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2. DIESEL 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 enginesin the
United States. The chapter also provides specific information about physical and chemical
composition of diesal exhaust, descriptions of its aimospheric transformations, observations of
measured and modeled ambient concentrations (considered alone and as a component of
atmospheric particles in general), and some estimates of population exposures. In addition, this
chapter gives background information that is used in conjunction with the toxicology and
epidemiology data to formulate the conclusions about human health hazards that are discussed in
later chapters of this document. The exposure information does not represent aformal or
rigorous exposure assessment; it is intended only to provide a context for the health effects data
and health hazard findings.

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

The chief advantages of the diesel engine over the gasoline engine are its fuel economy
and durability. Diesel engines, however, emit more particulate matter per mile driven compared
with gasoline engines of a similar weight class. Over the past decade, modifications of diesel
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
gpark-ignition 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 adiesel engine generally is more massive than its S counterpart.

Diesdl 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.
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They aso 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 main objectives if adiesel engine isto function properly over its entire operating
range. It must: (1) meter the correct quantity of fuel, (2) distribute the metered fuel to the
correct cylinder, (3) inject the metered fuel at the correct time, and (4) inject the fuel sothat it is
atomized and mixes well with thein-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 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 are used to service diesel engines are highly finished
petroleum-based products combined with chemical additives. Diesdl 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 asits specific energy content (which
is higher than gasoline), ignition quality, and specific gravity, are related to its hydrocarbon
composition. Therefore, fuel and lubricant composition affects many aspects of engine
performance, including fuel economy and exhaust emissions.

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

For the purposes of this document, carbonaceous matter, diesel exhaust, diesel particulate
matter (DPM), elementa carbon (EC), organic carbon (OC), soluble organic fraction (SOF), and
soot are defined as listed below.

Carbonaceous matter: Carbon-containing compounds, includes organic carbon and

elemental carbon 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 exhaust (DE): Gaseous and particle phase emissions resulting from the
combustion of diesel fuel in aninternal combustion engine (e.g., compression ignition
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engine). Diesal exhaust 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: The particle-phase compounds emitted in diesel exhaust.
DPM can refer to both primary emissions as well as 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 undergo aging (oxidation, nitration,
or other chemical and physical changes as discussed in Section 2.3) in the atmosphere. As
used in this document, DPM refers to both fresh and aged diesel particulate matter unless
adistinction is made.

Elemental carbon: Carbon that has undergone pyrolysis (e.g., has been stripped of
hydrogen). In pure form, elemental carbon contains only carbon atoms although elemental
carbon as it exists in combustion particulate matter is likely to contain some hydrogen
atoms. In this document, the terms elemental carbon and organic carbon are used to refer
to the carbon-containing components of DPM, and collectively they are referred to as the
carbonaceous fraction of adiesel particle.

Organic carbon: Carbon- and hydrogen-containing molecules emitted in diesel exhaust
largely as the result of unburned diesel fuel and to alesser extent resulting from engine
lubrication oil. Organic carbon compounds can also contain oxygen, nitrogen, and sulfur
aswell as other elements in small quantities. In this document, the terms elemental carbon
and organic carbon are used to refer to the carbon-containing components of DPM, and
collectively they are referred to as the carbonaceous fraction of adiesel particle.

Soluble organic fraction: The 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 elemental carbon and organic carbon particles. Often

characterized as the insoluble portion of DPM.

This chapter begins with the history of dieselization for on-road vehicles and locomotives,

followed by an introductory discussion of the formation of primary diesel emissions to assist the
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reader in understanding the complex factors that influence the formation of particul ate matter
(PM) and other diesdl exhaust emissions. The next section is asummary of EPA emission
standards for on-road and locomotive diesel engines and a description of the national trendsin
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. Thisis followed by a description of engine
technologies and their effect on emissions and a description of the chemica and physical nature of
emissions. The data describing the important atmospheric transformations of diesel exhaust are
summarized. The chapter concludes with a summary of the available literature regarding
atmospheric concentrations of diesel particulate matter and exposures to diesel exhaust. EPA has
assessed national and urban-area annual average exposure to diesel particulate matter using the
Hazardous Air Pollutant Exposure Model - Mobile Sources version 3 model, and this assessment
is presented in Section 2.4.3. A full exposure assessment including the distribution of ambient
diesel exhaust exposures in different geographic regions and among different demographic
groups; the most highly exposed (90™ percentile); exposures in microenvironments for short and
long durations; and the maximum exposure range (98" percentile) and number of maximum-
exposed individuas is not currently available. EPA is developing tools to provide a more

compl ete exposure assessment.

2.2. PRIMARY DIESEL EMISSIONS
2.2.1. History of Dieselization

Information regarding diesel engine use including market share, vehicle miles traveled
(VMT) and fleet turnover are important aspects in understanding potential health effects of past
and present diesel exhaust exposure. In this section, the diesdlization of the on-road truck fleet
and locomotives are discussed.

2.2.1.1. Diesdlization 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
(HHD) trucks. The TIUS indicates that 81.5% of diesel trucks on the road in 1963 were Class 7
or 8 (HHD) trucks (Table 2-2). Class 7 sales became predominantly (e.g., >50%) diesel in the
1970s and Class 8 sales became predominantly diesel in the 1960s. Diesels did not comprise a
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majority of class5 and 6 sales until the 1990s (Figures 2-1 and 2-2). Heavy-duty trucks (LHD
and HHD) have historically constituted the mgjority of diesdl sales and mileage. However, an
increasing number of light-duty (LD) diesel trucks have been sold domestically in recent years. In
the 1990s, approximately one in three diesal trucks sold were Class 1 and Class 2 vehicles. Diesd
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 milesin 1963, compared
to 3% of gasoline trucks. Among combination trucks, consisting of tractor-trailers and single-unit
trucks with trailers, diesel vehicles have driven amgority of the miles since at least 1963, the
earliest year in which TIUS was conducted (Figure 2-3).

The longevity of diesel trucksis an important factor to understand past, current, and
projected exposures to diesel exhaust because older vehicles are subject to less stringent
regulations and may remain in use for severa 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 yearsislonger. According to the 1997 TIUS, vehicles older than 10 years
make up 40% of Class 7 and 8 (HHD) trucks and drove 16% of Class 7-8 VMT (Figures 2-4 and
2-5). Almost all HDD trucks were diesel vehiclesin 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).
Additionaly, 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 thisacquisition, GM began to develop the two-stroke engine for this application.
Up to thistime, all locomotive diesel engines were four-stroke. Two-strokes offered a much
higher power-to-weight ratio, and GM’ s strategy was to get alarge 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,
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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 locomative 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. Itis
unlikely that any of the two-stroke engines used in locomotive applications were strictly naturally
aspirated. Nearly all two-stroke diesal 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 al 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, thisis because of the somewhat greater durability of
four-strokes, although impending emissions regulations may have also been afactor in this shift.
Thetypica lifespan of alocomotive 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, athough the
engines may have been rebuilt severa times since their original manufacture.

