than 30% of the particul ate
mass, indicating that DPM can be dispersed widely.

2.3.3. Diesdl Exhaust Aging

Primary DE is considered “fresh,” whereas “aged” DE is considered to have undergone
chemical and physical transformation and dispersion over a period of aday or two. Laboratory
dilution tunnel measurements represent a homogeneous environment compared to the complex
and dynamic system into which real-world DE is emitted. The physical and chemical
transformation of DE will vary depending on the environment into which it is emitted. Inan
urban or industrial environment, DE 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). Kamens
et a. (1988) reported that photooxidation of particle-bound PAH is enhanced asrelative
humidity isincreased. Weingartner et al. (1997a) and Dua et al. (1999) have reported that unlike
many other types of particles, diesel particles do not appear to undergo hygroscopic growth once
emitted to the atmosphere and may even shrink in size to some extent under increasing relative
humidity conditions. Weingartner et a. (1997a) evaluated the hygroscopic growth of diesel
particles and found that freshly emitted diesel particles demonstrated minimal hygroscopic
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growth (2.5%), whereas aged particles subjected to UV radiation and ozonolysis exhibited
somewhat greater but still minimal hygroscopic growth. An increase in the sulfur content of
diesel fuel has aso been observed to result in somewhat greater water condensation onto diesel
particles. To the extent that DE components are oxidized or nitrated in the atmosphere, they may
be removed at rates different from their precursor compounds and may exhibit different
biological reactivities. Data suggesting that minimal hygroscopic growth of DPM occurs also
has implications for the dosimetry of these particles in the lung because the smaller particles will
reach the lowest airways of the lung, whereas growth of the particle would result in deposition in
the upper airways. The dosimetry of DPM is discussed in Chapter 3.

In arecent experiment, the biological activity of DPM exposed to 0.1 ppm ozone for 48
hours was compared with that of DPM not exposed to ozone (Ghio et al., 2000). Instillations of
the ozonated DPM in rat lung resulted in an increase in biological activity (neutrophil influx,
increased protein, and lactate dehydrogenase activity) compared with DPM that had not been
treated with ozone. These data suggest that ambient levels of ozone can alter DPM constituents
causing an increase in toxicity compared with nonozonated DPM.

In addition to changes in particle composition with aging, particle size distributions may
vary depending on aggregation and coagulation phenomena in the aging process. Peoplein
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 meteorological or other factors,
exposures would be expected to include both fresh and aged DE. The complexities of transport
and dispersion of emission arising 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 DPM are discussed in the next section of this chapter.

The major organic constituents of DE and their potential degradation pathways described
above provide evidence for (1) direct emission of PAHS, (2) secondary formation of nitroarenes,
and (3) secondary sulfate and nitrate formation. Because 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. Diesdl Exhaust Gasesin the Ambient Atmosphere

Although emissions of several DE components have been measured, few studies have
attempted to elucidate the contribution of diesel-powered engines to atmospheric concentrations
of these components. The emission profile of gaseous organic compounds is different for diesel
and S| vehicles; the low-molecular-weight aromatic HCs and alkanes (<C,) are more
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characteristic of Sl engine emissions, whereas the heavier alkanes (>C,;) and aromatic HCs
(such as naphthalene, methyl- and dimethyl- naphthal enes, 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 bel ow) was applied to ambient
samples collected in these areas, along with appropriate fuel, stationary, and area source profiles
(Fujitaet a., 1997). The average of the sum of NMHC attributed to DE, 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 DE to NMHC
concentrations were 22% and 13% for Boston and the SOCAB, respectively. Diesel vehicles
emit lower levels of NMHC in the exhaust compared with gasoline vehicles. Therelative
contribution of DE clearly depends on several factors, including fleet composition, sampling
location (e.g., near abus station vs. near a highway or other sources), and the contribution from
point and area sources. The contribution of DE to ambient NMHC showed large variations
among sampling sites in the Boston area. The source apportionment in the Fujita et al. (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. Other source apportionment methods such as those used by
Henry et al. (1994) have been applied to speciated HC data to separate the mobile source direct
emission from gasoline evaporative emissions. This method uses a combination of graphical
anaysis (Graphical Ratio Analysisfor Composition Estimates, GRACE) and multivariate
receptor modeling methods (Source Apportionment by Factors with Explicit Restrictions,
SAFER) and was not used to identify the diesel engine contribution to the HCs measured.

2.4.2. Ambient Concentrations of DPM

Because DPM is chemically complex, an assessment of ambient DPM concentrations
relies primarily on (1) studies that collect ambient samples and adequately characterize their
chemical composition, or (2) modeling studies that attempt to recreate emissions and
atmospheric conditions. Ambient concentrations of DPM also have been reported from studies
using surrogate species. The results of these studies are summarized below. Studies conducted
in Europe and Japan were reviewed, but for the most part were not included because of questions
surrounding the applicability of measurementsin locations that use different diesel technology
and control measures from those in the United States.

2-95



2.4.2.1. Source Apportionment Studies

Receptor models are used to infer the types and relative contributions of sourcesto
pollutant measurements made at a receptor site. Receptor models assume that the massis
conserved between the source and receptor site and that the measured mass of each pollutant isa
sum of the contributions from each source. 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.

The most commonly used receptor model for quantifying concentrations of DPM at a
receptor site is the chemical mass balance (CMB) model. Input to the CMB model includes
measurements of PM mass and chemistry 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, chemical molecular species that provide markers for separation of these sources
have been identified (Lowenthal et a., 1992). Recent advancesin chemical analytical
techniques have facilitated the development of sophisticated molecular source profiles, including
detailed speciation of PM-associated organic compounds that allow the apportionment of PM to
gasoline and diesel sources with increased confidence. CMB analysis that uses speciation of
organic compounds in the source profilesistypically referred to as extended species CMB.
Older studies that made use of only EC, total OC, trace elements, and major ionsin the source
profiles (conventional CMB) have been published and are summarized here, but they are subject
to more uncertainty. It should be noted that because receptor modeling is based on the
application of source profiles to ambient measurements, estimates of DPM concentration
generated by this method include the contribution from on-road and nonroad sources to the
extent the source profiles are similar (which would include military sources depending on the
sampling locations and fleet composition). In addition, this method identifies sources of primary
emissions of DPM only, and the contribution of secondary aerosolsis not attributed to sources.

The CMB model has been used to assess concentrations of DPM in areas of California,
Phoenix, Denver, and Manhattan (Table 2-23). DPM concentrations reported by Schauer et al.
(1996) for samples collected in Californiain 1982 ranged from 4.4 ug/m?® in west Los Angeles to
11.6 pg/m® in downtown Los Angeles. The average contribution of DPM to total PM,, s mass
ranged from 13% in Rubidoux to 36% in downtown Los Angeles. As mentioned above, this
model accounts for primary emissions of DPM 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 substantial fraction
of the mass (25% of the fine mass measured in Rubidoux was attributed to secondary nitrate), a
portion of which comes from DE (Gray and Kuklin, 1996).
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Table 2-23. Ambient DPM concentrations reported from chemical mass balance modeling

Diesel PM ¢ Average Sour ce profile
Reference L ocation Year of sampling L ocation type © g/(rrn;nrg;an, thlt\; OP/OMOf used
(range)
Schauer et a., 1996 West LA, CA 1982, annual average (~60 Urban 4.4 18 EC, OCS,
Pasadena, CA samples & each site) Urban 53 19 elements
Rubidoux, CA Urban 54 13
Los Angeles, CA Urban 11.6 36
Chow et al., 1991 West Phoenix, AZ 1989-90, winter Urban 13 (max. 22) 18 EC, OCT, MI,
Central Phoenix, AZ 11 daysat each site Urban 13 (max. 16) 20 elements
South Scottsdale, AZ Urban 10 (max. 12) 17
Estrella Park, AZ Nonurban 5 9
Gunnery Park, AZ Nonurban 3 10
Pinnacle Peak, AZ Nonurban 2 12
CdiforniaEPA, 1998a | Cdifornia, 6 air basins 1988-92, annual Urban® 1.8-3.6% i EC, OCT, MI,
elements
Cdlifornia, 9 air basins Nonurban® 0.2-2.6 i EC, OCT, MI,
elements
Wittorff et al., 1994 Manhattan, NY 1993, spring 3 days Urban 29.2(13.2-46.7)* | 53(31-68) EC, OCT, MlI,
elements
Maricopa Association of | Phoenix, AZ 199495, winter 12 days Urban 24(0-5.3) 15 (0-27) EC, OCS, M,
Governments, 1999 elements
Fujitaet a., 1998 Welby, CO 199697, winter 60 days Urban 1.7 (0-7.3) 10 (0-26) EC, OCS, M,
Brighton, CO Suburban 1.2(0-3.4) 10 (0-38) dlements
2PM 4.
®Not available.

“Urban air basins are qualitatively defined as those areas that are moderately or largely urbanized, and nonurban air basins are those areas that are largely
nonurban, but may have one or more densely populated areas.

Abbreviations: EC: Elemental carbon; OCT: OC total; OCS: OC species; MI: Mgjor ions including nitrate, sulfate, chloride and, in some cases, ammonium,
sodium, potassium.



The California Environmental Protection Agency (Cal EPA) reported ambient DPM
concentrations for 15 air basinsin California based on ambient measurements taken statewide
from 1988 to 1992 (Cal EPA, 19984). Cal EPA used CMB analysis of ambient measurements
from the San Joaquin Valley (1988-89), South Coast (1986), and San Jose (winters for 1991-92
and 1992-93) to determine mobile source contributions and then applied the California 1990
PM,, emissions inventory to determine the fraction of mobile source PM,, attributable to diesel
emissions. Theresults of this analysisindicate that annual average basin-wide levels of direct
DPM may be as low as 0.2 pg/m?® and may range up to 2.6 pg/m? for basins that are largely
nonurban but may have one or more densely populated areas (such as Palm Springs in the Salton
Seabasin). DPM concentrations for air basins that are moderately or largely urbanized ranged
from 1.8 ug/me to 3.6 ug/me.

Two studies using CMB analysis that report DPM concentrations have been conducted in
the Phoenix area. A wintertime study in 1989-90 reported DPM concentrations for nonurban
areas ranging from 2 ug/mé to 5 ug/m?® and DPM concentrations for central and south Phoenix
urban areas ranging from 10 pg/m?® to 13 pg/m?® (Chow et al., 1991). Chow et al. (1991) reported
that DPM levels on single days can range up to 22 pg/m? at the central Phoenix site. A more
recent study conducted from November 1994 through March 1995 reported DPM concentrations
for Phoenix averaging 2.4 pg/m®and reaching 5.3 pg/m?® (Maricopa Association of Governments,
1999). The extended species CMB was used for this study, providing a more confident
identification of DPM separate from gasoline PM emissions than the earlier Phoenix study.

DPM accounted for an average 15% of ambient PM, ., and gasoline PM accounted for an
average of 52% of ambient PM, . in the 1994-95 Phoenix study.

In arecently published study designed to investigate the ability of a new type of factor
analysis, positive matrix factorization, to separate sources contributing to the urban aerosol in
Phoenix, Ramadan et al. (2000) report their success in separating the DE PM from other motor
vehicle PM. Fine PM samples were collected by two different types of samplersin Phoenix, one
set collected from March 1995 through June 1998 and a second set from June 1996 through June
1998. Elemental and OC were analyzed using TOT. Particles of DE origin were identified by
their high EC content in addition to specific trace elements, including manganese, sulfur, and
iron. DPM concentrations exceeding 5 pg/m?® were reported for winter months during the study
period. Theinvestigators concluded that motor vehicles, vegetative burning, and HD DE were
the three major sources contributing to ambient fine PM in Phoenix, with higher contributionsin
the winter than in summer.

During the winter of 1997, a study assessed DPM concentrations at two urban sitesin the
Denver area (Fujitaet al., 1998). The Northern Front Range Air Quality Study (NFRAQS),
initiated to assess the sources of the “brown cloud” observed along Colorado’ s Front Range,
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conducted air quality sampling during the winter of 1996, summer of 1996, and winter of 1997.
For a 60-day period from December 1996 through January 1997, ambient samples collected at
two urban Denver sites were analyzed for OC species for use in the extended-species CMB. The
average DPM concentrations reported for the urban site at Welby, CO, and the suburban site at
Brighton, CO, were 1.7 ug/m? and 1.2 pug/m?®, respectively. During the study period, DPM
concentrations exceeded 5 pg/m?® on two occasions in Welby, with reported DPM concentrations
of 5.7 ug/m?® and 7.3 pg/m*®. DPM accounted for an average of 10% of ambient PM,, 5, and
gasoline PM accounted for an average of 27% of ambient PM, ..

One of the mgjor claims from the NFRAQS was a substantial contribution of EC from
gasoline-powered vehicles, mainly from cold-start and high-emitting vehicles. At the Welby
site, the contribution of diesel and gasoline emissions to EC measurements was 52% and 42%,
respectively. At the Brighton site, the contribution of diesel and gasoline emissionsto EC
measurements was 71% and 26%, respectively. The findings from the NFRAQS are compelling
and suggest the need for further investigations to quantify the contribution from cold-start and
high-emitting vehicle emissions for both gasoline and diesel vehicles. Geographical, temporal,
and other site-specific parameters that influence PM concentrations, such as atitude, must be
considered when extrapolating the NFRA QS findings to other locations.

In addition to the need for urban and rural average DPM concentrations, an assessment of
potential health effects resulting from DPM exposure includes an assessment of peoplein
environments with potentially elevated levels of DPM. Limited data are available to alow a
characterization of DPM concentrationsin “hotspots’ such as near heavily traveled roadways,
bus stations, train stations, and marinas. Only one CMB study has attempted to apportion PM
measured in an urban hotspot. Wittorff et al. (1994) reported results of conventional CMB
performed on PM samples collected in the spring of 1993 over a 3-day period at a site adjacent
to amajor bus stop on Madison Avenue in midtown Manhattan. Busesin thisareaidlefor as
long as 10 minutes, and PM emissions are augmented by the elevated levels of DPM emitted
during acceleration away from the bus stop (discussed in Section 2.2.5). DPM concentrations
reported from this study ranged from 13.0 pg/m?® to 46.7 pg/m®. This study attributed, on
average, 53% of the PM, to DE. The DPM concentrations resulting from the source
apportionment method used in this study require some caution because the CMB model
overpredicted PM,, concentrations by an average 30%, which suggests that additional sources of
the mass were not accounted for in the model. The relevance of the Manhattan bus stop
concentrations and potential exposure for large urban populations provide strong motivation for
further studiesin the vicinity of such hotspots.

In summary, source apportionment studies of ambient samples collected before 1990
suggest that seasonal and annual average DPM concentrations for nonurban areas ranged from 2
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ug/m?to 5 pg/m®. DPM concentrations reported from CMB studies for urban areas in the pre-
1990 timeframe ranged from 4.4 pg/m? to 13 pg/m?, with concentrations on individual days
ranging up to 22 ug/m®.  Source apportionment applied to ambient measurements taken in 1990
or later suggest that seasonal or annual average DPM levelsin suburban/nonurban locations can
range from 0.2 pg/m? to 2.6 pug/m?, with maximum reported val ues ranging up to 3.4 pg/m°.
DPM concentrations reported from CMB studies in urban areas during 1990 or later range from
1.7 pg/me to 3.6 ug/me, with maximum concentrations up to 7.3 pg/m*. The highest DPM
concentrations reported from CMB analysis of ambient measurements were those in the vicinity
of abus stop in midtown Manhattan, which ranged from 13.2 ug/m?® to 46.7 pug/m?.

2.4.2.2. EC Surrogate for DPM

EC isamajor component of DE, contributing approximately 50% to 85% of diesel
particul ate mass, depending on engine technology, fuel type, duty cycle, engine lubrication oil
consumption, and state of engine maintenance (Graboski et al., 1998b; Zaebst et al., 1991;
Pierson and Brachaczek, 1983; Warner-Selph and Dietzmann, 1984). In urban ambient
environments, DE is one of the major contributors to EC, with other potential sourcesincluding
spark-engine exhaust; combustion of coal, oil, or wood; charbroiling; cigarette smoke; and road
dust. Although cold-start emissions from gasoline combustion vehicles were reported to be an
important source of EC in wintertime samples collected in two cities in the Denver area (Fujita et
a., 1998), it is currently unclear to what extent these results are transferable to other locations. It
is noteworthy that the EC content of the cold-start emissions from gasoline combustion vehicles
was lower than that from diesel combustion engines in the same study by almost a factor of 2.

Fowler (1985) evaluated several components of DE and concluded that EC is the most
reliable overall measure of ambient DE exposure. Because of the large portion of EC in DPM,
and the fact that DE is one of the major contributors to EC in many ambient environments, DPM
concentrations can be bounded using EC measurements. Surrogate calculations of DPM have
been based on the fraction of ambient EC measured in a sample that is attributable to diesel
engine exhaust and the fraction of the diesel particle mass accounted for by EC. In the recent
Multiple Air Toxics Exposure Study in the South Coast Air Basin (MATES-11, SCAQMD,
2000), EC measurements were used to estimate DPM concentrations by the following
relationship: approximately 67% of fine EC in the ambient air in the Los Angeles area originates
from diesel engine exhaust (Gray, 1986), and the average EC fraction of diesel particles
measured was 64%. Therefore, in the MATES-II study, the South Coast Air Quality
Management District calculated DPM concentrations from EC measurements by multiplying a
measured EC concentration by 67% and dividing by the fraction of DPM mass accounted for by
EC of 64%, for example, DPM concentration = (EC * 0.67)/0.64, or DPM = EC * 1.04 (not
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appreciably different from EC=DPM). This calculation, used inthe MATES-I study, relies on
data collected in the 1982 timeframe and may not accurately represent the current day
contributions of diesel engines to the ambient EC inventory. Using a 1998 emissions inventory
for the South Coast Air Basin, it isnow estimated that a more appropriate conversion from EC to
DPM isto multiply EC by 1.24 (MATES-I1, SCAQMD, 2000).

An aternative calculation can be derived using data from recent studies in Colorado and
Arizona (Fujitaet al., 1998; Maricopa Association of Governments, 1999). The fraction of EC
attributable to DE can be estimated from detailed source profiles applied to a CMB model as
discussed above. The contribution of diesel enginesto EC averaged 68% + 20% for Brighton,
CO, and 49% + 26% at Welby, CO, as part of the winter 1996-1997 NFRAQS. In Phoenix,
diesel engine exhaust was estimated to account for approximately 46% + 22% of the ambient
EC. For some environments, such as certain occupational settingsin which diesel enginesare in
proximity to workers, all the EC may realistically be attributed to DE as a reasonabl e upper
bound estimate of DPM concentrations.

Asdiscussed in Section 2.2, the EC content of DPM can vary widely depending on
engine type, load conditions, and the test cycle. However, typical profilesfor HD and LD diesel
engines have been determined and the typical EC fraction of DPM ranges from approximately
52% to 75%.

