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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 post2007) 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.
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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 sulfur 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 I in the rest of the world (e.g., 1992 in Europe),
will be referred to as ‘Traditional Diesel Exhaust’ (TDE). The exhaust from diesel engines
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manufactured in the U.S. between 1988 and 2006, and from Euro I 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 I), 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:

9



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.



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 (CO2), oxygen (O2), nitrogen
(N2), NOx, CO, water (H2O) 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. onhighway diesel engines and from earlier model diesel engines retrofitted with exhaust aftertreatment 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.

13

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 emissions1
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 (SO2).

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 emissions to 0.25g/bhp-hr for HDDE in
trucks and urban buses and reducing NOx emissions to 5.0g/bhp-hr.

1993

1

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 ( http://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 (PM2.5) 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 (400µg
total carbon/m3 effective July 2002 and 160µg/m3 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 380µg/m3
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
160µg/m3 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/bhphr 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 PM2.5 NAAQS, 24-hour averaging time, reduced
from 65µg/m3 to 35µg/m3 and maintain annual standard of 15µg/m3.
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 4th 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)

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;

(ii)

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);
(iii)

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);

(iv)

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

(v)

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)2

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).

2

For purposes of use of metric units, 1hp = 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, either grams per brakehorsepower-hour (g/bhp-hr) or grams per kilowatt-hour (g/kw-hr). Many of the figures and
tables in this paper are taken from the heavy-duty engine literature, and so are expressed as
units of mass per unit of work. Units of measure notwithstanding, similar emission control
technologies on passenger cars will yield similar effects with regard to PM mass and
composition as observed on heavy-duty engines. As a result, passenger cars equipped with
diesel oxidation catalysts and wall-flow particulate filters and operating on ULSD fuel exhibit
exhaust characteristics similar to NTDE, as will be seen in Section 8.3.6.
All of the regulations noted in Table 1, taken together, resulted in the need for and
implementation of fundamental changes and advancements in the design, performance,
sophistication and efficiency of diesel engine systems and the fuels upon which they operate
in order to meet the regulations. This, in turn, has yielded substantial changes in the
concentrations and chemical composition of the exhaust from diesel engines since the last
IARC carcinogen hazard classification review was conducted in 1988 (IARC Monograph Vol.
46 (1989)).
As will be described later, TDE is a complex mixture of gases, semi-volatile chemicals and
PM with adsorbed and absorbed chemicals. In contrast, NTDE consists largely of gases with
extremely low concentrations of PM that is significantly different in composition compared to
TDE.
Previous hazard assessment reports expressly noted that diesel engine technology was
changing, and that when advances were made it would be appropriate to review the general
applicability of the health hazard conclusions based on traditional technology to the newly
emerging diesel technologies. IARC specifically recognized that “changes are expected in
the future” (IARC (1989)). The EPA Health Assessment Document (US EPA (2002)) stated:
“The health hazard conclusions are based on exhaust emissions from diesel engines built
prior to the mid-1990s….” “As new and cleaner diesel engines, together with different diesel
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fuels, replace a substantial number of existing engines, the general applicability of the health
hazard conclusions will need to be re-evaluated.”
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5.0

NEW TECHNOLOGY DIESEL DEVELOPMENTS SINCE THE MID-1980s

5.1

“TRANSITIONAL” DIESEL TECHNOLOGY DEVELOPMENT – 1988 TO 2006

Until the mid-1980s, a wide variety of diesel engine designs and technologies were still
available and competing in the marketplace, including two-stroke and four-stroke combustion
systems; two-valve and four-valve gas exchange systems (or side ports in the case of twostroke engines); direct and indirect fuel injection systems; and turbocharged and naturally
aspirated air induction systems. All of those various technologies are in the mix of diesel
engines that have been the subjects of epidemiological studies of occupational exposures to
diesel engine exhaust to date. As time passed however, and as a result of increasingly
stringent “technology-forcing” emission standards, less capable engine designs were
eliminated and the industry has converged on a common diesel engine architecture: fourstroke combustion, four-valve gas exchange, high pressure direct fuel injection with
electronic control, and turbocharged air induction. Other technological changes have ensued
(Figure 4). Intake air cooling was introduced – first using engine cooling water, then air-to-air
heat exchangers, to produce lower peak combustion temperatures to reduce NOx
emissions. In 2002, “cooled exhaust gas recirculation” (Cooled EGR) was introduced for
additional NOx control. This required even higher fuel injection pressures for particulate
control and variable geometry and two-stage turbocharging.
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Figure 4: Schematic rendering of evolutionary development of advanced diesel technology
followed by revolutionary advances occurring with introduction of ULSD fuel and wall flow
Diesel Particulate Filters (DPF).