2.2.2. Diesd 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 diesel exhaust emissions. Unlike
spark-ignition combustion, diesel combustion is afairly nonhomogenous process. Fuel is sprayed
at high pressure into the compressed cylinder contents (primarily air with some residua
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 (e.g., inducement of intake-swirl tangential to the cylinder wall), piston motion, and piston
bowl! shape. In some cases, fuel and air mixing isinduced viainjection of the fud 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. Diesdl
combustion can be considered to consist of the following phases (Heywood, 1988; Watson and
Janota, 1982):
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1. Anignition delay period, which starts after the initial injection of fuel and continues
until the initiation of combustion. The delay period is governed by the rate of fuel
and air mixing, diffusion, turbulence, heat transfer, chemica kinetics, fuel
vaporization, and fuel composition. Fuel cetane rating is an indication of ignition
delay.

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

3.  Diffusion-controlled burning, where the fuel burns asit is injected and diffusesinto
the cylinder.

4. A very smal 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 overal
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 elemental carbon (Dec and Espey, 1995). In addition to elemental carbon, other
carbonaceous matter is present, largely from unburned fuel. The agglomeration of elemental and
organic carbon (OC) forms particles that are frequently referred to as “soot” particles. Inthis
document, the terms “elemental carbon” and “organic carbon” are used to refer to the carbon-
containing components of diesel particulate matter, and collectively, they are referred to as the
carbonaceous fraction of adiesel particle.

Carbonaceous particle formation occurs primarily during the diffusion-burn phase of
combustion, and it is highest during high load and other conditions consistent with high fuel-air
equivalence ratios. Most of the carbonaceous matter formed (80% to 98%) is oxidized during
later stages of combustion, most likely by hydroxyl radicals formed during combustion (Kittel son
et a., 1986; Foster and Tree, 1994). The remainder of the carbonaceous particulate leaves as a
component of DPM emissions from the engine.

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 afilter at atemperature of 52 °C or less after
dilution of the exhaust with air. Asthe exhaust is diluted and cooled, nucleation, condensation,
and adsorption transform volatile material to solid and liquid DPM. Diesd exhaust particles are
aggregates of primary spherical particles consisting of solid carbonaceous material and ash and
containing adsorbed organic and sulfur compounds (sulfate) combined with other condensed
material (Figure 2-7). These particles have avery large surface area per gram of mass, which
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make them an excellent carrier for adsorbed inorganic and organic compounds that can effectively
reach the lowest airways of the lung. The elemental carbon core has a high specific surface area
of approximately 30-50 m?/g (Frey and Corn, 1967). Because of this high surface area, the
elemental carbon core is able to adsorb large quantities of ash, organic compounds, and sulfate.
Pierson and Brachaczek (1976) report that after the extraction of adsorbed organic material, the
surface area of the diesd particle core is approximately 90 m?/g.

The organic materia associated with diesel particles originates from unburned fuel, engine
lubrication oil, and small quantities of partia combustion and pyrolysis products. Thisis
frequently quantified as the soluble organic fraction, which is discussed in much more detail in
Section 2.2.7. The formation of sulfatein diesel exhaust 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 SO,, which combines with water vapor in
the exhaust to form sulfuric acid (H,SO,) (Wall et al., 1987; Khatri et al., 1978; Baranescu, 1988;
Barry et a., 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, 2025 °C) (Wall et d., 1987).

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

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 elemental carbon agglomerate particles.
Lacking sufficient elemental carbon adsorption sites, the organic compounds may condense on
sulfuric acid nuclei to form a heterogeneously nucleated organic aerosol (Abdul-Khalek et d.,
1999).
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While not unique to diesel exhaust, the high content of elemental carbon 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% elemental carbon (EC can range from 33-90%), ~20% organic
carbon (OC can range from 7-49%), 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 (1% to 5% of massis
attributed to metals as discussed in more detail below). Ash from oil combustion also contributes
trace amounts to DPM mass.

In contrast to the composition of diesel PM2.5, ambient PM2.5 measured in the eastern
United States is dominated by sulfate (34%), while ambient PM2.5 in the western United Statesis
dominated by organic carbon (39%) (Table 2-3) (U.S. EPA, 1996a). The organic carbon fraction
of DPM isincreasingly being used to assist investigators in identifying the contribution of diesel
engine emissions to ambient PM2.5. In particular, hopane and sterane compounds (aromatic
compounds, >C,,) have been used in addition to other polycyclic aromatic HCs (PAHs) and long
chain alkanes to distinguish DPM from other mobile source PM and from ambient PM (Schauer et
al., 1996; Fujitaet a., 1998). While PAH compounds comprise 1% or less of DPM mass, diesel
emissions have been observed to have elevated concentrations of methylated naphthal enes and
methylated phenanthrene isomers compared to other combustion aerosols (Benner et al., 1989;
Lowenthal et a., 1994; Rogge et a., 1993). Enrichment of benzo[a]anthracene and
benzo[a]pyrene in DPM has also been observed under some conditions and has been used to
assess the relative contribution of diesel exhaust to ambient PM.

While specific organic carbon species are being identified 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. While accounting for the majority (50%
to 90%) of the number of particles, ultrafine DPM (5-50 nm) accounts for 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 vehiclesin the
tunnel increased from 13% to 78%. The contribution of nuclei mode particles from afreeway on
an ambient aerosol size distribution was reported by Whitby and Sverdrup (1980).

In general, the major factors that distinguish DPM from ambient PM are: (1) the high
portion of elemental carbon, (2) the large surface area associated with the carbonaceous particles
in the 0.2 um size range, (3) enrichment of certain polycyclic organic compounds, and (4)
50%—90% of the number of DPM particlesin diesel engine exhaust are in the nuclei mode size
range, with amode of 20 nm. The physical and chemical composition of DPM and changesin
DPM chemical composition are discussed in more detail in Section 2.2.8.
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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 then added a carbon monoxide (CO) standard and a combined hydrocarbon (HC) and
NO, standard for the 1974 model year, as detailed in 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 diesal engines using the
transient test (0.6 g/bhp-hr). Transient testing involves running an engine on a dynamometer over
arange of load and speed set points.

Since the 1985 model year, only the NO, and particul ate standards have been tightened for
on-road diesel engines. For truck and bus engines, the particul ate standard was reduced to 0.25
o/bhp-hr in 1991, and it was reduced again in 1994 for truck enginesto 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). For 2004, the standards were further lowered in a 1997
rulemaking, with limits on nonmethane hydrocarbon (NMHC) and NO, combined, but no further
reductionsin CO, PM, or smoke. These lower NMHC-plus-NO, levels are under examination as
part of EPA’s 1996 technology review. EPA has proposed further reductionsin NO, NMHC,
and PM for the post-2004 timeframe.

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 takes 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 O, 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
different types of service, including the line-haul (long-distance transport) and switch (involved in
al transfer and switching operations in switch yards) 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
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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 equipment 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 enginesin the late 1980s.