Ambient EC attributed to DE in the studies described above ranges from 46% to 68%. A
lower-bound estimate of DPM from ambient EC measurements in areas with similar source
contributions to those in the Phoenix and Denver areas can be derived using the equation:

DPM = (EC * 0.46)/0.75 or DPM = EC * 0.62
An upper-bound estimate uses the equation:
DPM = (EC * 0.68)/0.52 or DPM = EC * 1.31
Using the average of the ranges provides the equation:
DPM = EC* 0.89.
Clearly the choice of a point estimate can provide a surrogate calculation of DPM that

can vary by at least afactor of two. Although arecommended surrogate DPM calculation
method is not provided here, the surrogate DPM calculation is used to illustrate the usefulness of
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this approach for estimating DPM in the absence of a more sophisticated receptor modeling
analysis for locations where fine PM EC concentrations are available.

One source of variability in EC concentrations reported for ambient studiesis the
measurement method used to quantify EC. Asdiscussed in Section 2.2.8.1, EC and OC are
operationally defined. Ambient samples aretypically analyzed for EC using thermal optical
reflectance or thermal optical transmittance. The measurement technique used in the NFRAQS
and Phoenix studies was TOR, which, as discussed in Section 2.2.8.2, often resultsin higher EC
levels compared to TOT analyses.

Table 2-24 provides alower- and upper-bound DPM estimate from annual average EC
concentrations for three urban areas, in addition to DPM concentrations reported from EC
measurements for the MATES- Il (SCAQMD, 2000). Under an EPA research grant with the
Northeastern States for Coordinated Air Use Management (NESCAUM), PM,, . samples were
collected every 6 daysfor 1 year (1995) in Boston (Kenmore Square), MA, and Rochester, NY,
and were analyzed for EC using TOT (Salmon et a., 1997). DPM concentrations were estimated
to be in the range from 0.8 pg/m? to 1.7 ug/m?* in Boston, and from 0.4 pg/m* to 0.8 pg/m3in
Rochester (Table 2-24).

Table2-24. Ambient diesel particulate matter concentrations from elemental
car bon measurementsin urban locations

Vear of DPM,,. DPM %
Reference samolin L ocation 1g/m? lower -upper bound of total
piing range (point estimate)® PM
Salmon et a., 1997 | 1995, annual Boston, MA 0.8-1.7 (1.1 6-12
Rochester, NY 0.4-0.8 (0.5) 3-6
Sider, 1996 1992-1995, Washington, DC 0.9-2.2(1.5) 4-12
annual
MATESII Diesd PM,,
pg/m®
avgt std dev.
South Coast 1995-6, annual | Anaheim, CA 24+18 b
Air Quality Burbank, CA 3319 b
Management
District, 1999 Los Angeles, CA 35+19 b
Fontanta, CA 34+23 b
Huntington Park, CA 45+24 b
Long Beach, CA 25+17 b
Pico Rivera, CA 44+22 b
Rubidoux, CA 34+20 b

@ Lower-bound range: DPM=EC* 0.62; upper-bound range: DPM=EC* 1.31; point estimate: DPM=EC*0.89.
® Not available.

“The Multiple Air Toxics Exposure Study in the South Coast Air Basin reported DPM calculated from EC
concentrations as DPM=EC*1.04. Standard deviations are reported.
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The Interagency Monitoring of Protected Visual Environments (IMPROVE) project
being conducted by the National Park Service includes an extensive aerosol monitoring network
mainly in rural or remote areas of the country (national parks, national monuments, wilderness
areas, national wildlife refuges, and national seashores), and also in Washington, DC (Sidler,
1996). PM, . samples, collected from March 1992 through February 1995 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 EC (using TOR). EC concentrations in these rural locations
may have EC source contributions quite different from those in the urban areas in which the
fraction of EC attributable to DE has been reported. The lack of information regarding EC
sources in these rural locations makes the application of the EC surrogate highly uncertain. Itis
noteworthy that annual average EC concentrations in the rural and remote regions reported as
part of the IMPROVE network range from 0.1 pg/ms? for Denali National Park, AK, to 0.9 ug/m?
for the Lake Tahoe, CA, area. In Washington, DC, the annual average EC concentration of 1.7
pg/mB is estimated as an annual average DPM concentration of 1.4 pg/ms.

The annual average EC measurements in Washington, DC, suggest that the DPM
concentrations are in the range from 1.0 pug/m?® to 2.2 pg/ms, accounting for 5% to 12% of
ambient PM, .. Seasonally averaged data for the Washington, DC, site indicate that EC
concentrations and, by extension, DPM concentrations peak in the autumn and winter (2.0 pg/m
and 0.9 pg/me EC, respectively).

DPM concentrations reported recently as part of the MATES-II study at eight locations
ranged from 2.4 pg/m? to 4.5 pg/m3. DPM concentrations at Huntington Park and Pico Rivera,
CA, were higher than other DPM concentrations in the South Coast Air Basin, perhaps because
of higher diesel truck traffic, proximity to nonroad diesel sources, or nondiesel sources of EC,
including gasoline vehicle traffic.

In arecent study of the trends in fine particle and EC concentrations in Southern
California, Christoforou et al. (2000) report that EC concentrations measured in 1993 were 29%-
40% of EC concentrations measured in 1982 at four urban Los Angeles sites. The authors credit
lower PM emission rates from on-road diesel engines as well as cleaner-burning diesel fuel for
the observed EC decrease. The extent to which nonroad diesel equipment impacts agiven site
will influence the trend in ambient EC concentrations because fewer regulations have been
promulgated to control the PM emissions from these engines.

3

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 parameters that simulate atmospheric processes
such as the advection, mixing, deposition, and chemical transformation of compounds as they are
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transported from the source to the receptor site(s). 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 DPM concentrations. The models used by these investigators applied emission factors
from 1982 and consequently are representative of concentrations prior to the implementation of

DPM emission controls. In addition to offering another approach for estimating ambient DPM
concentrations, dispersion models can provide the ability to distinguish on-highway from
nonroad diesel source contributions and have presented an approach for quantifying the
concentrations of secondary aerosols from DE.
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-highway and off-highway sources. Their dispersion
model indicates that for 1982, the annual average ambient concentrations of DPM ranged from
1.9 pg/m?®in Azusa, CA, to 5.6 pg/m? in downtown Los Angeles (Table 2-25). The contribution
of on-highway sources to DPM ranged from 63.3% in downtown Los Angeles to 89% in west
Los Angeles. Of the on-highway diesel contribution, the model predicted that for southern
California, HD trucks made up the majority (85%) of the DPM inventory, and overall they
contributed 66% of the DPM in the ambient air. Nonroad sources of DE include pumping
stations, construction sites, shipping docks, railroad yards, and heavy equipment repair facilities.
Cass and Gray (1995) also report that wintertime peaksin DPM concentrations can reach 10

pg/me,

Table 2-25. Ambient diesel particulate matter concentrations from disper sion modeling

) ) ) DPM, DPM % of
Reference L ocation Year of sampling | Location type
g/m? (mean) total PM

Cass and Gray, Azusa, CA 1982, annual Nonurban 1.42 5
1995 Lennox, CA 1982, annual Nonurban 3.8 13

Anaheim, CA 1982, annual Urban 2.7% 12

Pasadena, CA 1982, annual Urban 2.0° 7

Long Beach, CA 1982, annual Urban 3.5° 13

Downtown LA, CA 1982, annual Urban 3.5° 11

West LA, CA 1982, annual Urban 3.8 16
Kleeman and Cass, | Claremont, CA 18-19 Aug 1987 Nonurban 2.4 (4.0 8 (6)°
1998
Kleeman et al., Long Beach, CA 24 Sept 1996 Urban 1.9(2.6)° 8 (7)°
2000 Fullerton, CA 24 Sept 1996 Nonurban 2.4(3.9)° 9 (8)°

Riverside, CA 25 Sept 1996 Suburban 4.4(13.3)° 12 (13)°

® On-road diesel vehicles only; all other values are for on-road plus nonroad diesel emissions.

® Value in parentheses includes secondary DPM (nitrate, ammonium, sulfate and hydrocarbons) attributable to atmospheric reactions of primary
diesel emissions of NO,, SO, and hydrocarbons. For the fraction of ambient PM attributable to DPM, the value in parenthesis reports total DPM
(primary plus secondary) as a fraction of total ambient PM (primary plus secondary).
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Kleeman and Cass (1998) developed a Lagrangian model that examines the size and
chemical evolution of aerosols, including gas-to-particle conversion processes during transport.
This model was applied to one well-characterized episode in Claremont, CA, on August 27-28,
1987. The model provided reasonable predictions of PM,, (overpredicting PM,, by 13%), EC,
and OC, and it adequately reconstructed the size distribution of the aerosols. The model
indicated that on August 27-28, 1987, the PM, ; concentration was 76.7 ug/m®, 13.2% (10.1
ug/m?) of which was attributable to diesel engine emissions. This estimate includes secondary
aerosol formation for sulfate, ammonium, nitrate, and organic compounds, which accounted for
4.9 ug/m? of the total estimated DPM mass. The secondary organic aerosol was estimated to be
1.1 pg/m?, or 31% of the total secondary aerosol mass, with the remainder composed of nitrate,
ammonium, and sulfate aerosols.

Dispersion modeling estimates of diesel PM concentrations from on-highway and
nonroad sources have recently been developed as part of the EPA National Air Toxics
Assessment (NATA) National Scale Assessment. This assessment uses the Assessment System
for Population Exposure Nationwide (ASPEN) dispersion model to estimate ambient
concentrations for the year 1996. The NATA national scale assessment reports concentrations of
DPM and 32 additional urban air toxic compounds at the county, State, and national level
(NATA, 2001).

ASPEN makes a number of ssimplifying assumptions in order to model concentrations on
anationwide scale. For instance, concentration estimates at the census tract level were estimated
using modeling assumptions to alocate emissions from the county level, and the model is very
sensitive to the assumptions used. In addition, dispersion of emissions from nonpoint sources
(e.g., on-highway and nonroad vehicles) was treated simplistically. For resident tracts that have
radii greater than 0.3 km, non-point-source ambient concentrations are estimated on the basis of
five pseudo-point sources. The average concentration for the census tract is determined by
spatially averaging the ambient concentrations associated with the receptors defined for the five
pseudosources that fall within the bounds of the tract. Other limitations include the following:
terrain impacts on dispersion were not included; the study relied on long-term climate summary
data, and no long-range transport was included for DPM (medium-range transport for DPM,
within 300 km, was included). Because of the limitations, the results are most meaningfully
interpreted when viewed over large geographic areas. The 1996 results from ASPEN compare
well (generally within afactor of 1.5) with estimated concentrations from EC measurements and
receptor modeling, as well as data from other dispersion modeling studies. The complete results
of the assessment are available at http://www.epa.gov/ttn/uatw/nata.
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Table 2-26 presents 25" percentile, average, and 75" percentile nationwide
concentrations from the 1996 National-Scale Assessment as well as the contribution of on-road
and nonroad DE the sources to the nationwide average. The national average DPM
concentration reported in the National-Scale Assessment is 2.1 pg/m?, of which nonroad sources
are estimated to contribute 67% and on-road sources contribute the remainder. Less than 2% of
the nationwide DE inventory is attributed to point sources, and these were not included in the
modeling as part of National-Scale Assessment. A wide range in average State-specific ambient
DPM concentrations was reported by the National-Scale Assessment with the lowest values for
mainly rural States with few DE sources, such as Wyoming (annual average of 0.2 pg/m®), and
the highest values for States with large urban centers such as New Y ork (annual average of 5.4

Hg/m?).

Table 2-26. Nationwide ambient diesel particulate matter concentrationsfor 1996 from the
National Air Toxics Assessment National-Scale Assessment dispersion modeling

25th 75th Contribution to Contribution to
_ arcentile Average, per centile aver age from on- average from
L ocation P ' DPM,, " | road sources, DPM ,, nonroad sour ces,
DPM 9 DPM ,, 3
mg/m® mg/m mg/m® mg/m DPM,,
mg/m?®
Nationwide 0.9 2.1 25 0.6 14
All urban 12 24 2.7 0.7 17
counties
All rurd 0.4 0.7 1.0 0.3 05
counties

Source: NATA, 2001. Dataavailable at http://www.epa.gov/ttn/uatw/nata.

2.4.3. Exposuresto Diesel Exhaust

Ultimately, it is personal exposure that determines health impacts. In the following
sections, modeled average exposures and some information reflecting potential exposures for
those who spend alarge portion of their time outdoors are presented. Occupational exposures to
DPM are summarized for the variety of workplaces in which diesel engines are used. These
occupational exposures are placed into context with equivalent environmental exposures to
understand the potential for overlap in average occupational and average ambient exposures.
Because DE is a mixture of particles and gases, one must choose a measure of exposure (i.e.,
dosimeter); ug/m?* of DPM has historically been used in many studies as the dosimeter for the
entire DE mixture.
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2.4.3.1. Occupational Exposureto DE

The National Institute for Occupational Safety and Health (NIOSH, 1988) estimates that
approximately 1.35 million workers are occupationally exposed to DE emissions. Such workers
emissions include mine workers, railroad workers, bus and truck drivers, truck and bus
maintenance garage workers, loading dock workers, firefighters, heavy equipment operators, and
farm workers.

M easurements of DPM exposure in occupational environments have included respirable
particulate (<3.5 pm), smoking-corrected respirable particulate, combustible respirable
particulate, and EC, among other methods. The measurement method used in each of the studies
discussed below islisted in Table 2-27. Occupational exposuresto DPM aswell as breathing
zone concentrations of DPM have been described in some detail by Watts (1995), Groves and
Cain (2000), Hammond (1998), the World Health Organization (1996), and Birch and Cary
(1996) and are briefly, but not comprehensively, summarized here.

The highest occupational exposuresto DPM are for workers in coal mines and noncoal
mines using diesel-powered equipment. These exposures, reported by several investigators,
range from approximately 10 pg/m? to 1,280 pg/m?(Table 2-27). Rogers and Whelan (1999)
report exposures to specific DPM-associated PAHSs (including naphthal ene, fluorene,
phenanthrene, pyrene, and benz[ajanthracene) for mine workers using diesel fuels containing
low and high levels of sulfur, aliphatic, and aromatic compounds. Results of this study indicate
that the composition of DPM to which workers were exposed varies considerably based on
engine condition, fuel, and other operating parameters. Mine worker exposures to PAH
compounds were highest for naphthalene, ranging from 1,312 ug/g to 3,228 ug/g of organics,
and exposures were lowest for benz[a]anthracene, ranging from less than 3 pg/g up to 18 pg/g of
organics.

Other investigators have reported DPM-associated PAH concentrations that do not
necessarily represent personal exposures but are a snapshot of short periods of elevated
concentration that make up a portion of aworker’s daily exposure. Bagley et al. (1991, 1992)
reported levels of B[a]P ranging from below the detection limit of 0.05 ng/m? to 61 ng/m?
collected only during periods of mining activity. Watts (1995) reported DPM concentrationsin
four mines collected during significant diesel activity, ranging from 850 pg/m? to 3,260 pg/m?®.
Heino (1978) reports DPM concentrations for locomotive engineers reaching 2,000 pg/m?®.

In astudy of four railroads, Woskie et a. (1988) reported concentrations of respirable
dust (corrected for cigarette smoke particulate) that ranged from 39 pg/mé for engineers/firersto
134 pg/m?® for locomotive shop workers and 191 pg/m? for hostlers. Woskie et al. (1988) also
reported smoking-corrected respirable dust for railroad clerks (17 pg/m?), who are considered to
be not exposed to DE. Although these exposures may have included nondiesel PM (background
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Table 2-27.

Occupational exposureto DPM

L ocation/job type, Rangein
Author :ﬂen?r Ioef typical work schedule n Sztimzle DPM,
P of 8 hours yp ug/m?
Gangal and Dainty, | NA Noncoal mine workers ~200 RCD 100-900
1993°
Saverin, 1999 1992 Noncoa mine workers 255° RTC 38-1,280
Rogers and Whelan, | 1990-99 Coal mine workers >1,300 | DPSMM 10640
1999
Haney, 1990% 1980s Coal mine workers NA SV 180-1,000
(five mines)
Ambs, 1991a" NA Coal mine workers NA PDEAS | 750-780
(four mines)
Woskieet al., 1988 | 3-yearsin mid-1980s | Railroad engineer/frier 128 ARP 39-73
Railroad braker/conductor 158 ARP 52-191
Railroad shop workers 176 ARP 114-134
Groves and Cain, NA Railway repair 64 EC(V) 7-50
2000
Froineset al., 1987 | 1985 Firefighters (two stations) 238 TSP 63-748
NIOSH, 19922 NA Firefighters 18 EC(T) 6-70
(three stations)
Birch and Cary, NA Firefighters NA EC(V) 20-79
1996
NA Fire station employees (four NA EC(U) 4-52
stations)
Birch and Cary, NA Airport ground crew NA EC(U) 7-15
1996
NA Public transit workers NA EC(U) 15-98
NIOSH, 1990 1990 Diesel forklift dockworkers 24 EC(T) 1261
Zaebst et dl., 1991 1990 Dockworkers 75 EC(T) 9-20
Mechanics 80 EC(T) 5-28
Long- and short-haul truckers | 128 EC(T) 2—7
Grovesand Cain, NA Bus garage/repair 53 EC(U) 7-217
2000
Forklift trucks 27 EC(U) 7-403
Kittelson et al., 2000 | 1999-2000 Busdrivers 39 EC(T) 1-3
Parking ramp attendants 12 EC(T) 2104

& Cited in Watts (1995).
® Personal exposure and area samples were not reported separately for this study.

NA: not available.

RCD: respirable combustible dust; RTC: respirable total carbon SPM: submicrometer PM; DPSMM: diesel
particulate submicron mass (two-stage impaction sampler used to separate PM by size); EC(T): elementa carbon
analyzed by TOT; EC(R) elemental carbon analyzed by TOR; EC(U) elemental carbon analyzed by colouremetric

method or method not reported; SJI: single-jet impactor agreed within 10% with simultaneous PDEAS

measurements; PDEAS: personal DE aerosol sampler collects DPM <0.8 .m, SPM: particulate matter; ARP:
respirable particul ate adjusted to remove the influence of cigarette smoke; TSP: total suspended particulate matter.
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respirable dust levels have been estimated to have contributed approximately 10 pg/m? to 33
ug/me for this study), the majority of the respirable PM is believed to have originated from diesel
locomotive emissions. Groves and Cain (2000) reported EC exposures among railway repair
workers averaging 21 pg/m® with arange from 7-50 pg/meé. DPM exposures reported for
firefighters operating diesel engine vehicles range from 4 pug/m?® to 748 pg/me, which also
encompasses the range of DPM exposures reported for airport ground crew and public
transportation system personnel (7 pg/m® to 98 pug/mq).

Studies reporting DE exposure among fire station employees typically report particul ate
levels below 100 pg/m? (ranging from 4 pg/m2 to 79 pg/m®) (NIOSH, 1992; Birch and Cary,
1996). Inastudy by Froineset al. (1987), DPM exposures for firefighters in two stations ranged
from 39 pg/m? to 73 pg/me. Birch and Cary (1996) also reported DPM exposures for airport
ground crew and public transit workers, ranging from 7 pg/m? to 15 pg/me for airport ground
crews and 15 pg/m?® to 98 pug/me for public transit workers. Dock workers using diesel-powered
forklifts have been reported to have DPM exposures ranging from 6 pg/m?® to 403 pg/m?
(NIOSH, 1990; Zaebst et al., 1991; Groves and Cain, 2000). In studies by NIOSH (1990) and
Fowler (1985), the organic material measured accounted for about one-half to almost all of the
carbonaceous DPM exposures, providing evidence that some pieces of nonroad equipment
(forklifts and construction equipment) emitted DPM with a significant OC fraction in the 1980s
and early 1990s.