These progressively-improved diesel engine and aftertreatment packages define what is
referred to as “transitional diesel engines” and resulted in much lower emissions of NOx and
PM. During this period, fuel technology also changed as fuel sulfur was reduced from up to
5000ppm (0.5%) to 500ppm to enable diesel engines to meet the then-applicable 0.10
g/bhp-hr PM standards and introduce Cooled EGR without unacceptable corrosion due to
sulfuric acid. In describing the substantial emissions benefits from those transitional
technologies, an HEI-sponsored study of exhaust-derived particulate and gaseous
compounds in the Tuscarora Tunnel (Gertler et al. (2002)) concluded: “Comparing the HD
vehicle PM mass emission factors from this study with those obtained in other tunnel studies
performed over the past 25 years showed a dramatic decline in the PM emission rate.
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Overall, the HD PM mass emission rate decreased by more than a factor of 6 during this
period. Likely reasons for this decrease are improved vehicle technology and fuel.”
The report goes on to note that “emissions from the HD (heavy duty) fraction of the fleet
have decreased faster than emissions from the LD (light duty) fraction of the fleet.”
5.2

NEW TECHNOLOGY DIESEL ENGINE DEVELOPMENT – 2007 AND BEYOND

Engine emissions regulations changed fundamentally in 2007. The comprehensive
regulatory programs enacted in 2001 to reduce diesel emissions to near-zero levels drove a
major change in diesel engine emission control technologies for the 2007 model year. What
started as evolutionary advances transitioned to revolutionary advances that dramatically
reduced and changed the nature of diesel engine emissions.
In 2007, the applicable particulate matter standard, as adopted by U.S. EPA, was reduced
by an additional 90% -- from 0.10 to 0.01g/bhp-hr. The 0.01g/bhp-hr particulate standard
was not achievable with combustion development alone and required exhaust aftertreatment
using wall-flow DPFs and another reduction in fuel sulfur to a maximum of 15ppm S. This
was a truly “revolutionary” step in diesel emission control technology that resulted in a
significant reduction in PM mass emissions as well as a significant shift in particulate
chemistry. Diesel emission control strategies moved from the transitional engine-based
designs and specific hardware improvements to fully integrated designs and systems -systems that encompassed improved diesel fuels with ultra-low sulfur content, improved
diesel engine components, catalyzed exhaust after-treatment systems, and electronic
sensing and control systems. Subsequently, in 2010, the ultra-low 0.20g/bhp-hr NOx
emissions standard led to the integration of NOx aftertreatment systems in the form of
Selective Catalytic Reduction (SCR) systems and, in one case, NOx adsorber based
systems. (Bauner et al. (2009); Charlton et al. (2010); Colucci (2004); Dollmeyer et al.
(2007); Li et al. (2009); Johnson (2010)/(2011); Tschoeke et al. (2010)). Details of these
exhaust aftertreatment systems and crankcase ventilation systems are covered in
Appendix 1.
The fully integrated systems approach of the new technology diesel engines has resulted in
more than order-of-magnitude emissions reductions and, in many cases, the reduction of
emission constituents to background or detection limits. Significantly, among the emission
constituents that have been reduced to near-zero levels are the EC nanoparticles with
associated hydrocarbons that were of primary concern at the time of IARC’s evaluation of
TDE in 1988 (Khalek et al. (2011); Liu et al. (2008a), (2008b), (2009a), (2009b), (2010)).
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The extensive technological advancements that have been developed and implemented
over the past two decades through an integrated approach to reduce diesel emissions, have
produced the new technology diesel engine. These advancements can be summarized as
follows:
(i)

diesel engine control systems are no longer mechanical and are now
fully electronic and computerized. This enables very precise, secondby-second management of the fuel injection and combustion
processes;

(ii)

fuel-injection

pressures

and

fuel

atomization

have

increased

dramatically through the introduction of electronically-controlled highpressure fuel-injection systems, which promote more complete and
clean combustion;
(iii)

diesel AFRs and combustion temperature control systems have
advanced to reduce NOx emissions through sophisticated fuelinjection timing and rate-shaping, variable geometry and two-stage
turbocharging, Cooled EGR, and enhanced charge-air cooling
systems;

(iv)

diesel oxidation catalysts (DOC) have advanced to the point where
they can reduce hydrocarbons and other organic emission species by
90% or more under a broad range of operating conditions;

(v)

filters or coalescers have been installed in crankcase ventilation
systems to reduce significantly the particulate matter emissions from
crankcase gases; and

(vi)

the introduction of ULSD fuels, defined in the US as having less than
15ppm S (Europe requires less than 10ppm S), has allowed for the
deployment of wall-flow DPFs and the use of more aggressive DOCs
which have fundamentally changed the composition of diesel
particulates while reducing their emissions to levels that are often
below the limits of detection.