The EPA emission trends report (U.S. EPA, 2000a) provides emission inventories for
criteria pollutants (PM 10, PM 2.5, SO,, NO,, volatile organic compounds [V OC], CO, Pb, and
NH,) from point, area, and mobile sources, which indicate how emissions have changed from
1970 to 1997. The emission trends are based on the EPA mobile source inventory models
MOBILE, PARTS5, and the draft NONROAD model. PARTS derives particulate emission rates
for HD diesal vehicles using data generated for new engine certification purposes. PARTS s
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 due to removal of alarge portion of these emissions close to their source aswell as
dispersion from these sources to urban/suburban sites. The removal of natural and miscellaneous
PM10 (largely fugitive dust) near their sourceis aresult of the lack of inherent thermal buoyancy,
low release height, and interaction with their surroundings (impaction and filtration by
vegetation). For the summaries presented here, natural and miscellaneous sources are excluded
from the national PM and NO, inventories.

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, locomoatives, and other sources. The EPA emission trends
report (U.S. EPA, 2000a) indicates that, excluding natural and miscellaneous (mainly fugitive
emissions) sources, mobile sources were responsible for 25% of PM 10 emissionsin 1998. Diesel
engines (on-road and nonroad combined) were estimated to contribute 72% of mobile source
PM 10 emissions and 18% of total PM 10 in 1998 (excluding natural and miscellaneous emissions).

Due to the high concentration of fine particlesin engine emissions, diesel engines (on-road and
nonroad combined) were estimated to contribute 77% of mobile source PM2.5 emissions and
23% of total PM2.5 in 1998 (excluding natural and miscellaneous emissions). If natural and
miscellaneous PM 2.5 sources are included in the inventory, diesel PM 2.5 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 emissionsto the
national inventory in spite of the smaller number of diesel enginesin use. Particulate emissions
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(PM10) from gasoline-fueled engines decreased dramatically in 1975 with the widespread
introduction of unleaded gasoline. Particulate emissions from diesel highway vehicles have
decreased recently because of EPA emission standards for new model year HD diesel trucks that
were first implemented in 1988 and became increasingly stringent in 1991 and 1994, as presented
in Table 2-4. A decreasein on-road HD DPM emissions since the mid-1980s is confirmed by in-
use vehicle testing, as described in Section 2.2.5. Due to 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 time period
(Figure 2-9).

The EPA emission trends report (U.S. EPA, 2000a) indicates that annual on-road vehicle
PM 10 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 10 emissions decreased 27% (from 208,000 to 152,000 tons) (Figure 2-
9). Nonroad diesal engine PM 10 emissions increased 17% (from 314,000 tons in 1980 to
369,000 tonsin 1998). Emissions datafor PM 2.5 are available only for the period from 1990 to
1998. Between 1990 and 1998, PM 2.5 emissions from mobile sources decreased by 14%, largely
as the result of decreased on-road emissions. Diesel engines also contribute to secondary PM
formation from NO, and SO, emissions that are converted to nitrate and sulfate. VOCs from
diesal engines also contribute to secondary particle formation.

In 1998, 53% of total emitted NO, came from mobile sources, with diesels responsible for
57% of the mobile source contribution. Overall, NO, emissions from mobile sources have
remained relatively constant over time, increasing an estimated 7% from 1980 t01998. While
NO, from LD gasoline vehicles decreased from 1980 to 1998, resulting in an overall decreasein
on-road NO, emissions of 9%, NO, from diesdl trucks and buses increased 7% (from 2,463,390
tonsin 1980 to 2,630,120 tons in 1998) owing to the use of NO, control defeat devices 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 tonsin 1980 to 4,752,800 tonsin
1998) (Figure 2-10).

About 7% of SO, came from mobile sources in 1998, with diesels responsible for 74% of
that total. EPA regulations on fuel sulfur have significantly reduced SO, emissions from highway

YExhaust 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 PM10 and PM 2.5, respectively.
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diesdls. SO, emissions from highway diesel engines have decreased 72% (from 303,000 tonsin
1980 to 85,000 tonsin 1998) (Figure 2-11). Similar trends are not apparent for nonroad diesels,
although in 1998, nonroad diesel engines, excluding commercial marine vessels, emitted 785,000
tons of SO,, comprising 56% of mobile source SO, emissionsin 1998,

Diesel engines are not alarge source of VOC emissions compared to gasoline engines.
VOC emissions from diesel enginesin 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 2-12).

Diesdl engines are also not alarge source of CO emissions compared to 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 2-13).

2.2.4. Higtorical Trendsin Diesel Fuel Use and Impact of Fuel Properties on Emissions

Use of diesel fuel has increased steadily in the second half of this century. According to
statistics from the Federa Highway Administration (1995, 1997), in 1949 diesdl fuel was
approximately 1% of the total motor fuel used, and in 1995 it was about 18%. Over the same
time, diesel fuel consumption increased from about 400 million gallons to 26 billion gallons per
year in the United States, an increase by afactor of more than 60 (Figures 2-14 and 2-15).

The chemistry and properties of diesel fuel have adirect effect on emissions of regulated
pollutants from diesel engines. Researchers have studied the NO, 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. Anincreasein T90 has been observed to cause an increase in DPM emissions
(Cunningham et a., 1990; Sienicki et a., 1990). Cetane number is a measure of theignition
quality, or ignition delay time, of adiesdl fuel. The percent of cetane (less commonly referred to
as hexadecane, C,;H,,) by volume in a blend with apha-methylnaphthalene (C,,H,CH,) defines
the cetane number that provides the same ignition delay time as the fuel in use.

The chemica makeup of diesdl fuel has changed over time, in part because of new
regulations and in part because of technological developmentsin refinery processes. EPA
currently regulates on-road diesel fuel and requires sulfur content to be less than 500 ppm for on-
road applications and 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).
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 aternative
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formulations as long as equivalent emissions are demonstrated. Diesel fuel from larger refinersis
limited to 10% aromatic content, and for three small refiners (a small fraction of diesel saes) to
20% aromatic content. The refiners can also certify afuel with higher aromatic content as being
emissions-equivalent to the 10% (or 20%) aromatic content fuels by performing a 7-day engine
dynamometer emissionstest. This method is chosen by most, if not all, Californiarefiners, and so
atypical Californiadiesal fuel has an aromatic content above 20%. Emissions equivaence 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 nomina values for cetane number around 43, 31% aromatics, and sulfur
approximately 3,000 ppm.

Before 1993, diesal fudl 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 ails) 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 diesel fuel sulfur content in the
United States for on-road diesel fuel 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). Approximately 1%
to 4% of fuel sulfur is oxidized to SO,, which rapidly forms sulfuric acid in the presence of water
vapor in the exhaust (Wall et ., 1987; Khatri et a., 1978; Baranescu, 1988). Considerably
higher sulfuric acid PM emissions are possible with diesel exhaust aftertreatment systems
containing precious metals (oxidation catalysts, lean NO, catalysts, catalyzed DPM traps). At
temperatures over 350 °C to 500 °C (depending on device), SO, in the exhaust can be oxidized to
SO, and increase sulfuric acid PM emissions (McClure et a., 1992; McDonald et a., 1995; Wall,
1998). Sulfur content remains at unregulated levels for off-highway diesel fuels and fuelsused in
railroad locomotives.

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 a., 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), while 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
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commonly measured before the 1980s. The reason for the decline in cetane number and increase
in aromaticsisthat as diesel demand grew, straight-run diesel became a smaller part of the pool
and light-cycle oil from catalytic cracking became available to make up for the increased demand.
Light-cycle ail is high in aromatics and PAHS,

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, resultsin 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 a., 1990; Graboski and McCormick, 1996). These ranges may be
reasonable upper bounds for the effect of changesin 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 diesal to improve cold-flow properties. Discussions with refiners indicate
that atypical wintertime No. 1 diesel blending level is 15 volume percent; however, this number
must be taken as arough 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
seasond changes in emissions from diesel engines.