Zaebst et al. (1991) also reported DPM exposures for mechanics, road drivers, and local
driversfor 8-hour shifts at each of six large hub truck terminals. Residential background and
highway background samples at fixed sites were also collected during warm-weather and cold-
weather periods, and the geometric mean for DPM concentrations ranged from 1 pg/m®to 5
ug/m®. DPM exposures for road and local truckers in warm- and cold-weather periods ranged
from 2 pug/m? to 7 pg/m?, whereas exposure levels for mechanics were reported between 5 pg/m®
and 28 ug/m?® (geometric means).

Kittelson et al. (2000) are measuring DPM exposures for bus drivers, parking garage
attendants, and mechanics using TOT to quantify EC. Persona exposures for bus drivers on four
different routes range from 1 pug/m? to 3 pg/m? and exposure among parking ramp attendants
averaged 2 ug/m?°. These results are preliminary, and data for the mechanics have not yet been
analyzed. Thisstudy will also characterize PAH compounds to which these workers are
exposed.

Bus garage workers have also been assessed for exposure to DE using urinary excretion
of 8-oxo-2'-deoxyguanosine (Loft et al., 1999). Other biomarkers of DE exposurein
occupational workers have included measurements of urinary 1-hydroxypyrene, adducts of DNA
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and hemoglobin, and 8-hydroxyguanosine in lung tissue (Nielsen et al., 1996; Tokiwaet al.,
1999; Zwirner-Baier and Neumann, 1999; Hara et al., 1997).

To estimate an environmental exposure that is equivalent to an occupational lifetime
exposure, the fraction of lifetime worker inhalation exposure (cal culated as the amount of air
breathed on the job multiplied by the typical amount of time spent on the job) is calculated
relative to 70-year lifetime inhalation exposure: (10 m¥/shift/20 m*/day) * (5 days/7 days) * (48
weeks/52 weeks) * (45-year career/70-year lifetime) = 0.21. Using this calculation, 21% of an
annual average occupational lifetime exposure is roughly equivalent to a 70-year annual average
lifetime environmental exposure. The equivalent environmental exposures for the occupational
exposures presented in Table 2-28 range from 0.6 pg/m? to 14 pug/m? for truckers, dock workers,
and mechanics, and from 2 pg/m? to 269 ug/m? for miners. The low end of the range of
environmental equivalent exposures for several of the occupational settings overlaps with
average modeled exposures and with ambient concentrations of DPM in urban areasin the
19901996 timeframe. The overlap between some occupational exposures and environmental
exposures, as well asthe small difference between occupational environmental equivalent
exposures and environmental exposures, is a significant concern and suggests the potential for
significant risk in the general population. The possible magnitude of the cancer risk in the
general population is discussed in Chapter 8, Section 8.3.

Table 2-28. Ranges of occupational exposureto DPM by job category with estimates of
equivalent environmental exposures

Year of sampling Occupations Occupational Environmental
DPM, ng/m? equivalent?®
exposure, ug/m®

1980s and 1990s Miners 10-1,280 2-269
1980s Railroad workers 39-191 8-40
1985 and later Firefighters 4-748 1-157
NA Airport crew, public transit workers 7-98 2-21
1990 Dockworkers, mechanics 561 113
1990 Long- and short-haul truckers 2-7 0.4-2

®Environmental equivalent exposure is calculated as the occupational exposure * (10 m¥/shift / 20 m*/day)*
(5 days/ 7days) * (48 weeks/ 52 weeks) * (45 year career / 70 year lifetime), or occupational exposure* 0.21
(discussed in section 2.4.3.1.

2.4.3.2. Ambient Exposureto DE
Modeled estimates of population exposures to DPM integrate exposure in various indoor
and outdoor environments and also account for the demographic distribution, time-activity
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patterns, and DPM concentrations in various environments, including job-related exposures.
Two modeling efforts have been devel oped to determine DPM exposures in the general
population: the Hazardous Air Pollutant Exposure Model for Mobile Sources, version 3
(HAPEM-MS3) and the California Population Indoor Exposure Model (CPIEM). EPA has also
developed version 4 of the HAPEM, which provides State-specific average exposures for DPM
and 32 other urban air toxic compounds. The draft exposure assessment using HAPEM version
4 (HAPEMA4) has been conducted as part of the National Air Toxics Assessment National-Scale
Analysis described in Section 2.4.2.3 above and results are provided here.

2.4.3.2.1. TheHazardous Air Pollutant Exposure Model. To estimate population exposures to
DPM, EPA has used HAPEM-MS3 (U.S. EPA, 1999b). Thismodel provides national and
urban-area-specific exposures to DPM from on-road sources only. HAPEM-MS3 is based on the
CO probabilistic National Ambient Air Quality Standards (NAAQS) exposure model
(PNEM/CO), which is used to estimate the frequency distribution of population exposureto CO
and the resulting carboxyhemaglobin levels (Law et a., 1997). HAPEM simulates the CO
exposure scenario of individualsin 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. DPM exposures are calculated asin
Equation 2-5, using a ratiometric approach to CO.

DPM _,=(CO ,/CO

Hg/m

pg/m?® g/mi )X DPM g/mi (2'5)

Data provided to the model include CO monitoring data for 1990; time-activity data
collected in Denver, Washington, DC, and Cincinnati from 1982 to 1985; microenvironmental
data; and 1990 census population data. Motor vehicle DPM and CO emission rates reported by
EPA (1999c) are used to calculate mobile-source DPM exposures, and exposures in future years
are projected based on the increase in vehicle miles traveled. EPA’s PARTS5 model isused to
estimate DPM emission rates (g/mi) for the fleet asawhole in any given calendar year. PART5
is currently being modified to account for deterioration, actual in-use emissions, poor
maintenance, and tampering effects, all of which increase emission factors. Asaresult,
HAPEM-M S3 exposure estimates based on PART5 emission factors may underestimate true
exposures from on-road sources. A comparison of PARTS5 HD diesel vehicle emission factors
with those presented earlier in this chapter suggests that PARTS may underestimate HD diesel
vehicle emissions by up to 50%.

HAPEM-M S3 assumes that the highway fleet (gasoline plus diesel) emissions ratio of
CO to DPM can be used as an adjustment factor to convert estimated CO personal exposure to
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DPM exposure estimates. This assumption is supported by the observation that even though
gasoline vehicles emit the large majority of CO, gasoline and diesel highway vehicles travel on
the same roadways. DPM and CO are both relatively long-lived atmospheric species (1-3 days)
except under certain conditions (Seinfeld and Pandis, 1998); therefore, the model does not
account for chemical and physical differences between the DPM and CO, and the model assumes
that for the average person in amodeled air district, CO and DPM are well mixed. Exposurein
microscal e environments in which these assumptions may not be valid were not model ed.

A validation study conducted for the pNEM/CO model on which HAPEM-MS3 is based
indicates that CO exposures for the population in the 5th percentile were overestimated by
approximately 33%, whereas those with exposures in the ogth percentile were underestimated by
about 30%. Thisvalidation study is considered applicable to the HAPEM-MS3 model. To
address the underestimate of exposures for the most highly exposed, Brodowicz (1999) used CO
concentrations relevant to the most highly exposed populations to determine DPM exposures for
different demographic groups within this population; the results are discussed below.

Annual average DPM exposures from on-road vehicles and nonroad sources nationwide
for the general population, rural and urban population, outdoor workers, and urban children are
reported in Tables 2-29 and 2-30. The modeled annual average DPM exposure nationwide
(urban and rural areas) in 1996 from on-road sources only was 0.8 pg/m*. The modeled annual
average exposure in urban areas for the same year was 0.8 pg/m?, and the model ed exposure for
rural areas was 0.4 pg/me°. Among the demographic groups modeled, urban outdoor workersin
general were found to have the highest average exposure to DPM, averaging 1.0 pg/m? from on-
road sourcesin 1996. DPM exposures attributable to on-road sources are projected to decrease
until approximately 2007 because of fleet turnover and the full implementation of Federal
regulations that are currently in place. Full implementation of the recently finalized Heavy-Duty
Engine and Vehicle Standards and Highway Diesel Fuel Sulfur Control Requirements would
significantly lower DPM exposures from on-road sources in the post-2007 timeframe (U.S. EPA,
2000b).

Because diesel vehicle traffic, and therefore exposure to DPM, varies for different urban
areas, HAPEM-M S3 was used to estimate annual average population exposures for 10 urban
areas. Modeled 1996 DPM exposures in the cities ranged from 0.6 pg/m? in Chicago and St.
Louisto 1.3 ug/m?® in Phoenix (Table 2-31). In 1996, estimated average DPM exposure from on-
road sources was higher than the national average in five cities: Atlanta, Minneapolis, New
Y ork, Phoenix, and Spokane. Nationally in 1996, 97% of DPM exposure from on-road vehicles
was attributable to HD diesel vehicles, and the rest was generated mainly by LD diesel trucks.
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Table 2-29. Annual aver age nationwide DPM exposur e estimates (ug/m?)
from on-road sourcesfor rural and urban demographic groupsin 1990, 1996,
and 2007 using HAPEM-M S3

Demogr aphic group 1990 1996 2007
50-State population 0.8 0.8 04
Rural population 0.5 0.4 0.2
Urban population 0.9 0.8 04
Urban outdoor workers 11 1.0 0.5
Urban children (0-17) 0.9 0.8 0.4

Source: U.S. EPA, 1999b, adjusted to reflect HDDV VMT described in U.S. EPA, 2000b.

Table 2-30. Draft annual average, 25", and 75" per centile nationwide DPM exposure
estimates (ug/m®) from on-road and nonroad sources for rural and urban countiesin 1996

using HAPEM4

Demographic 25" Percentile, | Average, | 75" Percentile, Contribution to Contribution to
group DPM ,, DPM o DPM 4, aver age from on- average from
mg/m?® mg/m?® mg/m?® road sour ces, DPM ,, | nonroad sour ces,
mg/m? DPM ,,
mg/m?®
Nationwide 0.6 14 1.8 0.5 0.9
Rural population 0.3 0.6 0.7 0.2 0.3
Urban population 0.8 16 2.0 0.5 11

Source: NATA, 2001. Data available at http://www.epa.gov/ttn/uatw/nata.

Because HAPEM-M S3 is suspected to underestimate exposures in highly exposed
populations, 1990 CO concentrations relevant to the most highly exposed populations were used
to determine 1990 DPM exposures for different demographic groups in this population. The
highest DPM exposures ranged from 0.8 pug/m? for outdoor workersin St. Louisto 2.0 pg/m? for
outdoor workersin Spokane and up to 4.0 pg/m? for outdoor children in New Y ork (Table 2-31).
The highest exposed demographic groups were those who spend a large portion of their time
outdoors. It isimportant to note that these exposure estimates are lower than the total exposure
to DPM because they reflect only DPM from on-road sources and not exposure to nonroad DPM

emissions.
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Table 2-31. Annual average DPM exposuresfor 1990 and 1996 in the general
population and among the highest exposed demographic groupsin nine urban areas
and nationwide from on-road sour ces only using HAPEM-M S3

1990 1996 Highest DPM exposurein 1990,
Urban area Population average Population aver age ug/m? (demogr aphic group
exposure, ug/m® exposure, ug/m® experiencing this exposure)
Nationwide 0.8 0.8 NA
Atlanta, GA 0.8 0.9 NA
Chicago, IL 0.8 0.6 1.3 (outdoor workers)
Denver, CO 0.7 0.8 1.2 (outdoor workers)
Houston, TX 0.6 0.9 0.8 (outdoor workers)
Minneapolis, MN 1.0 1.0 1.5 (outdoor workers)
New York, NY 16 12 4.0 (outdoor children)
Philadelphia, PA 0.7 0.7 1.2 (outdoor children)
Phoenix, AZ 14 13 2.4 (nonworking men 18-44)
Spokane, WA 13 11 2.0 (outdoor workers)
St. Louis, MO 0.6 0.6 0.8 (outdoor workers)

NA - Not available.
Source: U.S. EPA, 1999b, adjusted to reflect HDDV VMT described in U.S. EPA, 2000b.

The HAPEM4 modeling approach provides exposure estimates from on-road and
nonroad sources as well as point and area sources for pollutants other than DPM. In addition,
HAPEM4 incorporates technical advancements over previous Agency exposure assessments.
Instead of using a surrogate pollutant such as CO to estimate exposure, HAPEM4 uses census
tract DPM concentrations provided by the ASPEN dispersion model described in Section 2.4.2.3
to estimate DPM exposure for individuals in each census tract in the United States. The
exposure modeling results are aggregated to provide county, State, and nationwide exposure
estimates. HAPEM4 also incorporates the latest data regarding time-activity patterns from the
Consolidated Human Activity Database and the |atest data available regarding penetration of PM
to indoor environments. The results of this modeling approach are currently undergoing peer
review and are therefore considered a draft and subject to change.

Nationwide exposure estimates from HAPEM4 are provided in Table 2-30. The draft
National-Scale Assessment 1996 national average estimate of DPM exposure attributable to on-
road and nonroad sourcesis 1.4 pg/m?®. On-road sources are estimated to account for 0.5 ug/m*
and nonroad sources 0.9 pg/m?®. The HAPEM-M S3 1996 exposure value of 0.8 pug/m? and the

2-114



most recent draft National-Scale Assessment value of 0.5 ug/m?® differ slightly as aresult of the
different modeling approaches. Both the HAPEM-MS3 and HAPEM4 exposure results support
the risk perspective provided in Chapter 8, Section 8.3.

2.4.3.2.2. Personal exposures. microenvironments/hotspots. Personal monitoring for DPM
exposure has focused on occupationally exposed groups, including railroad workers, mine
workers, mechanics, and truck drivers. Although some studies have measured personal
exposures to ambient PM, none have conducted detailed chemical analysisto quantify the
portion of PM attributable to DE (e.g., using extended species CMB, discussed above). EC
concentrations have been reported for some microenvironments and are discussed in this section.
Microenvironmental exposures of significant concern include in-vehicle exposures such as
school buses and passenger cars as well as near highways and in urban canyons. Because DPM
from mobile sources is emitted into the breathing zone of humans, this source has a greater
potential for human exposure (per kg of emissions) compared to combustion particul ates emitted
from point sources.

Recent EC measurements reported for enclosed vehicles driving on Sacramento
roadways ranged from below detection limits up to 10 pg/m®and from 3 pg/m? to 40 pg/m? on
Los Angeles roadways. Elevated levels of PM, . and EC were observed when the vehicle being
followed was powered by a HD diesdl truck or bus (Cal EPA, 1998b). EC isalso present in the
exhaust of gasoline vehicles, so these measurements are likely to include some EC from gasoline
vehicles. The SHEDS (Stochastic Human Exposure and Dose Simulation) model for PM
predicts that although the typical person spends only about 5% of hisor her timein avehicle,
this microenvironment can contribute on average 20% and as much as 40% of a person’stotal
PM exposure (Burke et al., 2000).

The California Air Resources Board also collected EC near the Long Beach Freeway for
4 daysin May 1993 and 3 days in December 1993 (Cal EPA, 1998a). Using emission estimates
from their EMFAC7G model and EC and OC composition profiles for diesel and gasoline
exhaust, tire wear, and road dust, CARB estimated the contribution of the freeway to DPM
concentrations. For the 2 days of sampling in December 1993, DE from vehicles on the nearby
freeway was estimated to contribute from 0.7 ug/m? to 4.0 ug/m? excess DPM above background
concentrations, with a maximum of 7.5 pg/m?®.

In 1986, EC concentrations were measured in Glendora, CA, during a carbonaceous
aerosol intercomparison study (Cadle and Mulawa, 1990; Hansen and Novakov, 1990). One
technique used during the study reported EC concentrations in 1-minute intervals, reflecting the
impact from diesel vehicles 50 m from the study site. The diesel vehicles were estimated to
contribute up to 5 pg/m* EC above the background concentration.
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In a study designed to investigate relationships between DE exposure and respiratory
health of children in the Netherlands, EC measurements were collected in 23 schools located
from 47 mto 377 m from afreeway and in 8 schools located at a distance greater than 400 m
from afreeway (Brunekreef, 1999). EC concentrations in schools near freeways ranged from 1.1
ug/mé to 6.3 pg/md, with a mean of 3.4 pg/m?, and EC concentrations in schools more than 400
m from freeways ranged from 0.8 pg/m® to 2.1 pg/m?, with amean of 1.4 pg/m?®. Brunekreef et
al. (2000), using areflectance method to report “soot” or carbonaceous particul ate concentrations
as asurrogate for EC, found a statistically significant increase in carbonaceous particle
concentrations inside and outside of the schools with increasing truck traffic (predominantly
diesdl), with decreasing distance between the school and the highway, and with an increase in
the percent of time the school was downwind of the highway. In additional studiesin elderly
subjects in Helsinki and Amsterdam, Janssen et al. (2000) reported that outdoor measurements of
EC were highly correlated with indoor and personal exposure measurements of EC, supporting
the position that short-term increases in outdoor EC concentrations are reflected in increased
personal exposures even for those who spend much of their time indoors.

Although there is little quantitative information regarding personal exposure to DPM,
certain exposure situations are expected to result in higher than average exposures. Thosein the
more highly exposed categories would generally include people living in urban areas in which
diesel delivery trucks, buses, and garbage trucks frequent the roadways, but al so included would
be people living near freeways, bus stations, construction sites, train stations, marinas frequented
by diesel-powered vessels, and distribution hubs using diesel truck transport. One study using
the 1-hydroxypyrene biomarker of DE exposure reported exposure among most (76%) of the 26
adol escents sampled in Harlem (Northridge et al., 1999). In afollow-on study, Kinney et al.
(2000) reported EC concentrations from personal monitors worn by study staff on sidewalks at
four Harlem intersections that ranged from 1.5 pg/m? to 6 pg/m?. The EC concentrations were
found to be associated with diesel bus and truck counts such that spatial variationsin sidewalk
concentrations of EC were attributed to local diesel sourcesin Harlem.

In any situation in which diesel engines operate and a majority of timeis spent outdoors,
personal exposuresto DE are expected to exceed average exposures. Because alarge but
currently undefined portion of DPM is emitted during acceleration, those living and working in
the vicinity of sources operating in this transient mode could experience highly elevated levels of
DPM. DPM enriched in soluble organic material (as opposed to EC) is emitted from LD
vehicles, some nonroad equipment, on-road diesel engines during cold-start and motoring
conditions, and poorly maintained vehicles. The potential health effects of acute exposures to
elevated DPM levels aswell as health effects resulting from chronic exposures are discussed in
subsequent chapters in this document.
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2.4.3.2.3. The California Population Indoor Exposure Model. CPIEM, developed under
contract to the CARB, estimates Californians’ exposure to DPM using distributions of input data
and a Monte Carlo approach (Cal EPA, 1998a). This model uses population-weighted outdoor
DPM concentrations in a mass balance model to estimate DPM 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 factor for deposition/removal.
In four additional environments (industrial plants, restaurants/lounges, other indoor places, and
enclosed vehicles), assumptions were made about the similarity of each of these spacesto
environments for which DPM exposures had been calculated. Industrial plants and enclosed
vehicles were assumed to have DPM exposures similar to those in the outdoor environment;
restaurants/lounges were assumed to have DPM concentrations similar to stores; and other
indoor places were assumed to have DPM concentrations similar to offices. The estimated DPM
concentrations in the indoor and outdoor environments range from 1.6 pg/mé to 3.0 pg/m? (Table
2-32).