Taken together, these engine system components and the use of ULSD have resulted in
new technology diesel engines. As described later, the resultant New Technology Diesel
Exhaust (NTDE) is fundamentally different, both quantitatively and qualitatively, from the
unregulated Traditional Diesel Exhaust (TDE) that was the subject of the 1988 IARC
evaluation.

25

6.0

CARCINOGENIC

HAZARD

EVALUATIONS:

SPECIFIC

CHEMICALS

VERSUS COMPLEX MIXTURES FROM EVOLVING TECHNOLOGIES
The majority of IARC evaluations (IARC (2012a), (2012b)), excluding biological agents, can
be placed in two categories: (a) specific chemicals, or (b) exposures to emissions from a
specific technology. The two kinds of evaluations have some significant differences. A
chemical, such as benzene or formaldehyde, is the same chemical today as it was a decade
or a century ago. The uses of the chemical may change over time, but its basic chemical
properties do not change. Nonetheless, knowledge of the carcinogenic hazard may change
over time as a result of additional research and advances in scientific knowledge.
Knowledge of human exposure also may change as a result of new measurements and
changes in work place practices, including control of exposure to the specific agent. Indeed,
work place practices are often influenced by previous IARC classifications of the
carcinogenic hazard of a specific chemical.
The situation for a complex technology-specific agent such as diesel engine exhaust,
gasoline engine exhaust, or man-made products such as glass wool fibers, is very different
than that for a specific chemical. The physical properties of these complex agents may be
purposefully and significantly changed over time with technological advances, including
advancements made to reduce the hazardous properties of the agent. As discussed later,
the concentrations of PM in TDE have been steadily reduced as transitional diesel engine
technology and low- and ultralow sulfur fuels have been introduced. However, those
evolutionary reductions pale in comparison with the recent revolutionary reductions in
concentrations and changes in the composition of NTDE as compared to TDE.
It is important to acknowledge the beneficial effects that improving diesel engine
technologies have had on diesel particulate emissions, including implications regarding
carcinogenicity, so as not to undermine the continued introduction and adoption of advanced
diesel emission control technologies around the world, especially in developing countries
and emerging markets.
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7.0

ADVANCED COLLABORATIVE EMISSIONS STUDY (ACES) OF NTDE

While specific analysis of health effects studies is left to other papers, it is important to note
briefly a new collaborative study that is underway, since it involves a comprehensive
characterization of the emissions from new technology diesel engines that are compliant with
U.S. EPA’s 2007 emission standards.
As new diesel technology began to be developed by individual engine companies in
response to increasingly stringent emission-control regulations, it became apparent that
broad acceptance of the new technology would be enhanced by a complementary
collaborative effort that focused on a detailed characterization of engine emissions and
potential health impacts. Ultimately, with strong support from industry, what has become
known as the ‘Advanced Collaborative Emissions Study’ (ACES) emerged. ACES is a
cooperative, multi-stakeholder effort coordinated by two internationally recognized sciencebased and non-profit organizations -- the Health Effects Institute (HEI), and the Coordinating
Research Council (CRC). The overall effort has been stewarded by an ACES Steering
Committee, which advises HEI and CRC. This Steering Committee includes representatives
of the U.S. EPA, U.S. Department of Energy (DOE), California Air Resources Board (CARB),
American Petroleum Institute (API), National Resources Defense Council (NRDC), National
Institutes of Occupational Safety and Health (NIOSH), engine manufacturers, emission
control manufacturers, the petroleum industry, and others. Most importantly, ACES has been
guided by an independent Oversight Committee comprised primarily of academic scientists.
The organization, management and funding of ACES are described in the Preface to one of
the initial HEI reports on the program (Mauderly et al. (2012)). That document summarizes
the three phases of the ACES program. Phase 1 is most relevant to this paper:
“Phase 1: Extensive emissions characterization of four production-ready heavy-duty diesel
(HHDD, i.e. gross vehicle weight larger than 33,000 lbs) engines and control systems
designed to meet the 2007 standards for reduced PM. This phase was conducted at
Southwest Research Institute (SwRI) in 2007 and 2008 and was the basis for selecting one
HHDD engine/after-treatment system for health testing in Phase 3.”
A research team, under the leadership of Imad Khalek at SwRI was selected to carry out the
Phase 1 engine emission characterization activities under contract to CRC. A description of
the characterization effort is found in Khalek et al. (2011) with additional details contained in
Khalek et al. (2009), the extensive report on the ACES Phase 1 effort issued by the CRC.
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Four different engine manufacturers provided 2007 model year production engines for the
characterization studies conducted at SwRI. All four engines were from product lines
developed to meet the U.S. EPA’s stringent 2007 emissions standards including PM at
0.01g/bhp-hr and NOx at 1.20g/bhp-hr. The specific engines tested were a Caterpillar C13
(430 hp), a Cummins ISX (455 hp), a Detroit Diesel Corporation Series 60 (455 hp), and a
Mack MP7 (395 hp) manufactured by Volvo.
From the start of Phase 1, it was agreed that the Phase 3B health studies would involve
exposures to diluted exhaust for 16 hr/day, 5 days/week for up to 30 months. Further, it was
understood that it would be important to have the engine operating under a rigorous
variable-load duty cycle. This led to a decision to create a 16-hour engine test cycle that
would also be used in the emissions characterization studies at SwRI. This allowed for a
direct link between the Phase 1 emissions characterization effort and the use of the engines
and the same test cycle at the animal toxicology facility that would conduct the health
studies. The details of that test cycle and its development are described in Clark et al.
(2007).
The 16-hour ACES cycle includes four 4-hour segments consisting of US Federal Test
Procedure (FTP) segments mixed with segments of the CARB 5-Modes driving cycles. The
ACES cycle was designed to represent modern truck usage and included a wide range of
engine loads and speeds reflecting both urban and rural (highway) driving. The 16-hour
cycle also added useful information on emissions during particle filter regeneration, which
may not occur during shorter test cycles. Regeneration typically occurs once or twice during
each integrated 16-hour cycle. The Phase 1 engine exhaust characterization research was
conducted with engines using ULSD fuel meeting U.S. fuel standards for 2007 and beyond.
Specifically, the ACES fuel contained 4.5ppm S, 26.7 vol% aromatics, carbon content of
86.32 wt%, hydrogen content of 12.92 wt%, oxygen content (by difference) of 0.76 wt%,
density of 855.6g/l, API gravity at 60°F of 33.8, density at 15°C of 855.6g/l, and a cetane
number of 47.5.
Emissions data obtained from the four engines over the ACES test cycle will be detailed later
to demonstrate the significant differences in PM mass and chemical composition between
NTDE and TDE.
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8.0