Railroad-grade diesal fuel is significantly different from on-road fuel and is not required to
meet the ASTM specification for No. 2 oils. Diesdl fue oil surveys (Shelton, 1979) show that
raillroad grade diesels have 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 diesal particulate originate amost entirely in the
fuel (Williamset a., 1987; Andrews et a., 1998). The PAH molecules are relatively refractory so
that a significant fraction survive the combustion process and condense onto the DPM. These
studies have been confirmed by other research groups (Crebelli et a., 1995; Tancell et a., 1995).
There is a consensus among these researchers that pyrosynthesis of PAHs occurs only at the
highest temperature operating conditionsin adiesel 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 agiven refinery and crude oil, diesel fuel PAH correlates with total aromatic
content and T90. Representative data on aromatic content for diesel fuelsin the United States do
not appear to be available before the mid-1980s. However, the decreasing trend in cetane
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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.
Historical trends in PAH-measured emissions are discussed in Section 2.2.8.2.

2.2.5. Chronological Assessment of Emission Factors
2.25.1. 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 Ib, and most over-the-road trucks have a GVWR of 80,000 |b. Emissions of regulated
pollutants from these studies have been reviewed (Y anowitz et a., 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 diesal 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 2-16 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 alarge amount of additional data collected by West Virginia University (Yanowitz et al.,
1999; Warner-Selph and Dietzmann, 1984; Dietzmann et a., 1980; Graboski et al, 1998a;
McCormick et a., 1999; Clark et a., 1997; Bata et al., 1992; Brown and Rideout, 1996, Brown
et a., 1997; Clark et a., 1995; Dunlap et al., 1993; Ferguson et a., 1992; Gautam et al., 1992;
Katragadda et al., 1993; Rideout et al., 1994; Wang et al., 1993, 1994; Williams et al., 1989;
Whitfield and Harris, 1998; Graboski et a., 1998b; 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 ., 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 vehiclesin the 33,000-60,000 Ib range. Analysis of the tested
fleet aso shows that the model year distribution is skewed toward newer vehicles. The 1997
Vehicle Inventory and Use Survey indicates aflat distribution with roughly the same number of
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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. While 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 results. Y anowitz 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. Thisis clearly areflection of the small
number of vehiclesin the lighter weight classes for this dataset, but it also indicates no real
difference in emissions for vehiclesin 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 2-16 shows emissions trendsin 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 2-16, changes in NO, emissions have been relatively small, with an
emission rate averaging about 26 g/mi. The datareported in Figure 2-16 are real-world, in-use
emissions measurements and therefore more accurately reflect emission factors than engine test
data during this time period. There are two potential causes for the relative constancy of NO,
emissions as described by Figure 2-16. Thefirst 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,. Since 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 defeat devices, an issue
addressed by EPA in its recent settlement with the diesel engine manufacturers. The defeat
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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 type conditions.

Figure 2-17 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 2-17 show a significant decline in NO,
emissions, and al engines would appear to meet the regulatory standards for their year of
manufacture due to the defeat devices. During the period from 1980 to 1997, the EPA emissions
trends report (U.S. EPA, 1998a) predicted a decline in NO, emissions from HD diesel vehicles
since 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, 20004, discussed earlier), accounts for the defeat devices and accordingly
demonstrates a dight increase in NOx emissions from on-road HD diesel vehiclesin the period
from 1990 to 1998.

DPM, CO, and THC emissions, athough widely variable within any model year, have
shown a pronounced declining trend (Figure 2-16). 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 afactor 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 changesin engine
technology that often result from emission standards, as well as by the lowering of on-road diesel
fuel sulfur content in 1993.

While a substantial decreasing trend in DPM emissions from in-use chassis dynomometer
testing and engine testing (Figure 2-18) is evident, these data reflect awide range in emission
factors within any given model year. For example, emission factors for model year 1996 range
from lessthan 0.1 g/mi to over 1 g/mi (Y anowitz et a., 2000; Graboski et a., 1998b). The high
variability in DPM emissions measured in the chassis dynamometer tests is observed due to
severa factors, including differences in measurement methods and test conditions at the various
testing facilities, deterioration, and engine-to-engine variation. While 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 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 cyclesincorporating full
power accelerations reflect urban HD vehicle driving for several types of vehicles (garbage trucks,
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buses) operating in urban areas. Clark et a. (1999) also report that aggressive acceleration
produces higher DPM emission rates compared to conservative acceleration, and Clark and co-
workers suggest that real in-use driving is more likely to mimic aggressive acceleration. While
currently unquantified, it is generally believed that the mgjority 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%. While Y anowitz and co-workers (1999) found that DPM emissions were
positively correlated with odometer mileage for afleet of 21 vehicles, it ismore likely that the
vehicle state of maintenance will be more important for determining the degree of emissions
deterioration than mileage. In fact, in asimilar analysis performed on the chassis dynamometer
results included in the review of Yanowitz et a. (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 thislack of correlation.

It isdifficult, 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 presently do not account for deterioration. The relative
contribution of high-emitting diesel vehicles to the total mass and overall chemical composition of
diesdl particulates is presently being quantified. Some studies report numerous smoking diesel
trucks. A study of the smoke opacity based inspection and maintenance program in Caifornia
found failure rates of 20% and higher, suggesting that high-emitting vehicles are not uncommon
(CARB/EEALI, 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
diesal vehicles and 50% opacity for pre-1991 HD diesel vehicles) (Cooper, 1999). While the
correlation between smoke and particul ate emissions tends to be qualitative or semiquantitative
(discussed below), there is agood correlation between opacity and elemental carbon
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 astudy of 21 vehicles (Yanowitz et al., 1999), alinear multivariate regression
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analysis found that DPM emissions were positively correlated with odometer mileage (severa
other correlation factors were aso 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; Szkarlat and Japar
1983; Pierson et al., 1983; Kirchstetter et al., 1999; Gertler et al., 1995, 1996).

The method for determining emission rates for vehicles traveling through atunnel are
explained in detail by Pierson et a. (1996). Briefly, the emissions of a species are determined by
measuring the concentration of a pollutant entering and leaving a tunnel aong 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 ssimple regression
analysis where the intercepts (100% HD and 100% L D) 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 diesel
exhaust. 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 studiesin the 1970s and 1980s compared with the 1990s suggest
approximately afivefold decrease in DPM mass emission factors, with the most recent data from
1999 reporting an emission factor of 0.29 g/mi for the on-highway HD diesdl fleet (Figure 2-19).