Table 2-32. Modeled and estimated concentr ations of
DPM in microenvironmentsfor Californiafor all sources

Microenvironment Estimated mean DPM
(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(11)
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)

dConcentrations assumed based on similarity with modeled environments.
Source: California EPA, 1998a.
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The DPM concentrations reported in Table 2-32 were used as input to CPIEM, and time-
activity patterns for children and adults were used to estimate total indoor and total air exposures
to DPM. Overall, total indoor exposures were estimated to be 2.0 + 0.7 ug/m?®, and total air
exposures (indoor and outdoor exposures) were 2.1 + 0.7 ug/m?® (Table 2-33). The South Coast
Air Basin and the San Francisco Bay Areawere also modeled using CPIEM, where total air
exposures to DPM were estimated to be 2.5 + 0.9 pg/m?® and 1.7 + 0.9 pg/m®, respectively.

Table 2-33. Estimated indoor air and total air exposuresto DPM in
Californiain 1990

Exposed population Total indoor Total air exposure,
exposure (stdev), (stdev), pg/m?®
ng/me
All Cdifornians 2.0(0.7) 2.1(0.8)
South Coast Air Basin 2.4 (0.9) 25(0.9)
San Francisco Bay Area 1.7 (0.9) 1.7 (0.9)

Source: California EPA, 1998a.

Exposure estimates were also made by Ca 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.

25. SUMMARY AND DISCUSSION

This chapter summarizes information regarding the history of the use of diesel engines,
technological developments and their impact on emissions over time, Federal standards on DE,
the chemical and physical character of DE, atmospheric transformations of DE, and ambient DE
concentrations and exposures. The aspects of each of these topics that are most relevant to the
discussion of health effectsin later chapters of this document are summarized here. Because the
majority of information regarding the chemical composition and historical changesin DE
pertains to on-road diesel engines, these data are discussed in greater detail than diesel emissions
from nonroad equipment. Where possible, nonroad emissions were discussed in Chapter 2 and
are briefly summarized here.
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2.5.1. History of Diesel Engine Use, Standards, and Technology

The use of diesel enginesin the trucking industry began in the 1940s, and diesel engines
slowly displaced gasoline engines among HD trucks, accounting for 36% of new HD truck sales
in 1960, 85% of salesin 1970, and almost 100% of salesin 1997. It isestimated that in 2000,
HD diesel vehicleswill travel more than 224 billion miles (U.S. EPA, 2000b). In 1997, on-
highway HD diesel engines contributed 66% of the PM, ; emitted by on-highway vehicles.

To understand changes in emissions over time, it isimportant to note the difference
between model year emission trends and calendar year emission trends. Emission trends by
model year refer to the year in which an engine was made; the emission rate is specific to the
technology and regulations in effect for that year. Emissionsin a specific calendar year refer to
aggregate emissions due to the mix of model year engines on the road. Because of the time
required for fleet turnover, emission rates for the on-road fleet in any calendar year are not as
low as the most recent model year emission rate. In 1997, 40% of the HD vehicles on the road
were at least 10 years old and traveled approximately 17% of total HD vehicle miles.

EPA set a smoke standard for on-road HD diesel engines beginning with the 1970 model
year. Inthe ensuing years, standards for PM from diesel engines for on-road applications
decreased from 0.6 g/bhp-hr in 1988 to 0.1 g/bhp-hr for trucks in 1994-1995 and 0.05 g/bhp-hr
for busesin 1996-1997. Calendar year emission contributions of PM from diesel enginesto
national PM ,, inventories reflect decreases expected to result from Federal regulations, because
the emission factor models (MOBILES and PART5) used to provide emission estimates for
mobile sources largely use engine test data required for certification. The U.S. EPA Trends
Report estimates that PM ,, emissions attributable to on-road diesel vehicles decreased 27%
between 1980 and 1998. DPM emission factors (g/mi by model year) measured from in-use
vehicles decreased on average by afactor of six from the mid-1970s to the mid-1990s.

It isimportant to note that in spite of the decreasing trend in DPM emission factors by
model year, awide range in emission factors from in-use testing is reported, even for newer
model year HD vehicles (from less than 0.1 g/mi to more than 1 g/mi for model year 1996
vehicles). The high variability in DPM emissions within one model year has been attributed to
deterioration® and differences in measurement methods and test conditions at the various testing
facilities. Studiesin which consistent testing methods were used suggest that deterioration (even
for newer model year engines) causes some of the variability in emission factors, whereas other

3Deterioration includes increases in emission rates (g/bhp hr) due to normal wear as well as manufacturing
defects and malfunctions such as retarded timing, fuel injector malfunction, smoke limiting mechanism problems,
clogged air filter, wrong or worn turbocharger, clogged intercooler, engine mechanical failure, excess oil
consumption, and electronics that have been tampered with or have failed.
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studies clearly demonstrate the important influence of test conditions and driving protocols (e.g.,
aggressive driving) on DPM emission factors.

Even though significant reductionsin DPM from diesel vehicle emissions for on-road
applications have been realized, diesel engines (nonroad and on-road combined) are still
significant contributors to 1998 inventories of particulate matter, contributing approximately
23% of PM,, . emissions (not including the contribution from natural and miscellaneous sources).

Technology innovations that impact diesel engine emissions have occurred in the years
since 1960, in particular the advent of turbocharging with charge air cooling and direct-injection
engines. The use of these new technologies tends to lower emissions from on-road diesel
engines; until the late 1970s, however, engines were optimized for performance rather than
emissions, so the effect on emissions prior to thistime was small. The limited amount of data
available indicates that on-road engines in the 1950 to 1975 timeframe had DPM emissions
similar to, and in some cases higher than, those of the mid-1970 engines that were not yet
controlled for particul ates.

Few data are available to assess the changes in emission rates from locomotive, marine,
or other nonroad diesel engine sources over time. It is expected that because the typical lifespan
of alocomotive engineis at least 40 years and PM regulations for these engines do not take
effect until 2000, PM emission rates by model year from locomotives are not likely to have
changed substantially since the introduction of the diesel engine into the railroad industry in the
early 1950s.

Particul ate matter regulations for nonroad diesel equipment are not as stringent as PM
regulations for on-road diesel engines. Although PM emissions have declined for on-road
trucks, it is estimated that PM,, emissions from nonroad diesel engines increased 17% between
1980 and 1998. DPM emissions from nonroad diesel engines are expected to continue to
increase from current levels in the absence of new regulations. No information is available
regarding changes in the chemical composition of nonroad engine emissions over time.

2.5.2. Physical and Chemical Composition of Diesel Exhaust

Complete and incomplete combustion of fuel in the diesel engine resultsin the formation
of acomplex mixture of hundreds of organic and inorganic compounds in the gas and particle
phases. Among the gaseous components of DE, the aldehydes are particularly important because
of their health effects and because they are an important fraction of the gaseous emissions.
Formal dehyde makes up a mgjority of the aldehyde emissions (65%-80%) from diesel engines,
with the next most abundant aldehydes being acetaldehyde and acrolein. Other gaseous
components of DE that are notable for their health effects include benzene, 1,3-butadiene, PAH,
and nitro-PAH. Dioxin compounds have also been detected in trace quantities in DE and
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currently account for 1.2% of the national inventory. Dioxin compounds are known to
accumulate in certain foods, such as beef, poultry, and dairy products. It is unknown whether
deposition of DE emissions has an impact on food chainsin local aresas.

DPM contains EC, OC, and small amounts of sulfate, nitrate, metals, trace elements,
water, and unidentified compounds. DPM istypically composed of more than 50% to
approximately 75% EC depending on the age of the engine, deterioration, HD versus LD, fuel
characteristics, and driving conditions. The OC portion of DPM originates from unburned fuel,
engine lubrication oil, and low levels of partial combustion and pyrolysis products and typically
ranges from approximately 19% to 43%, although the range can be broader depending on many
of the same factors that influence the EC content of DPM. Polyaromatic hydrocarbons generally
constitute less than 1% of the DPM mass. Metal compounds and other elementsin the fuel and
engine lubrication oil are exhausted as ash and typically make up 1%-5% of the DPM mass.
Elements and metals detected in DE include barium, calcium, chlorine, chromium, copper, iron,
lead, manganese, mercury, nickel, phosphorus, sodium, silicon, and zinc. The composition of
DPM contrasts strongly with the typical chemical composition of ambient DPM,, . that is
dominated by sulfate for aerosols measured in the eastern United States and by nitrate,
ammonium, and OC in the western United States.

Approximately 1% to 20% of the mass of DPM in DE isin the ultrafine size range
(nuclei-mode), with the magjority of particles ranging in size from 0.005 to 0.05 microns and
having a mean diameter of about 0.02 microns. These particles account for 50%-90% of the
number of particles. These ultrafine particles are largely composed of sulfate and/or sulfate with
condensed OC.

Evidence regarding an increase in the number of ultrafine particles from new HD engines
isinconclusive. The dilution conditions used to measure the size distribution of DE have alarge
impact on the number of ultrafine particles quantified. To understand the size distribution of
DPM to which people are exposed will require measurements under conditions that more closely
resemble ambient conditions.

Approximately 80%-95% of the mass of particlesin DE isin the size range from 0.05-1.0
microns, with a mean particle diameter of about 0.2 microns, and therefore in the fine PM size
range. Diesel particlesin the 0.05-1.0 micron range are aggregates of primary spherical particles
consisting of an EC core, adsorbed organic compounds, sulfate, nitrate, and trace elements.
These particles have a very large surface area per gram of mass, which makes them an excellent
carrier for adsorbed inorganic and organic compounds and, due to their small size, they can
effectively reach the lower portions of the respiratory tract. The EC core has a high specific
surface area of approximately 30-90 m?%/g.
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Because of the potential toxicological significance of the organic components associated
with DPM, it isimportant to understand, to the extent possible, the historical changesin the
amount and composition of the DPM-associated organic fraction. The organic component of
DPM has typically been characterized by extraction with organic solvents, although other
techniques such as thermogravimetric methods have also been used. Results from studies using
similar extraction methods were compared to characterize historical changes in the SOF
emission rates, the percentage of DPM comprised by SOF, and the composition of SOF. Data
from both engine and chassis dynamometer tests suggest that SOF emission rates have decreased
by model year from 1975 to 1995. When expressed as a percentage of total DPM, the
contribution of SOF to total DPM demonstrates a wide range of variability that may be attributed
to different test cycles, different engine types, and different deterioration rates among the
vehiclestested. Currently, LD diesel engines emit DPM with a higher fraction of SOF than do
HD engines.

Chassis dynamometer tests demonstrate an overall decrease in the mass percentage
contribution of SOF to DPM, ranging from 10% to 60% in the 1980s and ~5% to 20% in the
1990s. In contrast, engine dynamometer tests demonstrate that typically 10%-50% of DPM mass
is soluble organic matter for engines in model years 1980-1995. The higher SOF fraction of
DPM from 1990s model year engine dynamometer testsis attributed primarily to the differences
in the engine and chassis dynamometer driving cycles. The engine dynamometer testing
includes high- speed and low-load or low-speed lugging test modes in the engine Federal Test
Procedure that produce DPM with a high SOF fraction.

The chassis dynamometer data are considered to reflect real-world trends in emissions
from heavy HD vehicles by model year because vehicles from different model years, with
different mileage and different levels of deterioration, are represented. Thus, it is expected that
the percentage of SOF from new (1990 or later) model year heavy HD diesel vehiclesislower
than that from older vehicles. This expectation is supported by data demonstrating an overall
increase in the fraction of EC in the carbonaceous component of DPM. The important
observation from the engine test datais that some driving modes occurring in real-world
applications even with new (post-1990) engines may produce DPM with a high SOF component
(up to 50%).

PAH and nitro-PAH are present in DPM from both new and older engine exhaust. There
is no information to suggest that the overall PAH composition profile for DPM has changed.
There are too few data to speculate on the changes in emissions of total PAH, nitro-PAH, or
PAH and nitro-PAH components such as BaP and 1-NP. The data suggest that differencesin a
vehicle' s engine type and make, general engine condition, fuel composition, and test conditions
can influence the emissions levels of PAH. Some studies suggest that fuel composition isthe
most important determinant of PAH emissions. There is limited evidence that gas-phase PAH
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emission rates increase with higher fuel PAH content and that some particle-phase PAH
emission rates increase with higher fuel PAH content. These data suggest that during the period
from 1960 to 1986, when the aromatic content of fuel increased, PAH emissions may have
increased until the aromatic content of diesel fuel was capped in 1993. The aromatic content of
nonroad diesel fuel is not federally regulated and istypically greater than 30%. PAH emissions
from nonroad equipment would also be expected to vary with the PAH content of the fuel.

Currently, information regarding emission rates, chemical composition, and relative
contribution of DPM from high-emitting HD diesel vehiclesis not available and may
significantly change the understanding of DPM composition to which people are exposed. Some
studies have reported a substantial number of smoking diesel trucksin the in-use fleet. Although
the correlation between smoke and particulate concentration varies with the driving cycle and
measurement method, the results of smoke opacity tests suggest that high-emitting HD diesel
vehicles may be important contributors to ambient DE and DPM concentrations.

The chemical composition of DPM to which people are currently exposed is determined
by a combination of older and newer technology on-road and nonroad engines. Consequently,
the decrease in the SOF of DPM by model year does not directly translate into a proportional
decrease in DPM-associated organic material to which people are currently exposed. In
addition, the impact from high-emitting and/or smoking diesel enginesis not quantified at this
time. Because of these uncertainties, the changesin DPM composition over time cannot
presently be quantified. The data clearly indicate that toxicologically significant organic
components of DE (e.g., PAHs, PAH derivatives, nitro-PAHS) were present in DPM and DE in
the 1970s and are still present in DPM and DE as awhole.

Although a significant fraction of ambient DPM (over 50% is possible) is also emitted by
nonroad equipment, there are no data available to characterize changes in the chemical
composition of DPM from nonroad equipment over time.

Some analysts project that diesel engines will increase substantially inthe LD fleet in
coming years. Although LD engines currently emit DPM with higher SOF than HD engines of
the same model year, recently promulgated Tier 2 standards will require control measuresin the
2004-2007 timeframe that will reduce PM emissions from these vehicles. These control
measures provide some assurance that even if LD diesel use increases, DPM emitted from these
vehicles will likely have a smaller SOF component than such engines currently emit.

2.5.3. Atmospheric Transformation of Diesel Exhaust

An understanding of the physical aswell as chemical transformations of DE in the
atmosphere is necessary to fully understand the impact of this complex chemical mixture on
human health. In the past two decades, data acquired from laboratory and ambient experiments
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have provided information regarding the atmospheric loss processes and transformation of DE,
but knowledge concerning the products of these chemical transformationsis till limited. A
recent study has suggested that DPM exposed to ambient levels of ozone is sufficiently altered to
increase the rat lung inflammatory effect compared with DPM not exposed to ozone.

Studies investigating the chemical and physical changes of DE emissions suggest that
thereislittle or no hygroscopic growth of primary diesel particles. This observation suggests
that the small size of DPM particles might be maintained upon inhalation, particularly near the
emission source, alowing these particles to reach the lower portions of the respiratory tract.
Increased solubility can increase the removal efficiency of secondary diesel particles compared
with their precursor compounds. Secondary aerosols from DE may also exhibit different
biological reactivities from the primary particles. For example, there is evidence for nitration of
some PAH compounds resulting in the formation of nitroarenes that are often more mutagenic
than their precursors.

2.5.4. Ambient Concentrations and Exposureto Diesel Exhaust

Because of changes in engine technology and DPM emissions over time, ambient
concentrations reported from studies before 1990 are compared here to those reported after 1990.
There are no studies in which direct comparisons can be made because of different analytical and
modeling tools used to assess DPM ambient levels.

DPM concentrations reported from CMB and dispersion modeling studies in the 1980s
suggest that in urban and suburban areas (Phoenix, AZ, and Southern California), annual average
DPM concentrations ranged from 2 to 13 pg/m?, with possible maximum daily values in Phoenix
of 22 pg/me. In these studies, the average contribution of DPM in urban areas to total ambient
PM ranged from 7% in Pasadena, CA, to 36% in Los Angeles.

In the 1990 timeframe, annual or seasonal average DPM concentrations reported in CMB
studies and from EC measurements for urban and suburban areas range from 1.2 to 4.5 pg/m®.
The contribution of DPM to ambient PM at these sites averaged 10%-15% on a seasonal or
annual basis, with contributions up to 38% on individual days (Brighton, CO). Dispersion
modeling on individual daysin Southern Californiain the 1990s predicts DPM concentrations
ranging from 1.9 to 4.4 pg/m?(8%-12% of ambient PM). On individual days at amajor bus stop
in New York City, DPM concentrations were reported to reach 46.7 pug/m?® and averaged 53% of
ambient PM, highlighting the important influence of diesel bustraffic in an urban street canyon.

In nonurban and rural areas in the 1980s, DPM concentrations reported range from 1.4 to
5 ug/m?and on average comprised 5%-12% of the ambient aerosol. In the 1990s, nonurban air
basinsin Californiawere reported to have DPM concentrations ranging from 0.2-2.6 pug/m?.
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Although estimates from emissions models suggest that DPM emissions from on-road
sources decreased during the 1990s, the atmospheric data available do not provide a clear
indication of trendsin DPM concentrations but are likely to be more areflection of the choicein
sampling sites, source apportionment methods, and modeling techniques. In general, from the
limited number of studies available it appears that DPM concentrations averaged over at least a
season in the 1990s typically ranged from 1-4 pg/me. These data can be used in mode!-monitor
comparisons and to provide an indication of long-term average exposures in some urban areas.
Additional work is needed to assess ambient DPM and DE concentrations in several urban
environments, to assess microenvironments, and to evaluate the relative impact of nonroad and
on-road sources on concentrations.

A comprehensive exposure assessment cannot currently be conducted because of the lack
of data. Information regarding DPM in occupational environments suggests that exposure
ranges up to approximately 1,280 pug/m? for miners, with lower exposure measured for railroad
workers (39-191 pug/md), firefighters (4-748 pg/m?®), public transit personnel who work with
diesel equipment (7-98 pug/m?), mechanics and dockworkers (5-65 pg/m?), truck drivers (2-7
ug/m?), and bus drivers (1-3 pg/m?®). Work area concentrations at fixed sites are often higher
than measured exposures, especially for mining operations or other enclosed spaces. For several
occupations involving DE exposure, an increased risk of lung cancer has been reported by
epidemiologic studies (discussed in Chapter 7). An estimate of the 70-year lifetime
environmental exposure equivalent to these occupational exposures provides one means of
comparing the potential overlap between occupational exposures and exposures modeled for the
general public. The estimated 70-year lifetime exposures equivalent to those for the
occupational groups discussed above range from 0.4-2 pg/m? on the low end to 2-269 pg/m?® on
the high end.

