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ABSTRACT

This report reviews the global and historical development of exhaust emissions regulations
for diesel-fuelled heavy-duty vehicles, passenger cars, and related vehicles as well as the
engine, aftertreatment, and fuel technologies that have enabled these vehicles to meet or
exceed the prevailing regulations. The impact of these technologies on the physical and
chemical characteristics of diesel exhaust emissions is reviewed in detail. In particular,
distinctions are made between Traditional Diesel Exhaust (TDE) from older heavy-duty
engines and New Technology Diesel Exhaust (NTDE) from newer engines (generally post-
2007) on the basis of their physical and chemical characteristics. This information is then put
in context with the Monograph Review on engine exhaust that will be conducted by the
International Agency for Research on Cancer (IARC) in June, 2012. The technological
advances in engines, aftertreatment systems, and diesel fuels over the past 30 years are

also described in detail. The report is complemented by extensive references.

KEYWORDS

Diesel, diesel engine, heavy-duty, light-duty, aftertreatment, catalyst, exhaust emissions,

particulate matter, PM, PN
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1.0 OVERVIEW

This report provides background information relating to the evolution of diesel engines and
diesel engine exhaust in support of the anticipated International Agency for Research on
Cancer (IARC) Monograph on the Evaluation of Carcinogenic Risks to Humans from “Diesel
and gasoline engine exhausts and some nitroarenes” (IARC Monograph Vol. 105). The
document focuses on the changes in diesel engine technologies over the past two decades,
and analyzes in some detail the dramatic transformations that have occurred in diesel
exhaust mass emissions and chemistry due to the more recent advent (2007 in the US) of
diesel particulate filters, together with exhaust oxidation catalysts and ultra-low suifur fuel, all
in response to extremely low technology-forcing particulate emission standards. The
implications of these revolutionary technological advances on the relevance of the estimated
levels of exposure to “traditional” diesel engine exhaust in past epidemiological studies are

also discussed.

Epidemiological studies of occupational exposures to diesel engine exhaust are by their
nature retrospective, often involving exposures to technologies characteristic of diesel
engines several decades in the past. Furthermore, epidemiology studies often pertain to a
specific occupation with workers who are exposed to a specific machine application (e.g.,
railroad locomotive, mining equipment, transit bus); a specific duty cycle (e.g., idling or
moving in maintenance facilities); and a specific geopolitical region, which, along with local
economic conditions, will determine the applicable emission regulations governing the diesel
engines at issue, as well as the age of the equipment and the maintenance practices
utilized. For these reasons, this paper will also address the impact of engine application,

duty cycle and emission control technology on the composition of diesel engine exhaust.

The principal focus, however, will be on engine technologies that impact the composition of
diesel particulate emissions, since that emission constituent has been the distinguishing
feature of diesel exhaust most frequently highlighted in diesel-specific health and

epidemiological studies.

For convenience and clarity in discussing the significant changes in diesel engine technology
over time, we employ the terminology coined by Hesterberg et al. (2005). Specifically, we will
refer to the exhaust emissions from diesel engines which employ wall-flow exhaust
particulate filters and exhaust oxidation catalysts, and which operate on ultra-low sulfur
diesel (ULSD) fuel as '‘New Technology Diesel Exhaust’ (NTDE). Exhaust from on-highway
engines predating 1988 in the US, and Euro | in the rest of the world (e.g., 1992 in Europe),
will be referred to as ‘Traditional Diesel Exhaust’ (TDE). The exhaust from diese! engines



manufactured in the U.S. between 1988 and 2006, and from Euro | to Euro V engines in the
rest of the world, will be referred to as “transitional diesel exhaust.” Over that transitional
time period, particulate emission mass and chemical composition changed in a marked and
evolutionary way. However, as detailed below, the revolutionary step-change came in 2007
with the advent of NTDE, because new technology diesel engines have incorporated not
only the transitional particle reductions that had been occurring since 1988, but also have
integrated a particulate filter and oxidation catalyst that target the full range of diesel exhaust

chemical compounds (McClellan (2012)).