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.
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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 awhole, suggesting an average level for the fleet of about 130
o/gal, comparable to the average emissions factor measured in chassis dynamometer studies
(remote sensing can measure emissions from an individual vehicle, while tunnel studies measure
emissions from the fleet asawhole). 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 atotal 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
correct value for the NO/NO, ratio, and there is reason to believe that this value may differ
systematically from site to site, athough amost al of the NO, is NO asit 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 (Y anowitz et a., 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 to
gasoline vehicles, tunnel test results for THC have a high degree of uncertainty. A regression
analysis to determine the contribution of the limited number of HD vehiclesto THC emissionsis
unstable; small errorsin the total measurements can change estimates substantially. Similarly, CO
emissions are comparable to automobile emissions on a per-vehicle-mile basis, but since there are
generaly many more automobiles than HD diesals in tunndl tests, CO measurements from diesels
may also have a high degree of uncertainty.

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, amost no transient test
data are available on engines earlier than the mid-1970s. Nevertheless, there are engine design
factors that allow reasonable assumptions to be made about emissions from engines in the mid-
1950 to 1970 timeframe. For example, the same means of controlling the engine' s air-fud ratio
was used over the period from 1950 to 1970. That is, air-fuel ratios richer than the “smoke limit”
of about 22:1 were avoided by fuel system control. This air-to-fuel ratio control, in essence,
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formed an “upper limit” on DPM emissions and was implemented before the advent of EPA
smoke standards for customer satisfaction reasons. Thereis only a qualitative correlation
between smoke (measured as smoke opacity) and particle emissions over the transient driving
cycle, but there is semiquantitative correlation between smoke and particle emissions over
steady-state operating modes (McGuckin and Rykowski, 1981). Additionaly, there is good
correlation between smoke and elemental carbon emissions (Alkidas, 1984). The fact that
engines, turbocharged or not, were controlled to avoid smoky operation makes it reasonable to
assume that they had emissions roughly at the mid-1970s level for many years before this
timeframe. Other than the increased use of turbochargers, HD diesel engine technology was
reasonably stable since the 1950s, with most engines having direct injection and a nearly constant
fraction of two-stroke versus four-stroke engines. Thus, it is likely that the emission factors
reported above for mid-1970s engines adequately represent the engines in use in the 1950-70
timeframe. Note that the impact of engine technology developments on emissions is specificaly
discussed in Section 2.2.6.

2.2.5.2. Locomotives

L ocomotive engines generally range from 1,000 horsepower up to 6,000 horsepower.
Similar to the much smaller truck diesal engines, the primary pollutants of concern are NO,,
DPM, CO, and HC. Unlike truck engines, most locomoative 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 emissionsis
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 reasonabl e 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
enginesin 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

7/25/00 2-22 DRAFT—DO NOT CITE OR QUOTE



COO~NOOOMWNLER

W WWwWwWwwWwNNNNNNNNNNRRPRERERRPRPPREP
ONDMWNPRPOOONOOADNWNROOONOOODAMWWNEPR

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 2-20.

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 adiesel engine. Many
engine variables that decrease NO, can aso 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 via the Zeldovich mechanism. 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 thisis the tradeoff of DPM emissions and BSFC
versus NO, emissions with fuel injection timing. Many recent advances in reducing the emissions
of diesel engines without aftertreatment are combinations of technologies that provide incremental
improvements in the tradeoffs among these emissions and fuel consumption. The sum total,
however, can be considerable reductions in regulated emissions within acceptable levels of fuel
consumption.

The mgjority 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 arelatively
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 regul ations have become more
stringent. Many Class 8aand 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
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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, diesdl engine design was limited to relatively low-speed applications
because sufficiently high-pressure fuel injection equipment was not available. With the advent of
high-speed and higher pressure pump-line-nozzle systems, introduced by Robert Bosch in the
1930s, it became possible to inject the fuel directly into the cylinder for the first time, athough
indirect injection (IDI) diesal engines continued in use for many years. As diesels were introduced
into the heavy truck fleet in the 1930s through the 1950s, both IDI and 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 alowing their
introduction on smaller displacement, higher speed truck engines. After thistime, only a small
fraction of truck engines used an IDI system.

DI diesel engines have now all but replaced IDI diesel engines for HD on-highway
applications.? 1DI engines typically required much more complicated cylinder head designs but
generaly were capable of using less sophisticated, lower pressure injection systems with less
expensive single-hole injection nozzles. 1Dl combustion systems are aso 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 diesal engines for some on-highway applications into the 1980s. Caterpillar and Deutz till
produce engines of this type, 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

>The GM Powertrain/AM General 6.5L electronically controlled, turbocharged IDI-swirl chamber engine, certified
asalight HD diesel truck engine, is the last remaining HD on-highway DI engine sold in the United States.
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engine) can be equally applied to IDI diesel engines asin DI, but they negate advantages in 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 diesdl engines in these types of applications.
Throttling and convective heat transfer through the chamber-connecting orifice, and heat rejection
from the increased surface area of 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). Because of the
early introduction of DI technology into truck fleets, it is likely that by the end of the 1960s, only
asmall fraction of the HD diesel engines sold for on-highway use were IDI engines. It isunlikely
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 is no significant difference in emissions of DPM, soluble
organic fraction (SOF), aldehydes, or DPM-associated benzo[a]pyrene (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 elemental carbon
oxidation during the expansion stroke can reduce formation of elemental carbon 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. 1n 1977 Robert Bosch introduced a
new type of high-pressure pump capable of producing injection pressures of 1,700 bar at the
nozzle (Voss et d., 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
Diesdl Corporation in the 1988 model year (Hames et a., 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 (Zelenka et a., 1990). Thus, itislikely that a
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transition to this technology began in the 1980s, with the vast mgjority 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 rate is 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 elemental carbon emissions,
but it can also increase combustion temperatures and cause an increase in NO, emissions
(Springer, 1979; 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 to 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 equivalence ratio. Turbocharging increases the power density
of an engine. Boosting intake pressure via turbocharging and reducing fuel-to-air ratio at a
constant power can significantly increase both intake temperatures and NO, emissions. Increased
boost pressure can significantly reduce ignition delay, which reduces VOC and 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 alows arough parity in NO, emissions
between turbocharged (non-aftercooled) and naturally aspirated diesel engines (Watson and
Janota, 1982).

Turbocharging permits the use of higher initia injection rates (higher injection pressure),
which can reduce particulate emissions. Although this may offer advantages for steady-state
operation, hard accelerations can temporarily cause overly fuel-rich conditions because the
turbocharger speed lags behind arapid change in engine speed (turbo-lag). This can cause
significant increases in 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.” Since this device also limited
engine response, there was considerable incentive for the end-users to remove or otherwise render
the device inactive. Charge-air cooling, for example, using an air-to-air aftercooler (air-cooled
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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 shiftsthe NO,-DPM tradeoff curve, as shown in Figure 2-21.

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 acceptable performance and durability at high altitudes.
Previous mechanical unit injected engines (e.g., the 1980s Cummins L 10, the non-DDEC DDC
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 manufacturers to 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 of the HD
engine manufacturers to assure effective NO, control in al driving conditions, including on-
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 2-22. It is apparent that thereisno
consistent difference in DPM emissions between turbocharged and naturally aspirated engines.
While not plotted, the data also show no difference in emissions of NO,, DPM SOF, or DPM-
associated benzo[ a]pyrene and 1-nitropyrene.

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
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(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 pressure
islikely to have enabled the reduced DPM emissions, while the lower charge-air temperature and
the ability to electronically retard the injection timing under some conditions likely enabled the
lower NO, emissions.