QUANTITATIVE AND QUALITATIVE DIFFERENCES BETWEEN NTDE
AND TDE

In the following sections, qualitative and quantitative differences in the physical and chemical
characteristics of NTDE and TDE are reviewed. For each characteristic, the assessment that
IARC made of that characteristic in the 1989 Monograph as it pertained to TDE is also
described. Some of the exhaust characteristics and parameters reviewed below were not
discussed in the IARC Monograph, but have been raised by investigators subsequent to the
1988 review as being important to the potential association of TDE with health effects. The
discussion of TDE is followed by a presentation of the detailed findings relating to NTDE.
8.1.

TRADITIONAL DIESEL EXHAUST (TDE) PM

8.1.1

General Characteristics of TDE PM

In the earlier IARC Monograph Vol. 46 (1989), TDE was characterized as having a
significantly higher concentration of particulate matter than the exhaust from gasoline-fueled
vehicles, and that, in general, heavy-duty diesel trucks emitted up to 40 times more
particulate than catalyst-equipped gasoline-fueled vehicles. IARC estimated that the
composition of the particles was approximately 80 percent elemental carbon.
In a later analysis, the California Air Resources Board (CARB (1998a), (1998b), (1998c),
(1998d)) estimated that some light-duty diesel engines could emit 50 to 80 times, and some
heavy-duty diesel engines 100 to 200 times more particulate mass than typical 3-way
catalyst-equipped gasoline engines. CARB similarly estimated that the amount of elemental
carbon (EC) in the average diesel particle typically ranged up to 71 percent. CARB indicated
that TDE particles were comprised (by weight) of carbon (88.3%), oxygen (4.9%), hydrogen
(2.6%), sulfur (2.5%), metals (1.2%), and nitrogen (0.5%). The fundamental premise was
that the particles contained in TDE were mainly aggregates of spherical elemental carbon
(EC) particles coated with organic and inorganic substances. It was also assumed that the
inorganic fraction consisted of small solid carbon particles, ranging from 0.01 to 0.08
micrometers in size, along with sulfur, oxygen, hydrocarbons, sulfate (SO4), CO, and NOx.
The Diesel Health Assessment Document (HAD), prepared by the U.S. EPA (US EPA
(2002)), reached conclusions similar to those of IARC and CARB regarding the
characteristics and composition of TDE. More specifically, the document noted that TDE
particles are “primary spherical particles consisting of solid carbonaceous (EC) material and
ash (trace metals and other elements),” absorbed onto which “are added organic and sulfur
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compounds (sulfate) combined with other condensed material” (recall Figure 1). The U.S.
EPA concluded that the diesel exhaust particles were typically composed of 75% EC
(ranging up to 90%), 20% organic carbon (OC) (ranging down to 7%), and small amounts of
sulfate, nitrate, trace elements, water, and unidentified compounds.
The earlier IARC Monograph Vol. 46 (1989) included a table that summarized emission data
on various diesel and gasoline engines (1980-1985 era) operated on the US Federal Test
Procedure (FTP) cycle. The total particulate phase emissions for a heavy-duty diesel
vehicle, a light-duty diesel vehicle, a gasoline vehicle without a catalytic converter, and a
gasoline vehicle with a catalytic converter were: 1036, 246, 62 and 11 mg/km, respectively.
The diesel engines of that era operating on high sulfur content fuel can be viewed as
producing TDE. The gasoline vehicle operated without a catalytic converter can be viewed
as producing traditional gasoline exhaust (TGE) and the gasoline vehicle operated with a
catalytic converter can be viewed as producing modern gasoline exhaust (MGE). However, it
should be emphasized that gasoline engine and gasoline fuel technology also continued to
evolve post-1980s (Colucci (2004)).
In the sections that follow on the characterization of NTDE, comparisons are made to TDE
where data are available. In addition, to provide added perspective, some comparisons are
made to emissions from modern gasoline and compressed natural gas (CNG) vehicles. The
comparisons to modern gasoline-fueled vehicles are relevant to the forthcoming IARC
review which will evaluate both gasoline engine exhaust and diesel engine exhaust
regarding their human carcinogenic hazard classification.
8.1.2