While there were emission controls in place for diesel engines prior to 1988 (and Euro 1), the
emphasis was primarily on oxides of nitrogen (NOx), carbon monoxide (CO), and
hydrocarbon (HC) emissions. Particulate emission control was accomplished only indirectly
through standards for visible smoke. Thus, particulate emissions from on-highway diesel
engines were unregulated until 1988 in the US and 1992 in Europe. Industrial and off-road
(including marine and locomotive) engine emission standards generally lag on-highway
engine standards by several years -- the first non-road particulate standards appeared in
1996 in the US and in 1999 in Europe. Because of the significant impact that different diesel
technologies have on the character of diesel emissions, the emission technologies
incorporated in the diesel engines under consideration in any epidemiological or toxicological
study must be identified carefully and specifically. In that regard, and given the fact that
engines manufactured before the above dates were unregulated for particulate emissions, it
should be noted that all diesel engines covered by the exposure periods at issue in the
various epidemiological studies conducted to date, including the recently published
NCI/NIOSH ‘Diesel Exhaust in Miners Study’ (DEMS) (Attfield et al. (2012); Silverman et al.
(2012)), fall into the ‘unregulated particulate’ category. None of those studies involved

exposures to or assessments of NTDE.

Indeed, because the most advanced diesel technologies and improved fuels have only
recently been introduced on a wide-spread basis, no epidemiological studies have been
conducted focusing on NTDE. Moreover, the very low concentrations of potentially
hazardous chemicals in NTDE relative to the concentrations of those or similar chemicals
from other sources in the workplace and ambient environment suggest that it may not be
feasible to conduct epidemiological studies of NTDE, even when the new technology has

largely displaced the old traditional diesel technology.

The key observations and conclusions that will be discussed in this document are:



e New Technology Diesel Exhaust (NTDE), specifically, exhaust from diesel engines
equipped with exhaust oxidation catalysts and wall-flow particulate filters and
operating on ULSD fuel, is substantially different in particulate matter (PM)
concentration and particulate chemical composition from Traditional Diesel Exhaust

(TDE) and should be evaluated separately.

¢ Recognizing the significant differences in NTDE compared to TDE will encourage
faster global adoption of advanced emission control technologies that reduce

potential health effect concerns.

e Surrogates for direct measures of diesel exhaust exposure have been a goal for
years due to the difficulty of measuring diesel exposure directly. To date, no valid
surrogate has been identified, including recent attempts to use CO. This calls into
question the exposure estimates and numerical risk factors reported in the DEMS

study.

The dramatic improvement of NTDE over TDE does not mean that TDE or transitional diesel
exhaust warrant a higher risk or hazard classification than is currently in place. To the
contrary, and as detailed in the recent paper of Hesterberg et al. (2012), the available
epidemiological, toxicological and mechanistic data are not sufficient to support an increase

in the current hazard classification (Group 2A) for TDE and transitional diesel exhaust.

It should also be noted that, just as has occurred over the past two decades, diesel engine
systems and fuels continue to improve, and advanced-technology emission reduction
strategies continue to evolve. To the extent that other integrated advanced-technology diesel
systems are developed that are capable of achieving an exhaust emissions profile for
regulated and unregulated pollutants that is sufficiently equivalent to that for NTDE, the
exhaust from those alternative advanced-technology diesel systems should be deemed as

included within the scope of NTDE.

This document has been structured to include the points most salient to the IARC review

process, with other technical details covered in the attached appendices and references.
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2.0 INTRODUCTION

Diesel engine exhaust is a complex mixture of carbon dioxide (CO,), oxygen (O), nitrogen
(N2), NOx, CO, water (H.O) vapor, sulfur compounds and numerous low and high molecular
weight HCs, and PM. As will be discussed in this report, the relative contribution of each of
these compounds or classes of compounds has changed with advances in engine and fuel
technology. Most of the information pertains specifically to on-highway engines and most is
from the US. Nonetheless, it is reasonable to generalize the effects of these on-highway
technologies to other applications since they have been or are being applied to numerous
stationary and non-road engines as well. The trends in mass emissions and qualitative
changes in chemical constituents that result from the technological changes in engines and

fuels will be similar for all diesel engines over time, regardless of their applications.

In this paper, we briefly recount the key regulatory issues of concern pertaining to diesel
engines and fuels, focusing on emission limits and the characterization of diesel exhaust
with regard to its potential carcinogenicity. As noted, we focus primarily on regulations and
standards promulgated in the United States. However, similar regulations also have been
promulgated in Europe and in other economically advanced countries around the world
(Bauner et al. (2009)). Expanding environmental concerns have resulted in regulatory
pressure around the globe to develop new technology diesel engines and fuels which
produce markedly lower exhaust emissions. Hesterberg et al. (2005) coined the term, “New
Technology Diesel Exhaust” (NTDE) to describe the emissions from post-2006 U.S. on-
highway diesel engines and from earlier model diesel engines retrofitted with exhaust after-
treatment devices (filters and catalysts) and using ultra-low sulfur fuels. In contrast,
“Traditional Diesel Exhaust” (TDE) refers to emissions from on-highway diesel engines sold
and in use prior to the U.S. EPA 1988 Heavy-Duty Diesel Emission Particulate Standards.
"Transitional” diesel engines were marketed in the U.S. from 1988 through 2006, a period of
continuous evolutionary improvements in diesel engine and aftertreatment technology. Prior
to 1988 in the US and 1992 in Europe, particulate emissions from diesel engines were

largely unregulated except indirectly through visible smoke standards.