It is apparent on the basis of both the literature and certification data that turbochargers
with aftercoolers can be used in HD engines in conjunction with other changes to produce a
decrease in emissions. Upon the advent of aNO, standard in 1985, NO, was probably reduced on
the order of 10% to 30% in turbocharged aftercooled engines with retarded injection timing. This
decrease in emissions is not evident in the in-use chassis testing data because of deterioration and
the use of illegal defeat devices as described above. Overall, it is expected that enginesin the
1950 to mid-1970s timeframe would have ssimilar DPM emission rates, while 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 al high-speed two-stroke diesel
engines utilize uniflow scavenging assisted by a positive-displacement blower (Figure 2-23).
Uniflow-scavenged two-stroke diesels use poppet exhaust valves similar to those found in four-
stroke engines. The intake 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 (torque per unit displacement) (Heywood, 1988). It isuseful to note that
the two-stroke cycle fires each cylinder once every revolution, while 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
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for on-highway truck applications. This may be why four-stroke engines have been favored for
these applications since the beginning of diesalization 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 6V92 are no longer offered for urban bus
applications is excessive DPM emissions. The lubricating oil control with two-strokes tends to be
lower for two-stroke engines, and therefore, emissions have higher VOC 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 diesal engine PM standard, although EPA isin the process of proposing more strict
standards for HD diesel truck engines along with further reductions in diesdl 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 a two-stroke diesel engine
for on-highway truck use since 1995.

A comprehensive review of emissions from hundreds of vehicles (1976-98 model years)
that had been tested on chassis dynamometers found that DPM emissions vary substantially within
agiven model year and that within that variation there are no discernable differencesin DPM
emissions between two- and four-stroke vehicles (Figure 2-24) (Y anowitz et a., 2000). DPM
emission factors reported for engine tests also indicate that two- and four-stroke engines have
comparable emission factors, since these engines all had to meet the same regulatory standard
(Figure 2-25). In contrast to DPM emissions, evidence suggests that mid-1970s two-stroke
engines exhibited very high SOF levels compared to four-stroke engines during that timeframe
with later model years showing similar SOF emissions for two- and four-stroke engines (Figure 2-
26). For aldehydes, benzo[a]pyrene, and 1-nitropyrene, data are available for only one two-stroke
engine, but they indicate no significant difference in emissions from comparable model year four-
stroke engines. Overall, regulated emissions changes due to changing proportions of two- and
four-stroke engines in 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 enginesin the in-use fleet
was relatively constant until the late 1980s when it began to decline.
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2.2.7. Air Toxic Emissions

Heavy-duty 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 diesel exhaust is provided in Section 2.3.1). Very few historical data are available to
examine changes in emission rates over time. In this section, trends in aldehyde emissions over
time and a summary 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 a particularly
important component because they comprise an important fraction of the gaseous emissions and
they are probable carcinogens that also produce noncancer health effects. Formaldehyde
comprises the mgority of the aldehyde emissions (65% to 80%), with acetaldehyde being the
second most abundant aldehyde in HD diesel emissions. Tota adehyde emissions reported from
chassis dynamometer testing suggest that aldehyde emissions have declined since 1980; however,
only two tests reported adehydes from engines made after 1985 (Figure 2-27). Engine
dynamometer studies also suggest a downward trend in the emissions of adehydesin the time
period from 1976 to 1994 (Figure 2-28). Engine dynamometer studies report aldehyde emission
levels of 150-300 mg/bhp-hr for late 1970s engines with no significant effect of turbocharging, or
IDI versus DI. High-pressure fuel injection may have resulted in a marginal increase in adehyde
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 ail 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 concentrations in
emissions from diesel-fueled vehicles. These studies can be characterized as direct measurements
from the engine exhaust and indirect measurements as indicated by the sampling of air within
transportation tunnels.
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Table 2-11 isa summary 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. Schwind et al. (1991) and Hutzinger et al.
(1992) studied emissions of CDDs/CDFs from German internal combustion engines running on
commercial diesel fuels and reported a range 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.

In 1994, Hagenmaier reported CDD/CDF emissions from a diesel-fueled bus and found no
detectable levels in the exhaust (at a detection limit of 1 pg /L of fuel consumed) for individual
congeners. In 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 L10 HD diesdl 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 that it allows random sampling of large numbers of vehicles passing through the
tunnel, including a range 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 a. (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
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modes. vehicles moving uphill on a3.5% 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).

During October/November 1995, Gertler et a. (1996, 1998) measured CDDS/CDFsin the
Fort McHenry Tunnel in Baltimore, Maryland. The emission factors calculated, assuming that all
CDD</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 a. (1996; 1998) study include: (1) The study isa
recent study conducted in the United States and thus reflects current U.S. fuels and technol ogy;
(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; (4) HD vehicles made up, on average, arelatively large percentage (25.7%) of vehicles
using the tunnel; and (5) alarge number of HD vehicles, approximately 33,000, passed through
the tunnel during the sampling period, which generates confidence that the emission factor is
representative of interstate trucks.

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 smal 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. These procedures define DPM emissions as the mass of material collected on afilter
at atemperature of 52 °C or less after dilution of the exhaust. Asthe exhaust is diluted and
cooled, nucleation, condensation, and adsorption transform volatile material to solid and liquid
DPM. Asaconsequence of this process, diesel exhaust particles are aggregates of primary
spherical particles that consist of solid carbonaceous material and ash and that contain adsorbed
organic and sulfur compounds (sulfate) combined with other condensed material. The organic
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materia includes unburned fuel, engine lubrication oil, and low levels of partial combustion and
pyrolysis products.

The organic material is absorbed to the elemental carbon core and isalso foundin a
heterogeneoudly nucleated aerosol. This fraction 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 changesin the composition of SOF and potential changesin 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 d., 1991; Wachter, 1990). Kittelson (1998) estimates that a typical composition of
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) analyzed the dichloromethane extract of DPM from a LD diesel
engine and found that approximately 57% of the extracted organic mass is 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 et al., 1983). PAHs and alkyl-substituted PAHs
account for the remainder of the nonpolar mass. The moderately polar fraction (~9% w/w of
extract) consists mainly of oxygenated PAH species, substituted benzaldehydes, and nitrated
PAH). The polar fraction (~32% w/w of extract) is composed mainly of n-akanoic acids,
carboxylic and dicarboxylic acids of PAH, hydroxy-PAH, hydroxynitro-PAH, and nitrated N-
containing heterocyclic compounds (Schuetzle, 1983; Schuetzle et al., 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 particulate phases is determined
by the vapor pressure of the individua species, by the amount and type of the DPM present
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(adsorption surface available), and by the temperature (Ligocki and Pankow, 1989). Two-ring
and smaller compounds exist primarily in the gas phase (e.g., naphthalene), while five-ring and
larger compounds (e.g., benzo[a]pyrene) are amost 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 types of 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; Yamasaki et al., 1982).
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 (e.g., “blow-off”) 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, as well asinsights into the factors influencing SOC adsorption onto aerosols.
Significant fractions of phenanthrene, anthracene, and their alkylated derivatives, aong with
fluoranthene and pyrene, exist in the gas phase. PAHs with molecular weight greater than that of
pyrene are typicaly 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 al., 1999; Cantrell et al., 1988; Feilberg et a., 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 SO, and converted to sulfate and sulfuric acid in the exhaust. Sulfate emissions are
roughly proportional to sulfur in the fuel. Since the reduction of the allowable sulfur content in
diesdl 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 times the 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 DDC 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
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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 (1980) examined metal emission rates from four HD
vehicles tested using the UDDS chassis cycle. For the single two-stroke engine tested (1977
DDC 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 metalsin 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
severa diesal 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 21991 Cummin 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 Elemental Carbon Content of Particles

2.2.8.1.1. Measurement of the organic 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
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individual organic compounds. Vacuum oven sublimation is used to measure a comparable
quantity, 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.