Effects of Engine Operating Conditions and Duty Cycle on TDE PM
Composition

“Diesel exhaust particulate” is generally defined in any experiment as “whatever material
gets collected on filters used to sample the exhaust.” It is collected, weighed and analyzed
by various means. Thus, the material identified as diesel particulate is affected by engine
design and operation, by fuel chemical composition, and by exhaust handling and sampling
procedures, including dilution ratio, sampling temperatures, exhaust filter material, and even
by ambient conditions.
Engine operating conditions, or duty cycles, also have a important effect on the composition
of TDE PM emissions. Advanced emission control technologies have mitigated this effect,
but it was quite significant for “unregulated” engines. The data of Wall and Hoekman (1984)
illustrate this effect for unregulated engines typical of the early 1980s. Figure 5 illustrates the
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variation in the emission rates of five PAH compounds over three operating conditions: ‘idle’,
‘cruise’, and ‘high power’.
Figure 5: Impact of engine operating condition on TDE PAH emissions (appears as Figure
22 in Wall and Hoekman (1984))
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Figure 6: Impact of engine duty cycle on NOx and PM emissions (appears as Figure 26 in
Clark et al. (2006))

The effect of duty cycle and load on the composition of NOx and PM emissions can also be
seen in Figure 6 (Clark et al. (2006)). Clark et al. (2002) compared the relative effects of
vehicle class and weight, emission measurement cycle, vehicle vocation (application) and
driving activity, fuel, aftertreatment (catalytic converter), age (level of technology) and terrain
on PM emissions (Figure 7), and showed PM emissions varying by 1500% due to duty cycle
differences alone.
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Figure 7: Relative impact of operating variables on PM emissions (appears as Figure 6 in
Clark et al. (2002))

The wide variation in emissions documented in these reports indicate that it is absolutely
critical to understand and account for the effects of engine duty cycle and other operating
factors when interpreting or extrapolating the results from any in vitro and in vivo studies of
diesel exhaust exposure. In this regard, it is noteworthy in Figure 6 that advancing diesel
engine technology during the “transitional period” from pre-1990 to 2002 reduced PM
emissions by an order of magnitude across all duty cycles.
Additional effects of emissions sampling systems, as well as testing conditions and other
factors, are discussed in detail in Appendix 2. Nitroarene artifacts, which also are significant
in some studies, are discussed in Appendix 3.
These effects of engine operation and duty cycle on the composition of emissions greatly
increase the difficulty of correlating exposure data from specific diesel engine applications
and duty cycles to broad-based TDE exposures of the general population, for which ambient
diesel particulate is generated from a wide range of engine technologies operating over
widely varying duty cycles and ambient conditions. As a result, direct sampling of diesel
particulate in exposure studies is to be preferred. However, when this is not possible,
researchers search for surrogates or markers for diesel particulate, as discussed in
Section 9.
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In contrast to the foregoing discussion, new technology diesel engines, utilizing DOCs and
DPFs, are effective over the entire engine operating range, so that the reduction in all
chemical compounds associated with PM emissions are significantly lower regardless of
engine duty cycle and operating condition. Furthermore, variation across the operating range
is also reduced. The most significant operating effect for new technology diesel engines is
when the particulate filter is regenerated, which still produces emissions well below TDE
thresholds, as noted elsewhere in this paper. Thus, the wide variation in chemical
composition of diesel PM that is seen for TDE is not observed for NTDE.
8.2