This document specifically highlights the quantitative and qualitative differences between
NTDE and TDE. The aggregates of elemental carbon (EC) nanoparticles with associated
HCs — which are the dominant emissions constituent and characteristic feature of TDE — are
shown in Figure 1. In contrast, the PM emissions in NTDE are substantially lower (less than
1%) than those emitted from 1988 engines. More importantly, EC has been reduced to well

below 1% of TDE levels and is approaching and sometimes below the limits of detection,
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such that NTDE can be considered to have de minimis amounts, if any, of the EC particles
found in TDE. The specific chemical constituents found in TDE are also substantially
reduced in concentration or eliminated in NTDE. The changes in composition and
concentration are so significant that the characteristics and effects of NTDE should be

considered separately from TDE.

Figure 1: Two scanning electron micrograph (SEM) images of traditional diesel exhaust
(TDE) PM (reproduced from Tschoeke et al. (2010)).

As shown in these images, primary particles having diameters less than about 10
nanometers have aggregated to a size distribution that is log-normal and with median
diameter of approximately 80-100 nanometers. The EC particles can adsorb and absorb

hydrocarbons, sulfates and trace metals.

The dramatic improvement of NTDE over TDE does not mean that TDE or transitional diesel
exhaust represent a higher risk or hazard classification than is currently in place. To the
contrary, and as detailed in the recent paper of Hesterberg et al. (2012), the available
epidemiological, toxicological and mechanistic data are not sufficient to support a change in

the current hazard classification (Group 2A) for TDE and transitional diesel exhaust.
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3.0 APPLICATIONS OF DIESEL TECHNOLOGY

Diesel engines are fundamentally more efficient thermodynamically than gasoline engines.
Because they operate unthrottled, the air pumping losses associated with gasoline engine
air-fuel ratio (AFR) and power control by intake throttle are not present in diesel engines.
Furthermore, since a diesel engine compresses only air, it is not knock-limited like a gasoline
engine, so it is possible to operate at much higher compression and expansion ratios, further
enhancing thermodynamic efficiency. The difference is profound. Depending on duty cycle,
diesel engines deliver 30% or greater reductions in fuel consumption compared to gasoline
engines. And for any duty cycle, a diesel engine will always be more efficient than gasoline

or other spark ignited engines.

The comparative fuel efficiency advantage of a diesel engine is offset to some degree by
weight and initial cost. As a result, the "total cost of ownership” must be considered.
Nonetheless, the greater the fuel consumption (i.e., more miles or work done} in a year, the

more likely the fuel efficiency of a diesel engine will offset its initial cost.

When Rudolf Diesel first invented his “Economical Heat Motor,” patented in 1898 and
thereafter bearing his name, the consensus was that diesel engines were suitable only for
stationary applications because of their size and weight. (Cummins (1993)). Over the next
decade, diesel engines were utilized in marine applications, and then moved into trucks in
Europe in the 1920s. Not long after, Clessie Cummins, a mechanic and entrepreneur, and
the founder of Cummins Engine Company, demonstrated the feasibility of using diesel
engines in passenger cars in the U.S. In 1930, diesel power in the US was “off to the races”
as Clessie Cummins set the first American land speed record for a diesel car, and produced
the first car of any kind to complete the Indianapolis 500 mile race nonstop. Those events
transformed the image of the diesel engine from a heavyweight power source suitable only
for stationary applications and ships, to a legitimate source of power for automotive
applications, and at the same time demonstrated the very significant fuel economy
advantage of diesel engines compared to gasoline engines. By 1931, Cummins was
deploying diesel engines in commercial trucks and buses (Cummins (1967); Cummins

(1993)), and other US manufacturers soon followed.