The EPA has performed a national-scal e exposure assessment for DPM from on-road
sources. Current national exposure modeling using the HAPEM-M S3 model suggests that in
1996, annual average DPM exposure from on-road DE sources in urban areas was 0.8 ug/m?,
whereasin rural areas, exposures were 0.4 pg/mé. Among 10 urban areasin which DPM
exposures were modeled, 1996 annual average exposure from on-road DE sources ranged from
0.6 pg/m*to 1.2 pg/m*. Outdoor workers and children who spent alarge amount of time
outdoors were estimated to have elevated DPM exposures in 1990, ranging up to 4.0 pg/mefrom
on-road sources only. Based on the national inventory, nonroad emission sources could
contribute at |east twofold more DPM than that emitted by on-road sources. Results of the draft
National-Scale Assessment for 1996 indicate that national average exposure to DPM, including
nonroad sources, is 1.4 pg/m?, with 0.9 ug/mé of that average attributed to emissions from
nonroad sources.
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L ow-end exposures for many of the occupational groups overlap 1990 and 1996
exposures from on-road sources modeled for the general population (0.8 pug/m?) and for the more
highly exposed groups. This potential overlap, or small difference between occupationa and
ambient exposures, presents a concern that health effects observed in occupational groups may
also be evidenced in the general population. The potential magnitude of thisrisk is discussed in
Chapter 8.

In different exposure environments, the types of diesel vehicles, their mode of operation,
maintenance, atmospheric transformation, and many additional factors influence the chemical
nature and quantity of DPM to which people are exposed. The potential health consequences of
both short- and long-term exposures to DE are discussed in the following chapters of this
document.
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3. DOSIMETRY OF DIESEL PARTICULATE MATTER

3.1. INTRODUCTION

Animals and humans receive different internal doses when breathing the same external
concentrations of airborne materials such as diesel particulate matter (DPM) (Brain and Mensah,
1983; Schlesinger, 1985). The dose received in different species differs from the aspects of the
total amount deposited within the respiratory tract, the relative distribution of the dose to specific
regions in the respiratory tract, and the residence time of these materials within the respiratory
tract, i.e., clearance. Using an external concentration breathed by laboratory animals as a basis
for any guidance for human exposure to DPM would then be an inadequate approximation of the
total and regional dose that humans may receive.

The reason for the existence of this chapter and for consideration about interspecies
dosimetry is the lack of human health effect data on DPM and the concomitant need to be able to
evaluate existing animal data from the aspect of an equivalent human dose. The objective of this

chapter is to evaluate and address this issue of interspecies dosimetric differences through:

. A general overview of what is known about how particles like DPM are deposited,
transported to, and cleared from the respiratory tract. Information on both
laboratory animals (mainly rodents) and humans will be considered and interspecies
similarities and differences highlighted.

. An overview of what is known about the bioavailability of the organic compounds
adsorbed onto DPM from information in humans, animals, and in vitro studies, and
from model predictions.

. An evaluation of the suitability of available dosimetric models and procedures for
DPM to estimate interspecies extrapolations whereby an exposure scenario,
conditions, and outcome in laboratory animals are adjusted to an equivalent

outcome in humans via calculation of an internal dose.

The focus in this chapter will be on the particulate fraction of diesel emissions, i.e, DPM.
Although 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
considered to be of major health concern. The major constituents of diesel engine exhaust (DE)
and their atmospheric reaction products are described in Chapter 2.

As will be deduced in Chapter 5, pulmonary toxicity and carcinogenicity are the major
focal points of diesel toxicity and of DPM deposition. Therefore, dosimetric considerations are

limited to the lung although DPM deposition would occur throughout the respiratory tract, from
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the nares to the alveoli. Aspects of respiratory tract dosimetry to be considered in this chapter
include the characteristics of DPM, deposition of DPM throughout the respiratory tract, the
conducting airways and alveolar regions, normal DPM clearance mechanisms and rates of
clearance in both these regions, clearance rates during lung overload (in rats), elution of organics
from DPM, transport of DPM to extra-alveolar sites, and the interrelationships of these factors.
The overall goal in this chapter follows from the objective—to judge the feasibility and
suitability of procedures allowing for derivation of an internal dose estimate of DPM for humans,
i.e., of a human equivalent concentration to exposure concentrations and conditions used in
animal studies. This goal is of significance especially in the quantitative dose-response analysis

of DPM effects in laboratory animals proposed in Chapter 6.

3.2. CHARACTERISTICS OF INHALED DIESEL PARTICULATE MATTER

The formation, transport, and characteristics of DPM are among the subjects considered
in detail in Chapter 2. DPM consists of aggregates of spherical carbonaceous particles (typically
about 0.2 pm mass median aerodynamic diameter [MMAD)] or, more appropriately, mass median
thermodynamic diameter [MMTD)]) to which significant amounts of higher-molecular-weight
organic compounds are adsorbed. DPM has an extremely large surface area that allows for the
adsorption of organic compounds (see Chapter 2, Section 2.2.2). The organic carbon portion of
DPM can range from at least 19% to 43% from highway diesel engines; no data are available to
characterize the organic content of DPM from nonroad engines. The toxicologically relevant
organic chemicals include high-molecular-weight hydrocarbons such as the polycyclic aromatic
hydrocarbons (PAHs) and their derivatives (Chapter 2, Section 2.2.8).

3.3. REGIONAL DEPOSITION OF INHALED DIESEL PARTICULATE MATTER

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.
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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 to publications that provide a more in-depth treatment
of these topics (Weibel, 1963; Brain and Mensah, 1983; Raabe et al., 1988; Stober et al., 1993;
U.S. EPA, 1996).

The respiratory tract in both humans and experimental mammals can be divided into three
general regions on the basis of structure, size, and function: the extrathoracic (ET), the
tracheobronchial (TB), and the alveolar (A). In humans, inhalation can occur through the nose or
mouth or both (oronasal breathing). Animal models used in respiratory toxicology studies,

particularly the rat, however, are obligate nose breathers.

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
summarized 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 Stober et al. (1993).

As pictorially represented in Figure 3-1, particles may deposit by five major 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 ET (or
nasopharyngeal), TB, and A regions of the respiratory tract.

Upon inhalation of particulate matter such as that found in DE, particle 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,, (aerodynamic equivalent diameter). Although inertial
impaction is a prominent process for deposition of larger particles in the tracheobronchial region,

it is of considerably less significance as a determinant of regional deposition patterns for
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Figure 3-1. Schematic representation of major mechanisms, including diffusion, involved
in particle deposition. Airflow is signified by the arrows and particle trajectories by the
dashed line.
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DPM, which have a d,, <0.2 pum and may be considered a rather polydisperse distribution with
sigma g values of 2.4 and greater.

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 that
can penetrate into the smaller bronchial airways.

As particle diameters become <1 pum, 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 a boundary between diffusion and
aerodynamic (sedimentation and impaction) mechanisms of deposition. Thus, instead of having
ad

equivalent size based on spherical particles (Heyder et al., 1986). Diffusive deposition of

.» diffusive particles of different shapes can be related to the diffusivity of a thermodynamic
particles is favored in the A region of the respiratory tract as particles of this size are likely to
penetrate past the ET and TB regions.

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 pm) and fine (0.125 pm)
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 (U.S. EPA, 1996).

Figure 3-2 shows the regional (ET, TB, A) deposition in the human respiratory tract as
influenced by particle size. Keeping in mind that DPM is a polydisperse distribution with 0.2 um

3-5



O
il

ET

O
s

©
i.N
]

B

Regional Deposition Fraction
o
N

O 1 1 I
0.001 0.01 0.1 1 10 100

Particle Diameter (um)

Figure 3-2. Generalized regional deposition fractions of various sized particles in the
human respiratory tract. (Adapted from the International Commission on
Radiological Protection (ICRP) Publication 66 (1994) model. For unit density,
spherical particles inhaled through the nose by an adult male with a tidal volume of
1250 mL, respiratory frequency of 20 min', and functional residual capacity (FRC) of
3300 mL.) ET, extrathoracic; TB, tracheobronchial; A, alveolar.

being only the median diameter, it can be seen that principal fraction particles sized from < 0.2
down to around 0.002 pm would, as predicted based on their size and the expected mechanism of
diffusion, deposit in the alveolar region. Particles below this size range (and above around 4 um)
tend to deposit in the ET region. Specific modeling results for deposition of DPM particles

inclusive of their distribution (i.e., 6,) are presented in Section 3.6.

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, 1996,
Section 10.4.1.6). In general, there appears to be an inverse relationship between airway

resistance and total deposition.
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Differences in patterns of deposition between humans and animals have been summarized
(U.S. EPA, 1996; Schlesinger, 1985) and show clearly that when exposed to the same aerosol or
gas, humans and animals receive doses that may differ in both total and regional (i.e., ET, TB, or
A) deposition from a number of variables including particle size, especially for larger sized
particles, i.e. d,, > 1 um. Such interspecies differences are important because the adverse toxic
effect is likely more related to the quantitative pattern 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). Such differences in initial deposition must be considered when
relating biological responses obtained in laboratory animal studies to effects in humans.

The deposition patterns of inhaled diesel particles in the respiratory tract of humans and
mammalian species has been reviewed (Health Effects Institute, 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 patterns for
larger sized particles (>1 pm d,.) in that a much lower fraction of inhaled larger particles is
deposited in the alveolar region of the rat compared with humans. However, alveolar deposition
of the much smaller DPM (around 0.2 pm d,.) 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 3-3) 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). Xu and Yu (1987)
note that this similarity is concordant with the premise 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 (see
Figure 3-2).

The preceding discussion addresses deposition patterns and deposition efficiencies of
DPM in the respiratory tract of various species including humans. The alveolar region was
focused upon primarily because, as shown in Chapter 5, this region is where adverse effects from
long-term DPM exposure are typically observed. For dosimetric calculations and modeling,
however, it would be of much greater importance to consider the actual deposited dose. Table

3-1 presents the analysis of Xu and Yu (1987) on prediction of the deposited doses of DPM
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inhaled in 1 min in the lungs of humans, rats, and hamsters on three different bases: the total
lung volume (M), the surface area of all lung airways (M,), or the surface area of the epithelium
of the alveolar region only (M,). According to this analysis, the deposited dose is lower in
humans than in the two rodent species regardless of how the deposited dose is expressed. These
results are most certainly due predominately to the greater respiratory exchange rate in rodents
and smaller size of the rodent lung. Table 3-1 also 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. Such differences in the deposited dose in relevant target areas such as
the alveolar region are important and have to be considered when extrapolating the results from
DPM exposure studies in animals to humans. As will be discussed elsewhere in this document,
procedures for dose extrapolation from animals to humans includes considering the process of
clearance, with clearance measurements being in relation to surface area rather than to volume.
Thus predicted doses of particulates would be based on surface areas, such as M, andM, in Table

3-1, rather than on volume, M.
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Table 3-1. Predicted doses of inhaled DPM per minute based on total lung volume (M),
total airway surface area (M,), or surface area in alveolar region (M,)

M M, M,
Species (107 pg/min/cm?) (10" pg/min/cm?) (10" ug/min/cm?)
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 lung 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) mass median aerodynamic diameter (MMAD) = 0.2 pm; geometric standard
deviation (o,) = 1.9; packing density (¢) = 0.3; and particle mass density (p) = 1.5 g/em?; (2) particle concentration =
1 mg/m’; and (3) nose-breathing. For humans, total lung volume = 3200 c¢m?’, total airway surface area = 633,000
cm?, surface area of the unciliated airways = 627,000 cm®. Corresponding values for Fisher rats are 418cm?, 412cn?,
and 409cm?; for hamsters, 282¢m?, 262cm?, and 261cm®. Tidal volumes (in cm?) and respiratory frequency (per min)

used for humans were 500 and 14; for Fisher rats, 1.6 and 98; for hamsters, 67 and 1.0.

Source: Xu and Yu, 1987.

Particle deposition 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 areas.

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 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 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
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temporal variations. Particle solubility in terms of clearance refers to solubility within the
respiratory tract fluids and cells. Thus, a poorly soluble 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
with DPM). The same clearance mechanisms act on different particles to different degrees, with
their ultimate fate being a function of deposition site, physicochemical properties (including any
toxicity), and sometimes deposited mass or number concentration. However, the duration of
clearance for poorly soluble particles such as DPM as it exists between species, months for rats
vs. years or even decades for humans, can make dissolution of DPM a significant contributor for
humans (Kreyling, 1992).

Figure 3-4 outlines many of the known and suspected clearance pathways for poorly
soluble particles, such as DPM, that deposit in the alveolar region. Included are the
representations of the translocation pathways from the alveolar epithelium through the
insterstitium and on through the lymph nodes; this latter path will be referred to frequently later

in this chapter.

Deposited Particle
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Figure 3-4. Diagram of known and suspected clearance pathways for poorly soluble
particles depositing in the alveolar region. (Modified from Schlesinger, 1995).
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3.3.2.1. Extrathoracic Region

The clearance of poorly soluble particles deposited in the 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
region may occur rapidly.

Clearance of poorly soluble particles deposited in the oral passages is by expectoration or

by swallowing into the gastrointestinal tract.

3.3.2.2. Tracheobronchial 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 TB
region is mediated primarily by mucociliary transport, 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 larynx. Clearance rate by
this system is determined primarily by the flow velocity of the mucus, which is greater in the
proximal airways and decreases distally. These rates also 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 half-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 tracheobronchial region is generally recognized as being biphasic or multiphasic (Raabe,
1982). Some studies have shown that particles are cleared from large, intermediate, and small
airways with t,, of 0.5, 2.5, and 5 h, respectively. However, reports have indicated that clearance
from airways is biphasic and that the long-term component 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; ICRP, 1994).

Although most of the particulate matter will be cleared from the tracheobronchial region
towards the larynx and ultimately swallowed, the contribution of this fraction relative to

carcinogenic potential is unclear. With the exception of conditions of impaired bronchial
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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 toxicity in the respiratory tract (Pepelko, 1987). However, Gerde et al. (1991a)
showed that for low-dose exposures, particle-associated PAHs were released rapidly at the site of
deposition indicating that they would be available for involvement in postulated carcinogenic
processes. The relationship between the early clearance of poorly soluble particles of 4 pm
aerodynamic diameter from the tracheobronchial regions and their longer-term clearance from
the alveolar region is illustrated in Figure 3-5, clearly showing the rapid depuration from the TB
region compared with the A region. This relationship, although demonstrated with 4 pm
particles, is probably relevant and applicable to DPM-sized particles (i.e., 0.2 pm) as clearance
mechanisms are believed not to be particularly particle-sized dependent (Morrow et al., 1967a,b;
Snipes et al., 1983).

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
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Figure 3-5. Modeled clearance of poorly soluble 4-pm particles deposited in
tracheobronchial and alveolar regions in humans.
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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.
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
(A + 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 3-6 illustrates a
comparison of the short-term clearance of inhaled particles by human subjects and the model
predictions for this clearance. However, tracheobronchial clearance via the mucociliary escalator

is of limited importance for long-term clearance.
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Figure 3-6. 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).
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Exposure of F344 rats to whole exhaust containing DPM at concentrations of 0.35, 3.5, or
7.1 mg/m? for up to 24 mo did not significantly alter tracheal mucociliary clearance as assessed
by clearance of *"Tc-macroaggregated albumin instilled into the trachea (Wolff et al., 1987).
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 DE 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.

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. The apparent retention of a fraction of the deposited dose in
the airways could be cause for some concern regarding possible effects in this region, especially
in light of the results from simulation studies by Gerde et al. (1991b) suggesting that release of
PAHs from particles may occur within minutes and therefore at the site of initial deposition.
However, 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 and other organics may be of lesser importance in tumorigenic responses
of rats than originally suspected. On the other hand, the data of Nikula et al. (1997a,b) could be
interpreted to suggest that a larger fraction of particles are translocated to the interstitium of the
respiratory tract in primates that are heavily exposed (and therefore presumably in humans) than
in rats that are heavily exposed, including the interstitium of the respiratory bronchioles, an
anatomical site absent in rats (Section 3.6). Moreover, eluted PAHs in the TB region are retained
longer than those in the alveoli (Gerde et al., 1999), allowing time for activation. Also, the
results of Kreyling (1992) indicate that appreciable dissolution of even poorly soluble particles
may occur as a consequence of long absolute duration of clearance, such as years or decades, in
humans. Thus PAHs may have a role in human response to DE that cannot be evaluated with the
rat model.

Also, 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 the TB region. For example, Vastag et al. (1986)

demonstrated that not only smokers with clinical symptoms of bronchitis but also symptom-free
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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
responsible for DE-induced rat pulmonary tumors as the tumors observed in these studies were
all or nearly all of A vice TB origin.

Poorly soluble particles such as DPM that are 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 that 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). In a comprehensive
study Bailey et al. (1985) followed the long-term retention of inhaled particles in a human
respiratory tract. The retention of 1 and 4 um fused aluminosilicate particles labeled with
strontium-85 and yttrium-88, respectively, was followed in male volunteers for about 533 days.
Approximately 7% of the initial lung deposit of 1 pm particles and 40% of the 4 um particles
were associated with a rapid clearance phase corresponding to the calculated tracheobronchial
deposits. Retention of the remaining material followed a two-component exponential function,
with phases having half-times of the order of tens of days and several hundred days, respectively.

Quantitative data on clearance rates in humans having large lung burdens of particulate
matter are lacking. Bohning et al. (1982) and Cohen et al. (1979), however, did provide evidence
for slower clearance in smokers, and Freedman and Robinson (1988) reported slower clearance
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 in experimental animal models, inhibition of clearance does seem to

occur. Stober et al. (1967) estimated a clearance t,, of 4.9 years in coal miners with nil or slight
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silicosis, based on postmortem lung burdens. The lung burdens and estimated exposure histories
ranged from 2 to 50 mg/g of lung or more, well above the value at which clearance impairment is
observed in the rat. Furthermore, impaired clearance resulting from smoking or exposure to
other respiratory toxicants may increase the possibility of an enhanced particle accumulation
effect resulting from exposure to other particle sources such as DPM.

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, historically, 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 diluted DE
generated from a diesel engine (6 mg/m®) labeled with *'Ba or "*C for 40 to 45 min and assessed
total lung deposition, 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 DE for 7 h/day, 5 days/week for 24 mo.
Exposure concentrations of 0.35, 3.5, and 7.1 mg of DPM/m’ were employed in this whole body-
inhalation exposure experiment. Intermediate (hours-days) clearance of ®’Ga,O, 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

o = Aexp(-0.693 t/1,) + Bexp(-0.693t/1,), (3-1)

where F, was the percentage retained throughout the respiratory tract, 4 and B were the
magnitudes of the two components (component 4 included nasal, lung, and gastrointestinal

clearance, while component B represented intermediate lung clearance) and t, and t, were the
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Table 3-2. Alveolar clearance in laboratory animals exposed to DPM in whole exhaust

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-344 Whole body; 7 h/day 0.35 7, significantly higher with exposure to 7.1 mg/m’ for Wolff et al. (1986,
assessed effect 5 days/week 3.5 24 mo; 1, significantly longer after exposure to 7.1 mg/m’ 1987)
on clearance of 24 mo 7.1 for 6 mo and to 3.5 mg/m’ for 18 mo.
7Ga,0, particles
Rats Whole 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 witht,, = 1, 6, Lee et al. (1983)
Radiolabeled "*C 140 min 2 and 80 days, representing tracheobronchial, respiratory
bronchioles, and alveolar clearance, respectively. Guinea
Guinea pigs, pigs demonstrated negligible alveolar clearance from
Hartley 45 min 7 day 10 to 432.
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

impairment of AM mobility and transition into overload
condition.