NTDE EMISSIONS ARE SIGNIFICANTLY LOWER THAN TDE EMISSIONS

The results of the detailed ACES characterization study of four engines (compliant with the
2007-EPA emission standards) by Khalek et al. (2011) show that the PM emissions as well
as the other three U.S. regulated emissions (CO, NMHC, and NOx) were well below the
applicable 2007 standards and remarkably lower than the 1998 standard (Table 2) (Khalek
et al. (2011)).
Table 2: Average Regulated Emissions Summary for Four FTP Composite Cycles 1/7*coldstart + 6/7* hot-start), One per ACES Phase 1 2007 Engine (Khalek et al. (2011))
1998 EPA
Standard
(g/bhp-hr
PM

0.1

CO
NMHC
NOX

e

2007 EPA 2007 Average % Reduction
Standard
Emissions Relative to 2007
(g/bhp-hr)
(g/bhp-hr)
Standard
0.01
0.0014± 0.0007
86

% Reduction Relative to
1998 Standard
99

15.5

15.5

0.48±0.33

97

97

a

0.14

0.015±0.024

89

97d

4.0b

1.2c

1.09±0.15

9

73

1.3

a

EPA limit was based on total hydrocarbon including methane
EPA limit went to 2.4 g/hp-hr in 2004
c
Average value between 2007 and 2009, with full enforcement in 2010 at 0.20 g/hp-hr
d
Value is calculated based on Avg. THC value of 0.034 g/hp-hr using the ACES Phase 1 data
e
NMHC is reported as the difference between measured THC and methane
b

Specifically, the PM emissions amounted to an 86% reduction relative to the 2007 standard
and a 99% reduction relative to the 1998 standard (recall Figure 2). The CARB study by
Herner et al. (2009) clearly demonstrated the reduction in PM mass emissions relative to
TDE (Figure 8).
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Figure 8: PM emissions for one TDE vehicle and six NTDE vehicles configured with DPFs
and SCR systems (data from Herner et al. 2009). Expressed as mg/km on left and as
percent of TDE on right. The number at the top of each bar is the PM emissions in mg/mile.

In fact, the PM emission levels from new technology heavy-duty diesel engines have been
reduced to levels comparable to current CNG and gasoline fueled engines. The evolution in
both CNG and diesel engine emissions can be seen in Figure 9, as presented to CARB by
Wall (Wall (2012)). It is notable that 2012 NTDE and the exhaust emissions from a 2012
CNG engine are practically indistinguishable from each other and from 2012 gasoline engine
certification data as well.
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Figure 9: Cummins diesel and natural gas engines and other manufacturers’ gasoline
engines emissions over US Federal Certification Test cycle. (Wall (2012))

As reviewed in Hesterberg et al. (2011), multiple recent studies of the emissions (in g/mile)
from heavy-duty transit buses operated with diesel particulate filters have shown that NTDE
PM mass emissions are not “significantly higher” than observed for other technologies, but
are similar to the PM emission levels from low-emission CNG-fueled vehicles (Ayala et al.
(2002); Ayala et al. (2003); Gautam et al. (2005); Lanni et al. (2003); LeTavec et al. (2002);
McCormick et al. (1999); Northeast et al. (2000); Norton et al. (1999); Wang et al. (1997))
(Figure 10).
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Figure 10: PM mass emissions for transit buses fuelled with ULSD (NTDE) or compressed
natural gas (CNG) and operated with or without a DOC. Emissions in mg/mile on the left and
as % of TDE on the right. (data from Hesterberg et al. (2008)).

In summary, data developed since 1989 clearly show that the PM emissions rates from
NTDE are substantially lower than those for TDE and are directly comparable to the
emission levels from modern low-emission gasoline-fueled TWC-equipped engines and
CNG-fueled engines. Thus, PM emissions, which were the primary concern for TDE and the
focus of IARC’s 1989 evaluation of diesel engine exhaust, have been reduced to near-zero
levels in NTDE.
8.3