Thermal methods of organic carbon 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 organic carbon fraction
as measured by TOR or TOT. Japar et a. (1984) reported an average ratio of organic compound
measured by TOR to extractable mass of 0.70 + 0.05, when the extraction solvent was a
toluene/propanol-1 mixture. Thisratio may have resulted from the presence of both oxygenated
organic compounds and inorganic sulfate in the extracted mass.

Levson (1988) reviewed literature regarding the extraction efficiency of various solvents
and found contradictory results in 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 a. (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 a. (1999) were able to
extract over 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.
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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 PAHS, as determined by C-B[a]P“(benzo[a]pyrene) spiking
experiments (Schuetzle and Perez, 1983). Limited recovery studies have shown that thereislittle
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 have been recovered
(Schuetzle et a., 1985).

The solvent polarity and extraction time used for measuring the SOF can have a significant
effect on the quantity reported. In the discussion that follows, every effort has been made to
compare only studies using comparable methods and to state what extraction methods were
employed.

2.2.8.1.2. Trendsin SOF emissions. SOF emission values are highly dependent on the test cycle
used. 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; Kittleson, 1998; Springer, 1979; Schuetzle and
Perez, 1983; Martin, 1981b; Shi et a., 2000). These conditions are more typically observed in
LD diesdl vehicle applications, and thus DPM from these vehicles typically emits DPM with a
higher SOF component than HD diesal vehicles (Norbeck et a., 1998c). Acceleration modes
normally cause increased emission of elemental carbon and an increase in total DPM emissions,
while 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; Tanakaet al., 1998). Sienicki et al. (1990) reported an
approximate 25% increase in SOF when sulfur concentrations are increased from 0.08% to
0.33%. The causeisunclear 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. Alternately, 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 ahigher T90 (or T95) and with an increase in aromatic
content (Barry et al., 1985; Sienicki et a., 1990; Tanaka et a., 1998; Rantanen et al., 1993).

Figures 2-29 and 2-30 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, on the order of afactor of 5 since about 1980. The highest SOF emissions are for two-
stroke engines built in the 1970s. These data indicate that SOF emission factors for newer model
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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.

Steady-state testing conducted on late 1970s engines reported SOF at levels between 0.1
and 0.9 g/bhp-hr, while engines from the late 1980s and 1990s al emit 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 percent
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. Itis
evident that 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). Findly, 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. Problems in achieving SOF reductions from two-
stroke engines have been one factor leading to the phase-out 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 less in the 1990s (Figure 2-31). The wide range in SOF as a percent of DPM displayed in
Figure 2-31 is suspected to result from factors such as engine deterioration and test cycle. The
vehicle emissions data reported in Figure 2-31 do not overrepresent buses that are likely to emit
DPM with a greater fraction of SOF than other vehicles. Figure 2-32 presents SOF as afraction
of DPM from the same engine dynamometer studies reported in Figure 2-30. These data do not
reflect adownward trend in SOF as a fraction of DPM. Since 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. 1n some of
the engine studies, improved air:fuel ratio control was tested in an attempt to lower carbonaceous
DPM formation. Therefore, substantial differences in SOF as a percent of total DPM could be the
result of different engine technology or test conditions. The engine dynamometer results
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presented in Figures 2-30 and 2-32 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 studiesis the test cycle used. The engine dynamometer tests typically
include test modes, such as high speed and low load, or low speed lugging modes, which produce
much higher SOF relative to DPM than the driving cycles used on the chassis tests.

It appears that as afraction of total DPM, SOF from new model year HD diesel vehiclesis
lower 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 alower fraction
of organic matter compared to gasoline PM (Table 2-13). Recent testing of HD engines at the
Desert Research Institute suggests that the organic carbon fraction of DPM is approximately
19%, while earlier studies reported in the U.S. EPA SPECIATE database suggest a dightly 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 organic carbon emissions from LD diesel vehicles recently reported by Norbeck et a. (1998c)
and those reported by the U.S. EPA SPECIATE suggest that LD diesel vehicles emit DPM with a
dightly higher organic content than HD diesel vehicles, ranging from 22% to 43%. Gasoline
engine PM emissions have recently been analyzed at the Desert Research Ingtitute by Fujita et a.
(1998) and Watson et al. (1998) for hot stabilized, visibly smoking vehicles, and cold-starts.
These data al indicate that LD gas vehicles emit PM with a higher fraction of organic matter than
diesdl vehicles, with the highest organic content measured from smoking and high-emitting
gasoline vehicles (averaging 76% organic carbon). One new finding from the data reported by
Fujitaet a. (1998) isthe roughly equivaent emission of organic and elemental carbon from cold-
start emissions of gasoline vehicles. Additional information is needed to characterize a range of
organic carbon for DPM from smoking and high-emitting diesel vehicles as well as cold-start HD
diesdl vehicles.

2.2.8.1.3. Trendsin EC content. The EC content of ambient PM samplesis one component of
the source profile commonly used to determine the contribution of diesel vehicles to ambient PM
samples (i.e., in source apportionment via chemical mass balance modeling). EC is not, 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 diesel vehicles
are plotted in Figure 2-33. Approximately one-half of these data, from the study of Norbeck et al.
(1998b), are for pickup trucks equipped with light and medium HD diesel engines which represent
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asmall portion of the diesel vehicle fleet. All of the 1994 and later model year pickup trucks are
equipped with diesel oxidation catalysts that oxidize the SOF component of DPM. EC emissions
from these vehicles are uniformly low. Results for the other three studies, all performed on HD
trucks, suggest adecline in EC emission rates by model year since the early 1980s. In a study
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 consistent with the 1990 timeframe in Figure 2-33
(Lowenthal et al., 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.