From those early applications, diesel engines grew into the internal combustion engine of
choice for commercial vehicles and industrial applications — especially where durability, high
load factor and fuel economy were critical product attributes. Diesel engines displaced steam
power in railroad locomotives by the early 1950s, and displaced gasoline engines from most

heavy duty trucks by the 1960s.
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Today, diesel engines power all types of automotive vehicles: passenger cars (up to 50% of
new car sales in some European countries); commercial vehicles; buses; industrial,
agricultural and construction equipment; mine trucks; locomotives; ships, and many
stationary power applications. Technological developments that contributed to improved
exhaust emissions (discussed in detail below) also enabled improvements in power density,
fuel efficiency, performance and durability — all important attributes of diesel engines
compared to other internal combustion engines. While a number of diesel engine designs
emerged in the early years, all of those variations have converged on an engine architecture

of choice, as will be described in Section 5.
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4.0

NEW REGULATIONS IMPACTING THE LEVELS AND COMPOSITION OF
DIESEL ENGINE EMISSIONS

Pursuant to the legislative framework of the Clean Air Act, the U.S. Environmental Protection

Agency (EPA) has issued a series of regulations (Table 1) that have impacted the

development and deployment of new technology diesel engines and equipment, and the use

of improved ultra-low sulfur diesel! fuel.

Table 1: Summary of key regulations in the USA that have stimulated the development of

improved diesel engine technology and fuels with markedly reduced exhaust emissions’

Year Regulation

1968 First “smoke standard” promulgated for on-road heavy-duty diesel engines
(HDDE)

1970 Clean Air Act (CAA) Amendments passed with provision for establishing
National Ambient Air Quality Standards (NAAQS) for criteria pollutants,
regulation of hazardous air pollutants and provisions for setting emission limits
for sources including diesel-powered equipment.

1971 EPA issues NAAQS for PM, Photochemical Oxidants, HC, NOx, CO and Sulfur
Dioxide (SO,).

1974 EPA issues regulations for CO and combined HC + NOx emissions from HDDE

1986 EPA implements new NOx regulation (10.7g/bhp-hr) for on-road HDDE to
replace combined HC and NOx standard.

1987 EPA issues regulations with reduced PM emission limits of 0.2g/mile and
0.26g/mile for light-duty diesel cars and engines (LDDE), respectively.

1988 EPA introduces the first HHDDE PM emission standard of 0.60g/bhp-hr.; NOx
limit is set at 10.7g/bhp-hr

1991 EPA issues regulations reducing PM emissicns to 0.25g/bhp-hr for HDDE in
trucks and urban buses and reducing NOx emissions to 5.0g/bhp-hr.

1993 EPA reduced PM emissions to 0.1g/bhp-hr beginning with 1994 model year

’ See EPA's Office of Transportation and Air Quality website for details ( hitp.//www.epa.gov/otaq )
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and sets highway diesel fuel standards of less than 500ppm sulfur (S) and 35%
by weight of aromatic HCs.

1994

EPA reduces PM emissions limit to 0.1g/bhp-hr and 0.07g/bhp-hr for on-road

HDDE for trucks and urban buses, respectively.

EPA issues TIER 1 emission standards for CO, HC, PM, NOx and smoke
emissions for non-road diesel engines at or above 37kW. EPA TIER 1

standards for light-duty vehicles phased in over 1994-1997.

1997

EPA establishes new emission limits for model year 2004 and later truck and
bus HDDE, targeting NOx and Non-Methane HC (NMHC) using two alternative
standards (either a combined NOx + NMHC limit of 2.4g/bhp-hr or a NOx limit
of 2.5g/bhp-hr and a NMHC limit of 0.50g/bhp-hr.

EPA promulgates exhaust emission standards for NOx, HC, CO, PM and
smoke for newly manufactured and re-manufactured locomotives and

locomotive engines.

EPA issues NAAQS using PM less than 2.5 microns (PM; ) as indicator.

1998

EPA sets emission standards for new diesel engines used in non-road
construction, agricultural, airport and industrial equipment and certain marine

applications.

1999

EPA sets NOx and PM emission standards for large marine diesel engines in

U.S. waters.

2000

EPA issues “2007 Heavy-Duty Highway Rule,” establishing updated emission
limits for 2004 and later heavy-duty engines and vehicles and highway diesel

fuel (ultra-low sulfur diesel (ULSD) fuel with sulfur at or below 15ppm S).

Mine Safety and Health Administration (MSHA) issues final rule establishing
diesel PM (DPM) limits for underground metal and non-metal mines (400ug
total carbon/m?® effective July 2002 and 160ug/m® effective January 2006.

2002

EPA issues first emission standards (combined HC + NOx, PM, and CO) for

recreational marine diesel engines over 37kW.
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2003

EPA issues final rule for NOx for new (2004 or later) commercial marine diesel

engines (Categories 1, 2 and 3).