NTDE PM HAS A SIGNIFICANTLY DIFFERENT COMPOSITION THAN TDE PM

8.3.1

Significant Reduction of Elemental Carbon and Dominance of Sulfate in NTDE
PM

On a percentage basis, PM in TDE is primarily EC (i.e., up to 80%). In contrast, the PM in
NTDE, as evaluated in the ACES program, contains only about 10% of the remaining small
PM mass as EC (Table 3, Khalek et al. (2011); Liu (2009a)). Importantly, PM mass in NTDE
is typically reduced by 99+% below the level of the 1998 standards (Table 2) and 99.9%
below unregulated levels. Thus, the soot or EC core fraction of NTDE (recall Figure 1) has
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been reduced by four orders of magnitude relative to TDE, from approximately 800mg/bhphr to approximately 200µg/bhp-hr (Table 3, Table 4).
Table 3: Summary of average unregulated emissions for all twelve repeats of the 16-hour
cycles for all four 2007 ACES Engines and for 2004 Technology Engines used in CRC
studies E-55/E-59 (dioxins were compared to 1998 levels) (Khalek et al. (2011))

2004 Engines
Avg. ± stdev.,
mg/hr

2007Enginesa
Avg. ± stdev.,
mg/hp-hr

Avg. %
Reduction
Relative to
2004
Technology
Engines

2007 Engines
Avg. ± stdev.,
mg/hr

Single Ring
Aromatics
405.0±148.5
0.76±0.35
71.6±32.97
82%
PAH
325.0±106.1
0.74±0.25
69.7±23.55
79%
Alkanes
1030.0±240.4
1.64±0.83
154.5±78.19
85%
Hopanes/Steran
es
8.2±6.9
0.0011±0.0013
0.1±0.12
99%
Alcohols and
Organic Acids
555.0±134.4
1.14±0.27
107.4±25.4
81%
Nitro-PAH
0.3±0.0
0.0065±0.0028
0.1±0.0
81%
Carbonyls
12500.0±3535.5
2.68±1.00
255.3±95.2
98%
Inorganic Ions
320.0±155.6
0.98±0.40
92.3±37.7
71%
Metals and
Elements
400.0±141.4
0.071±0.032
6.7±3.0
98%
OC
1180.0±70.7
0.56±0.50
52.8±47.1
96%
EC
3445.0±1110.2
0.24±0.05
22.6±4.7
99%
Dioxins/Furans
N/A
6.6E-07±5.5E-07 6.2E-05±5.2E-05
99%b
a
Data shown in brake-specific emissions for completeness. No comparable brake-specific
emissions data were available
b
Relative to 1998 technology engines
Table 4: Organic species emissions comparison from a 2004 HD diesel engine (308.5ppm S
diesel fuel) without after-treatment and a 2007 HD diesel engine (9.2ppm S diesel fuel)
equipped with a catalyzed DPF system (Liu et al. (2010))
Compound (carbon number)
Elemental Carbon
Organic Carbon
Organic Mass
n-undecane (11)
n-dodecane (12)
n-tridecane (13)
n-tetradecane (14)
n-pentadecane (15)
n-hexadecane (16)
n-heptadecane (17)
n-octadecane (18)

2004 Enginea
49700
±
3550
37800
±
4360
45300
±
5230
n-Alkanes
< 0.01
±
2.97
<0.01
±
0.795
2.25
±
0.859
10.4
±
2.64
34.4
±
5.52
84.6
±
13.4
96.5
±
10.7
68.8
±
12.7

2007 Enginea
150
±
38.2
213
±
101
256
±
121
1.04
0.279
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

±
±
±
±
±
±
±
±

1.76
0.286
0.186
0.203
0.00
0.00
0.193
0.413

% reduced
99.7±7.2
99.4±11.8
99.4±11.8
-->99.6 ± 46.4
>99.9 ± 27.3
>99.9 ± 16.0
>99.9 ± 15.8
>99.9 ± 11.3
>99.9 ± 19.1
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n-nonadecane (19)
n-eicosane (20)
n-heneicosane (21)
n-docosane (22)
n-tricosane (23)
n-tetracosane (24)
norpristane (18)
pristane (19)
phytane (20)
dodecylcyclohexane (18)
pentadecylcyclohexane (21)
hexadecylcyclohexane (22)
heptadecylcyclohexane (23)
octadecylcyclohexane (24)
nonadecylcyclohexane (25)
Biphenyl (12)
2-methylbiphenyl (13)
3-methylbiphenyl (13)
4-methylbiphenyl (13)
naphthalene (10)
2-methylnaphthalene (11)
1-methylnaphthalene (11)
dimethylnaphthalenes (12)
trimethylnaphthalenes (13)
1-ethyl-2-methylnaphthalene
2-ethyl-1-methylnaphthalene
anthracene (14)
Phenanthrene (14)
methylphenanthrenes (15)
dimethylphenanthrenes (16)
fluorene (13)
methylfluorenes (14)
fluoranthene (16)
pyrene (16)
acenaphthalene (12)
Acenaphthene (12)
Chrysene + triphenylene (18)
benz[a]anthracene (18)
benzo[g,h,i]fluoranthene (18)
benzo[b+k+j]fluoranthene (20)
benzo[a]pyrene (20)
benzo[e]pyrene (20)
benzo[g,h,i]perylene (22)
1-nitronaphthalene (10)
2-nitronaphthalene (10)