RT = respiratory tract.
AM = alveolar macrophage.
1, = clearance from primary, ciliated airways.

T, = clearance from nonciliated passages.



half-times for the 4 and B components, respectively. The early clearance half-times (t,), were
similar for rats in all exposure groups at all time points except in the high-exposure (7.1 mg/m?)
group following 24 mo of exposure, which was faster than the controls. Significantly longer B
component retention half-times, representing intermediate clearance probably from nonciliated
structures such as alveolar ducts and alveoli, were noted after as little as 6 mo exposure to DPM
at 7.1 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 7.1 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 (t., 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 7.1 mg/m’ exposure groups. Based on these findings, the cumulative exposure of
> 11,760 mg-h/m’ (or 3.5 mg/m’ for a lifetime exposure) represented a particle overload
condition resulting in compromised alveolar clearance mechanisms; the clearance rate at the
lowest concentration (0.35 mg/m’; cumulative exposure of 118 mg-h/m*) was not different from

control rates (Figure 3-7).
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Figure 3-7. Clearance from lungs of rats of “*Cs-FAP fused aluminosilicate

tracer particles inhaled after 24 months of DE exposure at concentrations of
0 (control), 0.35 (low), 3.5 (medium), and 7.1 (high) mg DPM/m’.
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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/m’, 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 apparently
sufficient to result in a “particle overload” condition (Section 3.4). 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 DE 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 whole DE 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 diluted whole exhaust at 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
(»<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.

Lee et al. (1983) described the clearance of DPM (7 mg/m’® for 45 min or 2 mg/m’ for 140
min) by F344 rats (24 per group) and Hartley guinea pigs exposed by nose-only inhalation to
diluted whole exhaust with no apparent particle overload in the lungs as being in three distinct
phases. 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 a three-phase clearance
with retention t,, values of 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
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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 diluted whole DE containing 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-DE, 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 (exposed to 6.0 mg/m?* for 62 days), and no
clearance was observed in the 11.8 mg group (exposed to 6.0 mg/m’ for 112 days). 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 as is discussed further in Section 3.4.

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 (U.S. EPA, 1996). Uningested particles or macrophages in the interstitium may
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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 um diameter, and may increase with increasing lung
burden (Lee et al., 1985; Oberdorster, 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
indicate that such AM-mediated particle clearance is the predominant mechanism by which
relatively insoluble particles are removed from the alveolar region of 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 the 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
and Clem, 1981; Snipes et al., 1988; Lee et al., 1983). Although the various compartments can
be described mathematically, the actual physiological mechanisms determining these differing
clearance rates have not been well characterized.

Lehnert et al. (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 pm 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
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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).

3.3.3. Translocations of Particles to Extra-Alveolar Macrophage Compartment Sites
Although the phagocytosis of particles by cells free within the lung 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; it should be noted, however, that
this phenomenon was demonstrated with very high doses given as a bolus such that the
mechanism and relevance of this phenomenon at lower concentrations may be different or even

unrelated to what may happen at much lower concentrations. The relative abundance of particles

3-22



endocytosed by Type I cells also increased with increasing lung burdens of the particles, but
instillation of large particles (1.0 um) rarely resulted in their undergoing endocytosis. A 4 mg
burden of 0.1 pm diameter latex particles is equivalent to 8 x 10" 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 Feldstein, 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 suggested by the results of
Adamson and Bowden (1981), a vesicular transport mechanism in the Type I cell can transfer
particles administered at high concentrations by instillation 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 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, although the kinetics on
movement into and out of this site remain obscure for both humans and test species. 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 also remains a controversial issue.

Translocation of particulate matter to the various interstitial spaces within the lung is a
prominent phenomenon occurring at least at high (occupational) exposures that has been
examined extensively for both DPM and coal dust in a species comparison between rats and
primates (Nikula et al., 1997a,b). Detailed pulmonary morphometry conducted on F344 rats and
cynomolgus monkeys that had been exposed for 24 months to occupational levels of DPM (1.95
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mg/m’; see Lewis et al., 1989) showed major differences in the pulmonary sites of particulate
deposition. In rats, about 73% of DPM was present in the alveolar ducts/alveoli and 27% in
interstitial compartments; for monkeys the corresponding figures were markedly different at 43%
and 57%. The corresponding pulmonary histopathology confirmed that both species were
affected, although rats are more sensitive, as incidence and severity scores for alveolar effects
ranged from 15 of 15 with severity scores from 1-4 (minimal to moderate), whereas for monkeys
the corresponding values were only 4 of 15 at a range of 0-2 (not observed to minimal).
Similarly, both species exhibited histopathology at the interstitial sites of deposition but with
effects in monkeys being slightly more severe (1 of 15 graded as slight, 14 of 15 graded as
minimal) than those in rats (14 of 15 graded as slight, 1 of 15 graded as minimal). The basis for
this interspecies difference may be due to any number of clear contrasts that exist between rat
and primate lungs, including anatomical (primates and humans have respiratory bronchioles
whereas rats do not), kinetic (primates and human clearance processes allow more residence time
of particles in the lung than do those in rats or rats may have faster interstitial to lymph node
clearance rates than do humans and primates), or morphological (primates and humans have
more interstitial tissue, more and thicker pleura, and wider interstitial spaces than do rats).
Aspects of the study itself that may obscure its interpretation include the relative lifespan the
exposure represented between the tested species (lifetime for rat vs. about 10% lifetime of
primate), that there was only the single time point at which the relative burdens were determined,
and that rat lymph node burdens were not included in the analysis. The analysis of Kuempel
(2000) using human occupational data clearly showed that models require an interstitialization
process to provide adequate fits to the empirical human (miners’) lung deposition data discussed
in that study. Hypotheses about possible mechanisms for the interstitialization process are scant,
although Harmsen et al. (1985) provided some evidence in dogs that 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. Translocation to the
extrapulmonary regional lymph nodes 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
Feldstein, 1978; Lee et al., 1985). Further, it has been noted that particles accumulate both more
rapidly and more abundantly in lymph nodes that receive lymphatic drainage from the lung (Ferin
and Feldstein, 1978; Lee et al., 1985). It should be stressed that further investigation is required
to confirm the character and even existence of the interstitialization process in the lungs of
humans with exposures to particles at lower environmental concentrations, or to submicrometer
particles such as DPM, or to examine the kinetics and time course of the interstitialization

process.
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3.3.3.1. Clearance Kinetics

The clearance kinetics of PM have been reviewed in the PM CD (U.S. EPA, 1996) and by
Schlesinger et al. (1997), the results of which indicate that clearance kinetics may be profoundly
influenced by several factors. The influence of time, for example, is definitively showed by the
work of Bailey et al. (1985; discussed above), who showed that the rate of clearance from the
pulmonary region to the GI tract decreased nearly fourfold from initial values to those noted at

200 days and beyond after particle inhalation.

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. Adequate toxicological assessment
necessitates that interspecies comparisons consider aspects of dosimetry including knowledge of
clearance rates and routes. The basic mechanisms and overall patterns of clearance from the
respiratory tract are similar in humans and most other mammals. Regional clearance rates,
however, can show substantial variation between species, even for similar particles deposited
under comparable exposure conditions (U.S. EPA, 1996; 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 retained doses in the lower
respiratory tract can differ between species, which may result in differences in response to similar

particulate exposures.

3.3.3.3. Clearance Modifying Factors and Susceptible Populations

A number of host and environmental factors may modify clearance kinetics and may
consequently make individuals exhibiting or afflicted with these factors particularly susceptible
to the effects resulting from exposure to DPM. These include age, gender, physical activity,
respiratory tract disease, and inhalation of irritants (U.S. EPA, 1996, Section 10.4.2.5).
Respiratory tract clearance appears to be prolonged in a number of pathophysiological conditions
in humans, including chronic sinusitis, chronic bronchitis, asthma, chronic obstructive lung

disease, and various acute respiratory infections.

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 alterations in overall clearance and clearance rates. Prolonged
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nasal mucociliary clearance in humans is associated with chronic sinusitis 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 are reduced in humans with chronic obstructive
lung disease and in laboratory animals with viral infections, whereas the viability and functional
activity of macrophages are 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.

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 particle 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. Aspects and occurrence of this phenomenon have already been alluded to in
earlier portions of this chapter on alveolar clearance (Section 3.3.2.3). The relevance of this
phenomenon for human risk assessment has long been the object of scientific inquiry. A
monograph on this matter and many others relevant to DPM has appeared (ILSI, 2000), and the
results, opinions, and judgments put forth therein are used extensively in this chapter and in this
assessment.

Wolff et al. (1987) used **Cs-labeled fused aluminosilicate particles to measure alveolar
clearance in rats following 24-mo exposure to low, medium, and high concentrations of DE
(targeted concentrations of DPM of 0.35, 3.5 and 7.1 mg/m®). The short-term component of the
multicomponent clearance curves was similar for all groups, but long-term clearance was
retarded in the medium- and high-exposure groups (Figure 3-7). The half times of the long-term
clearance curves were 79, 81, 264, and 240 days, respectively, for the control, low-, medium-,
and high-exposure groups. Clearance was overloaded at the high and medium but not at the low
exposure level. Lung burdens of DPM were measured after 6, 12, 18, and 24 mo of exposure.
The results (Figure 3-8) indicate that the lung burden of deposited particles was appreciably
increased or “overloaded” compared with the low level of exposure in the two highest exposures
post 6 months. Figure 3-8 also compares these observational results of lung burden with

simulated results where no overload would occur (McClellan, 2000). Comparison
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Figure 3-8. Lung burdens (in mg DPM soot/g lung) in rats chronically exposed to DE at
0.35 (low) (@), 3.5 (medium) (A), and 7.1 (high) mg / m* (l). The solid figures
represent actual data with means and standard errors from animals sacrificed at 6, 12,
and 18 months after initiation of exposures. Lines are simulated model results from
these same exposure levels, assuming no effect of exposure concentration on deposition
or clearance of particles (from Wolff et al., 1987; McClellan, 2000).

of the observed and simulated results clearly shows that the two highest exposure levels resulted
in lung burdens that were ever-increasing and not at all concordant with the simulated results,
whereas the burdens at the low-exposure level were closely approximated by the simulation.
Thus, at the two highest exposure levels, deposition processes were outpacing clearance
mechanisms. Results from the low-exposure level indicate that clearance processes were not
inhibited, the lung burden remaining the same throughout all time periods examined.

Morrow (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 particles 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

AM is of a volumetric size equivalent to about 60% of the normal volume of the AM. Morrow’s
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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 relatively
insoluble, respirable particles in rats.

A revised version of this model refines the characterization of the macrophage pool by
including both the mobile and immobilized macrophages (Stober 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 pool 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.

Oberddrster and co-workers (1992) assessed the alveolar clearance of smaller (3.3 pm
diam.) and larger (10.3 pm 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 AM overload hypothesis.

It has been hypothesized that when the retained lung burden approaches 1 mg particles/g
lung tissue, overloading will begin in the rat (Morrow, 1988); at 10 mg particles/g lung tissue
macrophage-mediated clearance of particles would effectively cease. Overloading appears to be
a nonspecific effect noted in experimental studies, generally in rats, using many different kinds of
poorly soluble particles (including Ti0O,, volcanic ash, DPM, carbon black, 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 (Muhle
et al., 1990a,b; Lehnert, 1990; Morrow, 1994). Following overloading, the subsequent
retardation of lung clearance, accumulation of particles, chronic inflammation, and the
interaction of inflammatory mediators with cell proliferative processes and DNA may lead to the
development of fibrosis, epithelial cell mutations, and fibrosis in rats (Mauderly, 1996). The
phenomenon of overload 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 to species other than laboratory
species (rats and mice and hamsters; Muhle et al., 1990a,b), is not clear. Although likely to be of
little relevance for most “real world” ambient exposures of humans, this phenomenon is of

concern in interpreting some long-term experimental exposure data and perhaps for human
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occupational exposure. In addition, relevance to humans is clouded by the fact that
macrophage-mediated clearance is slower and perhaps less important in humans than in rats
(Morrow, 1994).

Particle overload appears to be an important factor in the pulmonary carcinogenicity
observed in rats exposed to DPM. A study by Griffis et al. (1983) demonstrated that exposure (7
h/day, 5 days/week) of rats to diluted whole DE containing 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 1.89 mg/g of lung tissue,
respectively. The alveolar clearance of those rats with the highest lung burden (1.89 mg/g of
lung) was impaired, as determined by a significantly greater (p<0.0001) retention t,, for DPM.
Impaired clearance was 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 diluted whole DE containing DPM (6 mg/m®) for 112 days had an extraordinarily
high lung particle burden of 11.8 mg, with no alveolar particle clearance being detected over 1
year.

Muhle et al. (1990a,b) 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,
observations that are concordant with those of Morrow (1988).

Pritchard (1989), utilizing data from a number of DE 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.

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 relatively
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
relates only to poorly soluble particles 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., crystalline
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.
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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, i.e., approximately 1 mg/g
lung tissue. Stdber 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 pneumoconiosis. It must be noted, however, as has been
reported even in some studies with rats exposed lifetime to overload conditions (50 mg/m® TiO,;
Lee et al., 1986) that no lung cancer was reported among those miners with apparent particle
overload.

Consideration of the above information further clarifies the human relevance of
noncancer effects that may be elicited from overload-type conditions in rats studies. Under
conditions that would be most likely to elicit overload conditions in humans, such as the
excessive dust burdens in the lungs of miners, cancer is not observed although noncancer
responses such as fibrosis and macrophage responses are documented (Freedman and Robinson,
1988; Haschek and Witschi, 1991; Oberdorster, 1994). In deliberation on the matter of whether
the rat lung nonneoplastic responses to poorly soluble particles (such as DPM) are predictive of a
similar hazard in humans, an expert panel (ILSI, 2000) opined that such responses would indeed

be a useful predictor for similar responses in humans.

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 (Kuempel, 2000). 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
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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 rodents chronically exposed
to DPM that Type I cells, the interstitium, the lymphatic channels, and pulmonary lymphoid
tissues could collectively comprise 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, at least in rodents, the AMs are the primary
reservoirs of deposited particles. The factors responsible for a failure of AMs to translocate from
the alveolar space compartment in lungs with high particulate matter burdens remain uncertain,
although a hypothesis concerning the process involving volumetric AM burden has been offered
(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
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 DE-exposed animals continue to demonstrate a propensity to aggregate
(Strom, 1984). This observation could result either from the surface characteristics of AMs
being fundamentally altered or from macrophage activation by phagocytized particles that then
release chemotactic factors (Bellmann et al., 1990) in a manner that promotes their adherence to
one another in the alveolar region. 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 because attractants from the overloaded

AMs cause aggregation of those that are not carrying a particle burden.

3.5. 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 originally considered to be the primary source of

carcinogenicity in animal studies. Since then, evidence has been presented that carbon black,
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lacking an organic component, is capable of inducing lung cancer at exposure concentrations
sufficient to induce lung particle overload. This suggested that the relatively insoluble carbon
core of the particle may be of greater importance for the pathogenic and carcinogenic processes
observed in the rat inhalation studies conducted at high exposure concentrations. (See Chapter 7
for a discussion of this issue.) However, lung cancer reported in epidemiologic studies was
associated with diesel exposure levels far below those inducing particle overload in lifetime
studies in rats. It is therefore suggested that compounds in the organic fraction of DPM may
have some role in the etiology of human lung cancers. This leads to an interest in characterizing
the bioavailability of organics.

The bioavailability of toxic organic compounds adsorbed to DPM 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.

This section describes only the various manner and mechanisms by which organics
adsorbed onto DPM may become bioavailable. In vivo and in vitro results involving various
biological extraction media as well as modeled scenarios of bioavailability are presented. Actual
estimates of the amount of organics from DPM to which respiratory tract tissues may be exposed

are discussed and presented in Section 3.6.2.7.

3.5.1. In Vivo Studies
3.5.1.1. 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 DPM following heating to vaporize away the
organics originally present. Sun et al. (1982) compared 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 1 h, predominantly by
mucociliary clearance. The long-term retention of particle-adsorbed *H-B[a]P at 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 *H 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,
I-nitropyrene, except the retention half-time was 36 days.

Ball and King (1985) studied the disposition and metabolism of intratracheally instilled
C-labeled 1-NP (>99.9% purity) coated onto DPM. About 50% of the "*C was excreted within
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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 some protein binding.
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 diesel engine. In this study, exhaust particles containing 1.03 pg 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 proportion than that reported by Sun et al. (1984), possibly because smaller amounts of
B[a]P adsorbed on the particles resulted in stronger binding or possibly because of differences
between inhalation exposure and intratracheal exposure. At 3 days following administration,
more than 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 when organics are adsorbed to DPM
the retention of organics in the lungs is increased considerably. Because retention time is very
short following exposure to pure compounds not bound to particles, it can be concluded that the
increased retention time is primarily the result of continued binding to DPM. The detection of
labeled compounds in blood, systemic 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 and would not be available as a carcinogenic dose to the lung. As
discussed above, the results of Gerde (1999a,b) indicate that most of the organics eluted from
particles deposited in the alveolar region, especially PAHs, are predicted to rapidly enter the

bloodstream and thus not to contribute to potential induction of lung cancer.

3.5.1.2. Studies in Occupationally Exposed Humans

DNA adducts in the lungs of experimental animals exposed to DE have been measured in
a number of animal experiments (World Health Organization, 1996). Such studies, however,
provide limited information regarding bioavailability of organics, as positive results may well
have been related to factors associated with lung particle overload, a circumstance reported by
Bond et al. (1990), who found carbon black, a substance virtually devoid of organics, to induce
DNA adducts in rats at lung overload doses. These authors showed that levels of DNA adducts

present in pulmonary type II cells from the lungs of rats (n=15) exposed to equivalent conditions
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of either carbon black or DE (each at 6.2 mg/m’) were nearly the same and 4- to 5-fold more than
air-exposed controls. This similarity was noted despite a difference of nearly three orders of
magnitude in solvent-extractable organic content between DE (30%) and carbon black (0.04%).
None of the DE or carbon black adducts comigrated with B[a]P diol epoxide.

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 clear-cut exposure-related differences in types of
mutations, adduct formation was significantly increased in the exposed workers. Nielsen et al.
(1996) reported significantly increased levels of lymphocyte DNA adducts, hydroxyvaline

adducts in hemoglobin, and 1-hydroxypyrene in urine of garage workers exposed to DE.

3.5.2. In Vitro Studies
3.5.2.1. Extraction of Diesel Particle-Associated Organics by Biological Fluids

In vitro extraction of mutagenic organics by biological fluids can be estimated by
measurement of mutagenic activity in the particular fluid. 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, or dipalmitoyl lecithin. Moreover,
extraction efficiency did not increase with incubation time up to 120 h. Similar findings were
reported by King et al. (1981), who also reported that 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 of 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 physiological saline.
Only FCS was found to extract some mutagenic activity from the DPM. Keane et al. (1991),
however, reported positive effects for mutagenicity in salmonella and sister chromatid exchange
in V79 cells exclusively in the supernatant fraction of DPM dispersed in aqueous mixtures of
dipalmitoyl phosphatidyl choline, a major component of pulmonary surfactant, indicating that
pulmonary surfactant components can extract active components of DPM and result in
bioavailability.