USA Clean School Bus program initiated to reduce children’s exposure to

diesel exhaust.

2005

MSHA issues final rule with revisions to its DPM concentration limits for
underground metal and non-metal miners, replacing the interim DPM
concentration limit with a permissible exposure limit (PEL) of 380ug/m?®

measured as elemental carbon (70 FR 32868).

2006

Effective year of US EPA’s 2001 standard for highway ULSD fuel.

MSHA publishes a final rule phasing in the DPM final concentration limit of
160pg/m? total carbon over a two-year period based on feasibility with a final

commence data of May 20, 2008.

2007

US EPA 2001 PM emissions standard for new heavy-duty engines 0.01g/bhp-
hr goes into effect, beginning of phase-in of updated standards for NOx and
NMHC of 0.20g/bhp-hr and 0.14g/bhp-hr. Non-road diesel engines, including
locomotive and smaller marine engines now required to use low sulfur diesel

(500ppm S) fuel with eventual goal of using ULSD fuel.

EPA issues a more stringent PM, s NAAQS, 24-hour averaging time, reduced
from 65ug/m?® to 35ug/m® and maintain annual standard of 15ug/m®.

2008

US EPA finalizes more stringent emissions standards for locomotive and
marine diesel engines including Tier 3 and Tier 4 standards intended to reduce
PM and NOx emissions by 80-90% and the first national emission standards

for existing marine diesel engines.

EPA issues more stringent NAAQS for ozone, reducing 4" highest 8-hour

average over 3 years from 84ppb to 75ppb.

2010

USEPA 2001 updated NOx and NMHC emissions standards to be in full effect.

USEPA finalizes rule adding two new tiers of Category 3 (C3) marine diesel
engine emission standards (Tier 2 and Tier 3 standards for NOx, HC, and CO)
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and revising its standards for marine diesel fuels produced and distributed in

the United States; Non-road diesel engines now required to use ULSD fuel.

2011

EPA revises rules for standards of performance for new stationary
compression ignition (diesel) internal compression engines differentiating
between engines with displacement greater than or equal to 10 liters per
cylinder and less than 30 liters per cylinder and engines with displacement at
or above 30 liters per cylinder and also engines operating in remote areas of
Alaska.

2012

Effective year for requirement that locomotives and smaller marine engines use
ULSD fuel.

These regulations that were promulgated after the earlier IARC Monograph Vol. 46 (1989)

can be summarized as follows:

(i)

(ii)

(iif)

(iv)

diesel fuel sulfur levels for on-road vehicles have been reduced to
500ppm S, and more recently (i.e. 2006) to less than 15ppm S (ULSD)
in the U.S. and less than 10ppm S in Europe;

Heavy-duty On-Highway (HDOH) diesel engine PM emission
standards have been reduced by more than 98%, from 0.60g/bhp-hr to
0.01g/bhp-hr (see also Figure 2);

HDOH diesel engine NOx emission standards have been reduced by
more than 97%, from 6.0g/bhp-hr to 0.20g/bhp-hr (see also Figure 3);
off-road diesel engine PM emission standards have been reduced by
more than 97%, from 0.60g/bhp-hr to 0.015g/bhp-hr; and

off-road diesel engine NOx emission standards have been reduced by
more than 95%, from approximately 6.9g/bhp-hr (or higher) to
0.30g/bhp-hr.
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Figure 2. U.S. EPA PM emissions standards for heavy-duty on-road diesel trucks (t) or
urban buses (ub) in grams per brake-horsepower-hour (g/bhp-hr) (left axis) and as % of

“unregulated” engine emissions (right axis)?
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Figure 3: U.S. EPA NOx emission standards for heavy-duty on-road diesel engines in grams
per brake horsepower-hour (g/bhp-hour) (left axis) and as a percentage of “unregulated”

emissions (right axis).
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2 For purposes of use of metric units, Thp = 0.7457kW.
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It is noteworthy that diesel engine emission regulations for heavy-duty engines are defined in
different units than regulations for passenger vehicles. Regulatory agencies recognize that
heavy-duty engines in commercial vehicles, including all of the non-road applications in
addition to on-highway vehicles, are “work vehicles”, so the grams per mile (g/mi) or grams
per kilometer (g/km) metrics that are used for passenger vehicles are not appropriate units of
measure for the emissions from these “work” engines, many of which do their work while
stationary or moving slowly, or while carrying extreme loads compared to passenger
vehicles. For this reason, emission standards for heavy-duty engine (commercial vehicle)
applications are expressed as mass emissions per unit work, eithe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>