Figure 2-34 presents these data as a fraction that EC comprises of total carbonaceous
matter in the emitted DPM. The carbonaceous matter attributable to EC varied widely in the
1980s from approximately 20% to 90%, while in more recent years, the data suggest a smaller
range in the EC fraction from approximately 50% to 90% (with one data point at 30%). Recent
emission profiles for 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 morerich in EC than older HD engines.
2.2.8.2. PAHsand Nitro-PAH Emissions

PAHS, nitro-PAHSs, and oxidized derivatives of these compounds have attracted
considerabl e attention because of their known mutagenic and, in some cases, carcinogenic
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. PAHs identified in diesel exhaust. At least 32 PAHSs have been identified in the
exhaust of LD diesal vehiclesand HD diesel vehicles (Table 2-14) (Watson et al., 1998; Zielinska
et d., 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 a., 1984). SOF fractions accounted for 11%
to 15% of the total DPM mass for the LD diesel vehicles reported by Tong et al. (1984), whichis
lower than the LD diesel vehicles organic fraction reported by Norbeck et a. (1998c) in Table 2-
13. Among the PAHs reported by Watson et al. (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 diesdl vehicles ranging from below detection limits up
to 0.071 mg/mi. HD diesal vehicle emission rates for the lower molecular weight PAHs ranged
up to 2.96 mg/mi for dimethylnaphthalenes. 1n general, among the vehicles tested, PAH emission
rates were higher for LD diesel vehicles compared to HD diesdl vehicles. Table 2-16 presents
emission rates of four representative particle-phase PAHs from HD diesal vehicles, LD diesel
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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 a. (1993), who used extraction methods different from those in other studies
(discussed above).

2.2.8.2.2. Nitro-PAHs identified in diesel exhaust. Positive isomer 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-
nitronaphthal ene; 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 additiona nitro-PAHs were tentatively identified in this diesel
particulate extract (Paputa-Peck et al., 1983). The concentration of nitro-PAHs adsorbed on
diesdl particles varies substantially from sample to sample. Usually 1-nitropyrene isthe
predominant component, and concentrations ranging from 7 to 165 pg/g of particles are reported
(Levsen, 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 3-
nitrobenzanthrone, reported recently) in pg/g of particles. Concentrations for some of the nitro-
PAHSs identified range from 0.3 pg/g for 1,3-dinitropyrene to 8.6 pg/g for 2,7-dinitro-9-
fluorenone and 75 pg/g for 1-nitropyrene. More recent nitro-PAH and PAH data for HD diesel
engines are reported in units of g/bhp-hr or mass/volume of exhaust, making it impossible to
directly compare them to the older data (Norbeck et al., 1998; Bagley et al., 1996, 1998;
Baumgard and Johnson, 1992; Opris et al., 1993; Hansen et al., 1994; Harvey et al., 1994;
Kantolaet al., 1992; Kreso et al., 1998b; McClure et a., 1992; Pataky et al., 1994).

2.2.8.2.3. PAH and nitro-PAH emission changes over time. It isdifficult 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 benzo[a]pyrene (B[a]P), or 1-
nitropyrene (1-NP) due to their toxicological activity. The results of chassis dynamometer studies
in which B[a]P or 1-NP were measured are displayed in Figure 2-35. 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 pg/mi. No correlation with engine technology
(one of the engines was two-stroke) was observed. Rogge and co-workers (1993) reported total
particle-associated PAH and B[a]P emissions from two 1987 model year trucks (averaged
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together, four-stroke and turbocharged engines). Thetota particle-phase PAH emission rate was
0.43 mg/mi and the B[a] P emission rate was 2.7 pg/mi. Particle-phase PAH in the Rogge et al.
(1993) study accounted for approximately 0.5% of total DPM mass. Schauer and co-workers
(2999) 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 intercooled truck. B[a]P emissions
were not reported, but emissions of individual species of similar molecular weight were
approximately 10 pg/mi. Schauer et a. (1999) also reported 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 1983-1993 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 2-35. Zielinska (1999)
reports a decreasing trend in particle-associated diesel exhaust 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 2-36. 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.

Emissions reported for 1-NP from diesel engines tested by chassis dynamometer ranges
from 0.1 to 12 pg/mi (Figure 2-35), and diesdl engines dynamometer studies report 1-NP
emission factors ranging from 1 to 4 pg/bhp-hr (Figure 2-36). Too few measurements are
available to discern trends in the emission rates of these compounds.

Asdiscussed in Section 2.2.4, Williams et a. (1987) and Andrews et a. (1998) of the
University of Leeds have demonstrated that the solvent-extractable PAH from diesel particulate
originates primarily in the fuel. PAH molecules are relatively refractory so that a significant
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 a., 1995) that included the
use of isotopic labeling of fuel PAH. Additionally, engine oil was found to be a reservoir for PAH
that originatesin the fuel. Pyrosynthesis of PAH occurs during very high temperature conditions
in adiesel engine, and under these conditions much of the DPM and other pyrolysis products are
ultimately oxidized before exiting the cylinder. Thus, pyrogenic formation of PAH is thought to
contribute a small fraction of the total PAH in diesel engine exhaust. As discussed above, fuel
PAH content is expected to have dowly increased over a 30-year period until 1993, after which
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PAH content of diesdl fudl 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%.

Recently, Norbeck et al. (19984) reported on the effect of fuel aromatic content on PAH
emissions. Three diesdl fuels were 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
PAHSs (PAHs < 3 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). While emission rates reported for several higher molecular weight (particle-associated)
PAHs were lower (ranging from four to28% 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 range of PAH emission factors from post-1990 model year
vehicles and engines compared to pre-1990 vehicles and engines is suggested by the data;
however, the data also suggest that differencesin avehicles' engine type and make, general
engine condition, fuel composition, and test conditions can influence the emissions levels of PAH.

2.2.8.3. Particle Size

Figure 2-37 shows a generic size distribution for diesel particul ate based on mass and
particle number. Approximately 50% to 90% of the number of particlesin diesel exhaust arein
the ultrafine size range (nuclei mode), with the mgjority of diesel particles ranging in size from
0.005 - 0.05 um and the mode at about 0.02 um. These are believed to be aerosol particles
formed from exhaust constituents during cooling and to consist of sulfuric acid droplets, ash
particles, condensed organic material, and perhaps primary carbon spherules (Abdul-Khalek et al.,
1998; Baumgard and Johnson, 1996). While accounting for the majority of the number 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. These particles have avery large surface area
per gram of mass, which make them an excellent carrier for adsorbed inorganic and organic
compounds that can effectively reach the lowest airways of the lung. The elemental carbon core
has a high specific surface area of approximately 30 to 50 m?/g (Frey and Corn, 1967), and

7/25/00 2-43 DRAFT—DO NOT CITE OR QUOTE



OCOO~NOOMWNER

W WWwWwWwwWwNNNNNNNNNNRRPRERRERRPRPPREP
O0DMWNPRPOOONOOADNWNROOONOOODAMWNEPR

Pierson and Brachaczek (1976) report that after the extraction of adsorbed organic material, the
surface area of the diesdl particle core is approximately 90 m?/g.

Considerable caution is required when reporting particle size measurements from diesel
engine exhaust because dilution conditions during the measurement process significantly affect
size distributions (e.g., the size distribution is largely afunction 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 diesel exhaust typically show higher numbers of nuclei mode
particles than do measurements made on raw exhaust because of condensation to form nuclel
mode aerosol upon cooling of the exhaust. 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 a.,
1999; Shi and Harrison, 1999; Luders et a., 1998). Dilution air temperature and humidity can
have alarge effect on particle number and size distribution especially in the size range below 0.05
um (aso 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 a. (1978) report
increased gas-phase HC condensation to DPM with a decrease in dilution air temperature. Some
studies report no peak in diesdl 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.

While dilution tunnel conditions clearly do not simulate what occurs when a diesal exhaust
plume enters the atmosphere, 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 um for ultrafine DPM from diesel exhaust is evid