The ability of biological fluids to extract organics in vitro and their effectiveness in vivo

remains equivocal because of the character of the particular fluid. For example, extracellular
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lung fluid is a complex mixture of constituents that undoubtedly have a broad range of
hydrophobicity (George and Hook, 1984; Wright and Clements, 1987), which is fundamentally
different 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. In this respect, Hiura et al. (1999) have
shown that whole exhaust containing DPM, but not carbon black or diesel particles devoid of
organics, induces apoptosis, apparently through generation of oxygen radicals. This study
implicates organic compounds present on DPM. It also indicates the bioavailability of organics
for generation of radicals from reaction with particle-associated organics or following elution
from DPM.

3.5.2.2. Extraction of DPM-Associated Organics by Lung Cells and Cellular Components

A more likely means by which organics may be extracted from DPM and metabolized in
the lung is either through 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. It is known that 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 organics from DPM 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 DPM
organics, which include low concentrations of carcinogenic agents such as PAH.

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
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, were
incubated directly 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 originally adsorbed to the DPM. Although transformation is
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slow, the long retention of particles, including DPM, in humans may cause the fraction eluted
and metabolized to be considerably higher than this figure.

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 therefore general bioavailability) in 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.

Alveolar macrophages or macrophage cell lines that were exposed to high concentrations
of DPM in vitro were observed to undergo apoptosis, which was attributed to the generation of
reactive oxygen radicals (ROR) (Hiura et al. 1999). Further experimentation showed that DPM
with the organic constituents extracted was no longer able to induce apoptosis or generate ROR.
The organic extracts alone, however, were able to induce apoptosis as well as the formation of
stress-activated protein kinases that play definitive roles in cellular apoptotic pathways. The
injurious effects of nonextracted DPM or of DPM extracts were observed to be reversible by the
antioxidant radical scavenger N-acetyl cysteine. These data suggest strongly that, at least at high
concentrations of DPM, the organic constituents contained on DPM play a central role in cellular

toxicity and that this toxicity may be attributable to the generation of ROR.

3.5.3. 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
and prolonged exposure to surrounding tissues. However, large aggregates of particles 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. Output from this model suggests strongly that 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 low doses
PAH exposure and lung tumor formation would be predicted to occur at sites of deposition rather
than retention, as occurs with high doses.

The site of release of PAHs influences effective dose to the lungs because, as noted

previously, at least some free organic compounds deposited in the lungs are rapidly absorbed into
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the bloodstream. Gerde et al. (1991b) predicted PAHs would be retained in the alveoli less than
1 min, whereas they may be retained in the conducting airways for hours. These predictions were
based on an average diffusion distance to capillaries of only about 0.5 um in the alveoli, as
compared to possibly greater than 50 um in the conducting airways such as the bronchi. 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 DPM at a concentration of 15 pg
B[a]P/gm particles. A rapidly eluting fraction from DPM deposited in the alveoli was adsorbed
into the bloodstream and metabolized in the liver, whereas the rapidly eluting fraction from DPM
deposited in the conducting airways was to a large extent retained and metabolized in situ in the
airway epithelium. Thus, organics eluting from DPM depositing in the conducting airways (i.e.,
the TB region) would have a basis for a longer residence time in the tissues (and for consequent
biological activity) than would organics eluting from DPM depositing in the pulmonary
parenchyma. And, given the same overall deposited dose of DPM to the total pulmonary system,
a deposited dose with a higher proportion in the TB region would incur a higher probability of
tissue interactions with any eluted organics. This may be the case when comparing regional
doses of DPM to humans as compared to rats for two reasons. First, one deposition model
(Freijer et al., 1999) projects that for air concentrations of DPM at either 0.1 or 1.0 mg/m’, a
higher proportion of the total DPM dose to the pulmonary system would be deposited in the TB
area for humans at 31% (TB/Total; 0.098 / 0.318) than for rats at only 16% (0.04 / 0.205).
Second, comparative morphometry data of DPM from chronically exposed rats and primates
showed higher levels of DPM adjacent to conducting airways in primates (i.e., the interstitium of
the respiratory bronchioles) than were present in parallel regions in the rat (interstitium of the
alveolar ducts) (Nikula et al., 1997a,b). The focal nature of this deposition could give rise to

localized high concentrations of any organics eluted.

3.5.4. Summary and Bioavailability

At present, the available data are insufficient to accurately model the effective dose of
organics in the respiratory tract of humans or animals exposed to DPM. As mentioned above,
though, the following Section (3.6.2.7) does present estimates of the actual amount of organics,
including carcinogenic PAH such as B[a]P, that are deposited in the lung and could become
bioavailable.

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 respiratory tract is eluted. The
percentage taken up and metabolized to an active form by target cells is, however, uncertain.
Organics eluted from particles deposited in alveoli are likely to rapidly enter the bloodstream via

translocation across endothelial cells, where they may undergo metabolism by enzymes such as
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cytochromes P-450 that are capable of producing reactive species. Organics eluted from particles
deposited in the conducting airways (the bronchioles, bronchi, and trachea) may also undergo
metabolism in other cell types such as the Clara cells with constituent or inducible cytochrome P-
450 species. Risk of harmful effects for particles deposited in the conducting airways is
predicted to be greater because solubilized organic compounds will be retained in the thicker
tissue longer, allowing for metabolism by epithelial cells lining the airways. Furthermore, since
some deposition in conducting airways occurs primarily at bifurcations, localized higher

concentrations may occur.

3.6. MODELING THE DEPOSITION AND CLEARANCE OF PARTICLES IN THE
RESPIRATORY TRACT

3.6.1. Introduction

The biological effects of inhaled particles are a function of their disposition, i.e., their
deposition and clearance. This, in turn, depends on their patterns of deposition (i.e., the sites
within which particles 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 competing 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 particle deposition models was given by Morrow
and Yu (1993) and in U.S. EPA (1996).

Currently available data for long-term inhalation exposures to poorly soluble 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 poorly soluble particulate matter in the lungs.
All of these models identify various compartments and associated transport rates, but empirically

derived data are not available to substantiate many of the assumptions made in these models.

3.6.2. Dosimetry Models for DPM
3.6.2.1. Introduction

The extrapolation of toxicological results from laboratory animals to humans, the goal of
this chapter, requires the use of dosimetry models for both species that include, first, the

deposition of DPM in various regions of the respiratory tract, and second, the transport and
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clearance of the particles, including adsorbed constituents, from their deposited sites. Therefore
the ideal model structure would incorporate both deposition and clearance in animals and
humans.

Deposition of particles in the respiratory tract, as described above, can be by impaction,
sedimentation, interception, and diffusion, with the contribution from each mechanism 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 (i.e., TB
plus A regions) is substantially similar for rats and humans.

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, which 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
(Anjilvel and Asgharian, 1995; Freijer et al., 1999) 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 such as occur in
DPM. However, models for clearance have not yet been implemented in conjunction with the
use of the multiple-path model.

Clearance of particles in the respiratory tract 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 material such as the
carbonaceous core of DPM is largely by mechanical clearance, whereas the clearance of the
organics adsorbed onto the carbon core is principally by dissolution.

Several models currently exist that integrate both deposition and clearance, some specific
for humans and others specific for laboratory animals. They differ significantly in the level of
physiological detail that is captured in the model and in the 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
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made in the models. A review of the principal human and animal deposition/clearance models,
including candidate models for use in animal-to-human extrapolation in this assessment, are

considered below.

3.6.2.2. Human Models

The International Commission on Radiological Protection (ICRP) recommends specific
mathematical dosimetry models as a means to calculate the mass deposition and retention by
different parts of the human respiratory tract and, if needed, tissues beyond the respiratory tract.
The latest ICRP-recommended model, ICRP66 (1994), considers the human respiratory tract as
four general anatomical regions: the ET region, which is divided into two subregions; the TB
region, which is also subdivided into two regions; and the gas-exchange tissues, which are
further defined as the alveolar-interstitial (Al) region but are exactly comparable to the
pulmonary or A region. The fourth region is the lymph nodes. The deposition component of the
model for the ET, TB, and A regions is semi-empirical based on equations derived from fitting
experimental deposition data. The dimensional model used for the TB and A regions was
adopted from several sources (Weibel, 1963; Yeh and Schum, 1980; and Phalen et al., 1985); the
physical aspects of the individual airway generations for these regions were all averaged after
each source was adjusted to a standard functional residual capacity. The equations for estimating
deposition in these areas was empirical, obtained from fitting data obtained from partial human
lung casts or from theoretical calculation for these regions. Deposition in the four regions is
given as a function of particle size with two different types of particle size parameters: activity
median thermodynamic diameter (AMTD) for deposition of particles ranging in size from 0.0005
to 1.0 pm and the activity median aerodynamic diameter (AMAD) for deposition of particles
from 0.1 to 100pm. Reference values of regional deposition are provided and guidance is given
for extrapolating to specific individuals and populations under different levels of activity. This
model also includes consideration of particle inhalability, a measure of the degree to which
particles can enter the respiratory tract and be available for deposition. After deposition occurs in
a given region, two different intrinsic clearance processes act competitively on the deposited
particles: particle transport, including mucociliary clearance from the respiratory tract and
physical clearance of particles to the regional lymph nodes; and absorption, including movement
of material to blood and both dissolution-absorption and transport of ultrafine particles. Rates of
particle clearance derived from studies with human subjects are assumed to be the same for all
types of particles. The ICRP model provides average concentration or average number values on
a regional basis, i.e., mass or number deposited or retained in the ET, TB, or A regions.

Additionally, while the ICRP66 model was developed primarily for use with airborne radioactive
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particles and gases in humans, its use for describing the dosimetry of inhaled mass of
nonradioactive substances in humans is also appropriate.

The National Council on Radiation Protection (NCRP) has issued a human respiratory
tract dosimetry model that was developed concurrently with the ICRP model (NCRP, 1997;
Phalen et al.,1991). It addresses (1) inhalability of particles, (2) new subregions of the
respiratory tract, (3) dissolution-absorption as an important aspect of the model, and (4) body size
(and age). The proposed NCRP model defines the respiratory tract in terms of a naso-oro-
pharyngo-laryngeal (NOPL) region, a TB region, a pulmonary (P) region, and the lung-associated
lymph nodes (LN). Like the ICRP model, the deposition component of the model for the ET
region is semi-empirical, based on equations derived from fitting experimental deposition data.
The dimensional model used for the TB and A regions was that of Yeh and Schum (1980). The
data from this model were used to estimate physical processes along a typical lung path (vice
multiple-path; see MPPDep model description below) on a generation-by-generation basis. The
rates of dissolution-absorption of particles and their constituents are derived from clearance data
from humans and laboratory animals. The effect of body growth on particle deposition is also
considered in the model, although particle clearance rates are assumed to be independent of age.
The NCRP model currently available considers deposition only within these regions of the
respiratory tract. As with the ICRP model, the NCRP model can be used for evaluating
inhalation exposures to all types of particles. Comparison of regional deposition patterns
estimated by the ICRP66 and the current NCRP models have been reported (Yeh et al., 1996).
One principal difference between the models is the enhanced deposition of ultrafines in the
tracheobronchial region predicted by the NCRP model compared with the ICRP model. This
effect of enhanced deposition is claimed to be due to the entrance configuration of an airway
bifurcation.

The model of Freijer et al. (1999) is a multiple-path particle deposition model (MPPDep)
for the human respiratory tract that differs fundamentally from the above two models as
described in the Introduction. Calculations from the model may be based on either single-path or
multiple-path methods for tracking air flow and calculating aerosol deposition in the lung. The
single-path method calculates deposition for a typical path, whereas the multiple-path method is
capable of incorporating the asymmetry in lung structure and providing lobar-specific and
airway-specific information. Two options are provided for idealizing the geometry of the human
lung; one uses a symmetric geometry for the whole lung and the second option captures the
asymmetry in the lobar structure, but treats the geometry within each lung lobe in a symmetric
fashion. Both models are constructed using morphometric data compiled by Yeh and Schum
(1980). Within each airway, deposition is calculated using theoretically derived efficiencies for

deposition by diffusion (most relevant to DPM), sedimentation, and impaction within the airway
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or airway bifurcation. Filtration of particulate aerosols by the head is determined using empirical
efficiency functions. The model calculates deposition of monodisperse and polydisperse aerosols
in the respiratory tract of both humans (and rats) for particles ranging from ultrafine (0.01
microns) to coarse (20 microns) sizes. Various breathing patterns may be simulated:
endotratracheal, nasal, oral, and combined nasal and oral (oronasal). The exposure scenario may
be constant or variable. For the variable scenario, the user may specify different breathing
patterns either on an hourly basis during the day or activity patterns for variable time durations.
Adjustment for inhalability of the particle is also included as an option. The software in this
model provides results for the deposition fraction and mass deposited in the various regions of
the respiratory tract in graphical and text formats.

The combined model of Yu et al. (1991) has a human component that will be discussed

below.

3.6.2.3. Animal 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, corresponding to
phagocytic macrophages that are heavily laden with particles and clustered, and consequently
have significantly 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. Because 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.

Stober and co-workers have worked extensively in developing models for estimating
retention and clearance of relatively insoluble respirable particles (as DPM) in the lung. Their
most recent work (1994), a revised version of the POCK model, is a rigorous attempt to
incorporate most of the physiologically known aspects of alveolar clearance and retention of
inhaled relatively 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
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the alveolar regions: the TB 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 (Section 3.4) 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.

Although the POCK model is the most sophisticated in the physiological complexity it
introduces, it suffers from a major disadvantage. Experimental retention studies provide data
only on total alveolar and lymph node mass burdens of the particles as a function of time. The
relative fraction of the deposition between the alveolar subcompartments in the Stober model
therefore cannot be obtained experimentally; the model thus uses a large number of parameters
that are simultaneously fit to experimental data. Although the model predictions are tenable,
experimental data are not currently available to substantiate the proposed compartmental burdens
or the transfer rates associated with these compartments. Thus, overparameterization in the
model leads to the possibility 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 equivalent model for humans; therefore the use of

their model in our risk assessment for diesel is not attempted.

3.6.2.4. Combined Models (for interspecies extrapolation)
Currently available data for long-term inhalation exposures to poorly soluble 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
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representing the alveolar macrophage particle burden. A two-compartment lung model that
could be applied to both humans and animals was developed by Smith (1985) and 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, whereas
other processes affecting particle transfer are assumed to be linear. The model was used in an
attempt to estimate interstitial dust and fibrosis levels among a group of 171 silicon carbide
workers; the levels were then compared with evidence of fibrosis from chest radiographs. A
significant correlation was found between estimated fibrosis and profusion of opacities on the
radiographs. This model provides as many as seven different rate constants derived by various
estimations and under various conditions from both animal and human sources. The model was
intended for estimation of generalized dust described only as respirable without any other regard
to sizing for establishing the various particle-related rate constants. As most of the described
functions could not be validated with experimental data, the applicability of this model,
especially for particulates in the size range of DPM, was unclear.

Yu et al. (1991; also reported as Yu and Yoon, 1990) have developed a three-
compartment lung model that consists of tracheobronchial (T), alveolar (A), and lymph node (L)
compartments (Appendix A, Figure A-1) and, in addition, considered filtration by a
nasopharyngeal or head (H) compartment. The tracheobronchial compartment is important for
short-term considerations, whereas long-term clearance takes place via the alveolar compartment.
In contrast to the Stober and Strom approaches, the macrophage compartment in the Yu model
contains all of the phagocytized particles; that is, there is no separate (and hypothetical)
sequestered macrophage subcompartment. Absorption by the blood (B) and gastrointestinal (G)
compartments was also considered. Although the treatment of alveolar clearance is
physiologically less sophisticated than that of the Stober et al. model, the Yu 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 relatively
insoluble carbon core.

In order to progress beyond the classical human ICRP66 retention model, Yu has
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 macrophage overload effect 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.
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Within this model, DPM is treated as being composed of three material components: a
relatively 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 Stober models discussed above, the clearance kinetics of DPM
were assumed to be entirely dictated by those of the relatively insoluble carbonaceous core. For
those organic compounds that become 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 for the three components were derived from experimental data for rats
using several approximations. The transport rates for the carbonaceous core and the two 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 carbonaceous core. The Yu model incorporates the impairment of clearance by including a
mass dependency in the transport rate. This mass dependency is easily extracted because the
animals in the experiment were sacrificed 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 B[a]P and the data of Bond et al. (1986) for nitropyrene adsorbed on diesel particles.

In their model Yu et al. (1991) make two important assumptions to carry out the
extrapolation in consideration 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 carbonaceous 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 A-82 in Appendix A). 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 to 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 (i.e., slower)
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than the rat value by a factor of 7.6. This is elaborated further in Appendix A. Other transport
rates that have lung burden dependence are extrapolated in the same manner.

It should be noted that the Bailey et al. (1982) experiment in humans used fused
monodisperse aluminosilicate particles of 1.9 and 6.1 pm aerodynamic diameters. Yu and co-
workers have used the longer of the half-times observed in this experiment to obtain an alveolar
human clearance rate (1), of 0.00169/day. In using such data for DPM 0.2 pm in diameter, they
have assumed the clearance of relatively insoluble particles to be independent of size over the
range in diameter from 6.1 down to 0.2 um. This assumption is consistent with observations and
views currently in the literature indicating that clearance mechanisms are not particularly
particle-size dependent (Morrow et al., 1967a,b; Snipes et al., 1983). That the linear dimensions
of an alveolar macrophage, considered to be the principal means of clearance in the A region, are
significantly larger, roughly 10 pm (Yu et al., 1996), and could therefore accommodate
engulfment of a range of particle sizes also makes this assumption reasonable. Snipes (1979),
however, has reported in rats a A (converted here from half-time values) of 0.0022/day for 1 and
2 pm particles but a higher value of 0.0039/day for 0.4 um particles indicating that clearance
rates may indeed depend on size. In the absence of reliable data for 0.2 um particles, the slower
clearance rate pertaining to this larger particle size, i.e., 0.00169/day, is being used. Such a
choice may underestimate the actual DPM clearance rate in humans. The resulting model output
(i.e., lung DPM burden) from this slower rate would predict more DPM in the alveolar space
than may actually be present at any given time. Therefore, use of this slower A may be
considered to be more protective of human health. Long-term clearance rates for particle sizes
more comparable to DPM are available, e.g., iron oxide and polystyrene spheres (Waite and
Ramsden, 1971; Jammet et al., 1978), but these data show a large 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, on the basis of analysis done with the ICRP model (ICRP66, 1994). As the
clearance of relatively insoluble particles is also likely to remain the same over this range, the
dosimetry results in this report for the carbonaceous core component of DPM could also be
extended to other particles in this size range within the PM, ;  For respirable particles with
diameters larger than this range, e.g., between 1.0 and 3.5 pm, the extent of the fraction deposited
in the pulmonary region is unclear. Results from the ICRP66 (1994) model predict little change
in human deposition for this diameter range, whereas the earlier model of Yu and Diu (1983)
predicts a significant increase as reported in ICRP66 (1994). It is therefore unclear if either

model would be applicable for particles in this larger-sized range without changing the value for
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the deposition fractions. As will be presented and discussed below, regional deposition fractions
of DPM-sized particles from the MPPDep, the ICRP66 (1994) and draft NCRP models compare
favorably with the human alveolar deposition in humans specific for DPM, which has been
estimated with the Yu model to be 7% to 13% (Yu and Xu, 1986).

Although there was good agreement between experimental and modeled results, this
agreement follows a circular logic (as adequately pointed out by Yu and Yoon [1990]) because
the same experimental data that figured into the derivation of transport rates were used in the
model. Nevertheless, even though this agreement is not a validation, it provides an important
consistency check on the model. Further experimental data and policy definitions on what
constitutes validation would be necessary for a more formal 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 carbonaceous core and organics were found to be greater in humans than in rats for similar
periods of exposure.

The Yu and Yoon (1990) version of the model 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 size distribution. It examines how lung burden
varies with age for exposure over a lifespan, 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 equal concentrations of DPM. These features make the model easy to use in risk
assessment studies. The reader is referred to Appendix A for further details on the model and for
analyses of the sensitivity of the model to change in parameter values.

The Yu model presents some uncertainties in addition to those discussed earlier in the
context of particle size dependence of clearance rate. The reports of Yu and Yoon (1990) as well
as Yu et al. (1991) 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 model
for adsorbed organics used passively adsorbed radiolabeled compounds as surrogates for
combustion-derived organics. These compounds may adhere differently to the carbon core than
do those formed during combustion. Yu has estimated that slowly cleared organics represent
10% of the total particle 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.
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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 h/day and 7
days/week for periods ranging from 3 to 84 days. Such exposures lead to particle overload
effects in rats, whereas human exposure patterns are usually to much lower levels at which
overload will not occur. Parameters obtained 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. These assumptions have not been
validated.

It should also be noted that the Yu et al. (1991) model does not possess a formal
interstitial compartment although the lymph nodes, which would be the repository of particles
from the interstitium, are represented. The work of Nikula et al. (1997a,b) and of Kuempel
(2000) provide compelling information on the significance of an extensive interstitilization
process in primates and in humans. Kuempel (2000) developed a lung dosimetry model to
describe the kinetics of particle clearance and retention in coal miners' lungs. Models with
overloading of lung clearance, as observed in rodent studies, were found to be inadequate to
describe the end-of-life lung dust burdens in those miners. The model that provided the best fit
to the human data included a sequestration process representing the transfer of particles to the
interstitium. These findings are consistent with a study showing reduced lung clearance of
particles in retired coal miners (Freedman and Robinson, 1988) and with studies showing
increased retention of particles in the lung interstitium of humans and nonhuman primates
compared to rodents exposed to coal dust and/or DE (Nikula et al., 1997a,b). These findings are
also consistent with the established observation that humans and primates clear particles slowly
from the alveolar interstitium compared with rates in rodent species such as rats and mice (Hsieh
and Yu, 1998). Because several aspects of the Yu model have not been validated on human data
and because it does not include a formal interstitial compartment, it is acknowledged that this
model may therefore have some uncertainty concerning the lung burdens in humans exposed to
occupational levels of dust. However, it is also not known whether the model based on coal
miner data (Kuempel, 2000) would also describe the clearance and retention processes in the
lungs of humans with exposures to particles at lower environmental concentrations, or to

submicrometer particles such as DE particulate. Further investigation of these issues is needed.
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3.6.2.5. Use of the Yu et al. (1991) Model for Interspecies Extrapolation

In addressing the objectives of this chapter, i.e., consideration of what is known and
applicable to DPM concerning particle disposition and the bioavailability of adsorbed organics
on DPM, it is apparent that the database is considerable for both the processes involved in
particle dosimetry and for DPM. This information makes the goal of predicting a human internal
dose from animal data through a model utilizing this database both feasible and appropriate.

In their charge to EPA through “Science and Judgment in Risk Assessment” (NRC,
1995), the National Research Council opines that EPA should have principles for judging when
and how to depart from default options. The extensive data presented in this chapter their
scientific validity, and the limitations of the current default procedures provide a basis for
departing from the default options currently identified by the Agency for extrapolating from
animals to humans. The default option of assuming external concentrations of DPM in animal
studies as being representative of a human concentration (and an equivalent internal dose) is
clearly not adequate given the differences in the basic processes of deposition and clearance
between animals and humans documented by these data. Use of an alternate default option, the
Agency’s dosimetric adjustment procedures for inhaled particles in animal-to-human scenarios
(described in U.S. EPA, 1994), is also inadequate as only deposition is predicted and then only
down to an MMAD of 0.5 pm, whereas the MMAD of DPM is typically 0.2 um or smaller.
Models have been described in this section that consider both deposition and retention
specifically for DPM in both laboratory animals and in humans. These points provide
justification for moving away from default options and utilizing the best scientific information
available (i.e., that integrated into deposition/clearance models) in performing the animal-to-
human extrapolation.

Evaluation of the various models discussed in this chapter should be considered from the
aspect of both the rat and the human. For rats it is fairly clear that the rat portion of the model of
Yu et al. (1991) is the most appropriate because it is based on data, especially extensive
information on lung burdens, from actual DPM exposures. The model provides for both
deposition and integrated clearance for DPM as well as for two classes of adsorbed organics.

The transport rates in the Yu model are derived directly from experiments with DPM exposed
rats.

For humans, however, several models are available and discussed above, none of which is
based on DPM-specific data. Deposition, but not clearance, modules are available for all models,
and Table 3-3 is an attempt to compare deposition projections of the various models to the extent
possible for particles in the range of characteristics of size, distribution, and density of DPM.
Intake parameters such as breathing rates and minute volumes were also matched among the

various models. As alluded to above and shown in Table 3-3, DPM deposition is predicted to
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Table 3-3. Model comparison for deposition of DPM under equivalent conditions

Compartment Yu* ICRP66" MPPDepl.11¢ NCRP*

A (model 13% (A) 14.1% (AI) 16.6% (P) 17.3% (P)
designation)

ET (model 8% (H) 6% (ET,+ ET,) 8.7% (H) 6.6% (NOPL)
designation)

TB (model 8% (TB) 4% (BB +bb) 7.2% (TB) 6.2% (TB)
designation)

Total 29% 24.1% 32.5% 30.1%

Yu and Xu, 1987 (estimated from Figures 1 and 3).

®Jarvis et al., 1996.

¢ Freijer et al., 1999 (The Yeh-Schum 5-lobe and URT volume of 50 mL options were used.)

‘NCRP, 1997.

Note: Particle characteristics were set at 0.2 MMAD, 2.4 sigma g, 1.5 shape factor (equivalent to 0.3 packing
factor), density 1.5 and a concentration of 5 pg/m’. Lung parameters were set at 15 breaths per minute, a tidal
volume of 0.926 L/hr, and a functional residual capacity (FRC) of 3300 mL.

occur in all regions of the respiratory tract but, because diffusion would be the most likely
mechanism of deposition, is most prominent in the alveolar region. When run under equivalent
conditions, all models show that higher deposition in the alveolar region is higher, generally by a
factor of about 2, than the other regions of the respiratory tract. The percentages projected by the
different models to be deposited in the alveolar regions were all similar to one another with a
range of only 13% for the Yu model to 17.3 % for the NCRP model. The total deposition of
DPM-like particles predicted by the models was also very similar at around 30%. Only the ICRP
model differed appreciably from the others in total deposition by a factor of about 1.3 less at
22.9%. Due to its verity and completeness in representation of the lung, the MPPDep model
could be considered the most theoretically advanced of these deposition models and, presumably,
the most accurate. It can be seen that, at least at the concentration tested, the Yu results and
those of the MPPDep model could be judged very similar if not the same in the ET and TB
regions, albeit with the MPPDep predicting slightly more deposition in the A region. Based on
this limited analysis, total and regional DPM deposition in the human respiratory tract predicted
by the Yu model appear similar to other available human models.

Further model comparison may be undertaken for those human models that have
clearance as well as deposition modules available; from Table 3-3, these include the Yu et al.
(1991) and ICRP66 models. Therefore, the human lung burden outputs of these two models were
compared under equivalent physiological parameters, particle characteristics, and duration (70

years) and concentrations of exposure (Figure 3-9).
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Figure 3-9. Modeled estimates of lung burden in humans after a
simulated lifetime exposure to DPM using the Yu et al. (1991;[o]) and
ICRP66 (O) models. Simulations include both deposition and
clearance. Simulations were run for 70 years using a respiratory
frequency of 15 min™ and a tidal volume of 0.926 L/breath for a total
daily air intake of 20 m*/day for the various concentrations shown.
Particle characteristics in the ICRP66 model, including MMAD, o,
density, and packing/shape factor were all matched to those used in
the Yu model.

At DPM concentrations up to about 0.2 mg/m’, the outputs (lung burden) from these two
models are essentially identical (see insert) indicating little if any difference between them in this
concentration range. This observation is consonant with the minor differences noted in
deposition (Table 3-3).

Above 0.2 mg/m* DPM, both models continue to demonstrate a monotonic increase in
lung burden with increasing concentration. However, the output of the Yu et al. (1991) model
begins to diverge markedly from the burdens predicted by the ICRP model such that the Yu
model predicts a greater burden for a given concentration of DPM than does the ICRP66 model.
This situation would be predicted based on the assumption in the human portion of the Yu model
of a concentration-dependent macrophage inhibition and particle overload occurring in humans;
such an inhibition would result in impaired clearance processes, thereby allowing for a greater
accumulation of material in the lung with increasing concentrations of DPM. This assumption is
not made in the ICRP model, and materials are therefore not predicted to accumulate in the lung

to the extent predicted by the Yu model.
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Based on this limited analysis of models and the predictions from them for both
deposition and clearance of DPM in humans, the model of Yu et al. (1991) can be seen to
perform similarly to other available state-of-the-art models. The Yu model(s) are chosen for
further analysis for the purposes of this document primarily because the animal portion of the
model is based on DPM-specific data and the human components of the model have both
deposition and clearance capacities that do not appear different from other available human

respiratory tract models.

3.6.2.6. Model Variability

As demonstrated in Table 3-3 and Figure 3-9, there appears to be little variability among
state-of-the-art models available for predicting disposition (both for deposition and for clearance
integrated with deposition) of low levels of DPM (i.e., up to about 200 pg/m?) in the respiratory
tracts of humans.

Intersubject variability and its relationship to model output, however, is acknowledged in
the ICRP model for deposition efficiencies (ICRP, 1994). This variability, recognized as
substantial by ICRP, is addressed through use of scaling constants derived from estimates of the
upper and lower confidence bounds for regional deposition efficiencies, with the scaling
constants representing the variability in the population. It should be noted that the same
philosophy is inherent in dose-response methodologies such as the RfC, where variability in the
population is accommodated by a 10-fold uncertainty factor rather than by scaling constants.
Inspection of data in ICRP66 (e.g., Figures D-4 through D-7 in the ICRP reference) on nasal and
extrathoracic deposition in adult males shows that these upper and lower boundaries on output
due to intersubject variability are considerably less than 10-fold different from one another.
Thus, dividing model outputs by a factor of 10 such as is done in RfC derivation may well be
inclusive of not only intersubject variability but also of any model-to-model variability as they

exist currently.

3.6.2.7. Model Comparison — Estimations of Deposition of Adsorbed Organics

The data presented in Table 3-3 may be viewed as single-breath estimates of DPM
deposition patterns in the various regions of the human lung under the breathing patterns and
conditions described in the table for the different models considered in this report. From these
data it is possible to estimate the total mass of DPM deposited in the pulmonary region under a
given set of conditions. Furthermore, if the fraction of organics present on DPM and their ability
to be desorbed or eluted from the DPM are assumed also to be the same, then these deposition
data could be used to estimate the dose of organics to pulmonary tissues. Such a comparison

would not only yield an estimate of the amount of organics but also lend a further comparison
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between the different human models. This exercise was performed for humans breathing 5 pg

DPM/m? continuously, and the results are presented in Table 3-4 below.

Table 3-4. Comparative model estimates of DPM deposition in human lungs from exposure
to 5 pg/m’ continuously for one year

A B C D
Human Alveolar pg DPM Kg organics pg carcinogenic PAH
deposition Dep? deposited/year® deposited/year® | deposited/year?
model
Yuetal (1991) | 13% 4745 598 1.82
ICRP66 14.1% 5147 649 1.98
MPPDep 16.6% 6059 763 2.33
NCRP 17.3% 6315 796 2.43

Alveolar deposition fractions predicted for DPM (Yu et al., 1991) and for particles with DPM characteristics (from
Table 3-3). No clearance is included in this calculation.

°A total air intake of 20 m*/day is assumed. These numbers were obtained by factoring 20 m* x 5 ug DPM/m® x
Alveolar deposition % (column A) % 365 days/year.

“In three samples of DPM extract, DPM-associated organics were noted as being 11.1%, 14.7%, and 12.1% wt.
organics/wt. DPM (Tong and Karasek, 1984) with the average being 12.6%; column B is factored by this average to
generate column C.

“Those seven PAHs identified as being carcinogenic either to humans or to animals (U.S. EPA, 1993) were summed
from the data of Tong and Karasek (1984), where they are reported as a concentration in extract from DPM-
associated organics. In three different samples, the content of these 7 PAHs was noted as 4739, 2054, and 2360
ng/mg of organic extract, with the average being 3051 ng/mg (3.051 pg/mg) organic extract. This average value
was factored with Column C (in mg) to generate column D.

Note: Estimates from different human deposition models of the total amount of DPM-associated organics deposited
in the pulmonary regions in humans breathing DPM at 5 pg/m’ continuously for 1 year.

As may be expected, the relatively minor differences (17.3 % / 13% = 1.3) in the
deposition of DPM among the different human models leads to similarly minor differences in
projections of dose of carcinogenic PAHs to the lung at a relatively low concentration of 5 pg/m’
DPM. Somewhat unexpected is the small absolute quantity of carcinogenic PAH that may be
delivered to the lung tissues under the conditions of exposure to DPM in this exercise. It should
be noted that exercises similar to this have been carried out by others, e.g., Valberg and Watson
(1999). However, the possibility that high concentrations of DPM may result in localized areas

of deposition (such as the conducting airways), the fact that human exposures may be
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considerably greater than those presupposed in the exercise (e.g., 5 pg/m’), the nature of the
assays (i.e., in vitro in Chapter 4 vs. actual inhalation exposures), and the findings that DNA
adducts may result from other known noncarcinogens such as carbon black (Bond et al., 1990)

make the interpretation of such exercises problematic and their meaning unclear.

3.7. SUMMARY AND DISCUSSION

The most consistent historical measure of exposure for DE is DPM in units of pg or mg
particles/m®, with the underlying 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 is used as the basic dosimeter for effects from various scenarios such as chronic and acute
exposures as well as for different endpoints such as irritation, fibrosis, or even cancer. There is,
however, little evidence currently available to prove or refute DPM as being the most appropriate
dosimeter.

DPM dose to the tissue is related to the extent of the deposition and clearance of DPM.
DPM 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 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). Other mechanisms that can affect
retention of DPM include endocytosis by alveolar lining cells and interstitialization, which lead
to the accumulation of DPM in the interstitial compartment of the lung and subsequent
translocation of DPM to lymph nodes; interstitialization of poorly soluble particles may be
prominent in primates and humans compared with rodents, although different rates for this path
could also explain observed results. For poorly soluble particles such as DPM, species-
dependent rate constants exist for the various clearance pathways that can be modified by factors
such as respiratory tract disease.

In rats, prolonged exposure to high concentrations of particles will result in particle
overload, a condition that is defined as the overwhelming of macrophage-mediated clearance by
the deposition of particles at a rate exceeding the capacity of that clearance pathway. This
condition seems to begin to occur in rats when the pulmonary dust burden exceeds about 1 mg
particles/g lung tissue. On the other hand, there is no clear evidence for particle overload in
humans. Macrophage-mediated clearance is slower in humans than in rats, and kinetics relating
to interstitialization of poorly soluble particulate matter may have a greater consequence in
humans than in rats.

The degree of bioavailability of the organic fraction of DPM is still somewhat uncertain.

However, reports of DNA alterations in occupationally exposed workers, as well as results of
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animal studies using radiolabeled organics deposited on DPM, indicate that at least a fraction of
the organics present are eluted prior to particle clearance. Carcinogenic organics eluted in
regions where diffusion may be a relatively long process, such as in the conducting airways vs
the alveolar region, may remain in the lung long enough to be metabolized to an active form or to
interact directly with vital cellular components. The current information suggests that DPM-
associated organics could be involved in a carcinogenic process, although the quantitative data
are far from adequate to make any firm conclusions.

Use of laboratory animal data in an assessment meant to be applied to humans obligates
some form of interspecies extrapolation. Review and evaluation of the considerable, specific
database in humans and animals on disposition of DPM, its adsorbed organics, and other poorly
soluble particles led to the judgment that default options available for interspecies dosimetry
adjustment could be set aside for more scientifically valid, DPM-specific processes. Refinement
of this process led to the evaluation of several applicable dosimetry models that in turn led to the
identification and choice of the Yu et al. (1991) model to conduct interspecies extrapolation.
This model has a three-compartment lung consisting of tracheobronchial, alveolar, and lymph
node compartments. It treats DPM as being composed of the insoluble carbonaceous core,
slowly cleared organics, and fast-cleared organics, and considers in an integrative manner the
simultaneous processes of both deposition and clearance through empirical data derived from
both laboratory animals and humans. Also, the model has some limited consideration of model
variability in its outputs describing dose to the lung. 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, with the clearance rate varying with
the dose to the alveolar surface in the same proportion in humans as in rats. Limitations of the
model include the lack of definitive information on variability and, quite possibly, the lack of a
formal interstitial compartment that may be of consequence in humans. The basis of this model
is to derive an internal dose from an external DPM concentration by utilizing species-specific
physiological and pharmacokinetic parameters and, as such, is considered to have addressed the
pharmacokinetic aspects of interspecies dosimetry. This aspect of the model addresses some of
the critical data needs for the quantitative analysis of noncancer effects from DPM, the subject
of Chapter 6.

As parallels have been drawn between DPM and PM, . in other chapters, it is perhaps
appropriate to compare them also from the aspect of dosimetry. Obvious comparisons include
the nature of the particle distribution, defined artificially for PM, 5 as compared with the thorough
characterization of DPM for both MMAD (which, at around 0.2 um, is typically more than an
order of magnitude less than the PM, 5 cutoff and which, more properly, should be termed a mass

median thermodynamic diameter, an MMTD) and geometric standard deviation. It is clear that a
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larger portion of PM, 5 particles than DPM would be above the aerodynamic equivalent diameter
(d,.) of 0.5 pm, which is often considered as a boundary between diffusion and aerodynamic
mechanisms of deposition. This would imply that a somewhat larger portion of DPM may pass
on to the lower respiratory tract than would PM, .. Alveolar deposition in humans specific for
DPM has been estimated with the Yu model to be 7%-13% (Yu and Xu, 1986), a figure that is
consistent with deposition predictions of other human models (see Table 3-3). This fractional
deposition may be compared to one calculated for PM, ; and reported in U.S. EPA (1996a);
assuming a MMAD of 2.25 pm and a geometric standard deviation of 2.4, a fractional alveolar
deposition of 10.2% was reported. This value is within the range and quite comparable to that
obtained by Yu and Xu (1986), indicating that little difference may exist in alveolar deposition

between DPM and PM, s, at least for this assumed geometric standard deviation.
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