52.3
±
10.0
<0.01
75.0
±
7.46
<0.01
68.5
±
4.88
<0.01
48.1
±
4.63
<0.01
19.3
±
8.48
<0.01
0.0127
±
2.37
<0.01
Branched Alkanes
215
±
34.6
<0.01
89.4
±
14.6
<0.01
28.3
±
9.02
<0.01
Saturated Cycloalkanes
4.26
±
2.67
<0.01
8.92
±
1.91
<0.01
3.52
±
1.85
<0.01
3.53
±
1.05
<0.01
1.02
±
1.02
<0.01
0.896
±
0.451
<0.01
Aromatics
140
±
11.4
47.7
13.3
±
2.09
54.3
288
±
29.5
152
62.5
±
5.52
18.8
PAHs, POM, and Derivatives
719
±
79.6
122
1290
±
144
82.7
543
±
52.5
46.1
1460
±
113
89.0
935
±
45.9
38.8
115
±
14.1
4.25
6.83
±
1.59
0.673
7.38
±
1.00
0.862
78.6
±
11.3
12.3
85.4
±
9.49
3.30
66.9
±
5.33
1.17
131
±
20.6
12.9
0.00
±
0.00
10.9
4.31
±
0.137
1.13
11.7
±
1.20
0.979
30.5
±
1.88
2.18
45.5
±
6.55
22.0
1.05
±
0.133
0.123
0.586
±
0.0579
0.0632
0.607
±
0.593
0.258
0.240
±
0.0735
0.00776
0.0797
±
0.0378
0.00613
0.232
±
0.0575
0.00374
0.0724
±
0.0240
0.0168
Nitro-PAHs
0.361
±
0.0701
0.0858
0.531
±
0.0896
0.0478

±
±
±
±
±
±

1.02
0.931
0.348
0.423
0.00
1.07

>99.9 ± 21.1
>99.9 ± 11.2
>99.9 ± 7.6
>99.9 ± 10.5
>99.9 ± 43.9
--

±
±
±

0.754
0.0725
0.768

>99.9 ± 16.4
>99.9 ± 16.4
>99.9 ± 34.6

±
±
±
±
±
±

0.00
0.00
0.00
0.00
0.00
0.00

>99.8 ± 62.7
>99.9 ± 21.4
>99.7 ± 52.6
>99.7 ± 29.7
>99.0 ± 100
>98.9 ± 50.3

±
±
±
±

14.2
28.6
64.0
5.10

65.9 ± 18.3
-47.2 ± 32.5
69.9 ± 17.0

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

129
52.1
26.1
18.6
3.95
1.18
0.193
0.385
3.62
0.460
0.239
3.54
3.91
0.564
0.649
1.42
21.1
0.109
0.0698
0.270
0.00715
0.00469
0.0983
0.00885

83.0 ± 29.0
93.6 ± 15.2
91.5 ± 14.5
93.9 ± 9.0
95.9 ± 5.3
96.3 ± 13.3
90.1 ± 26.1
88.3 ± 18.8
84.4 ± 19.0
96.1 ± 11.7
98.3 ± 8.3
90.2 ± 18.4
-73.8 ± 16.3
91.6 ± 15.8
92.9 ± 10.8
51.6 ± 60.8
88.3 ± 23.0
89.2 ± 21.8
57.5 ± 142
96.8 ± 33.6
92.3 ± 53.3
98.4 ± 67.2
76.8 ± 45.4

±
±

0.0198
0.00914

76.2 ± 24.9
91.0 ± 18.6

39

methylnitronaphthalenes (11)
2-nitrobiphenyl (12)
4-nitrobiphenyl (12)
1-nitropyrene (16)
9-nitroanthracene (14)
acenaphthenequinone (12)
9-fluorenone (13)
Xanthone (13)
perinaphthanone (13)
anthraquinone (14)
9-anthraaldehyde (15)
Benzanthrone (17)
Formaldehyde (1)
acetaldehyde (2)
17α(H)-22,29,30-trisnorhopane
(27)

0.719
0.0228
0.0103
0.0550
0.192

±
0.110
±
0.00974
±
0.00644
±
0.0154
±
0.00914
Oxy-PAHs
29.1
±
2.68
13.9
±
2.29
8.75
±
3.94
29.7
±
4.33
5.16
±
0.886
1.56
±
0.829
1.89
±
0.109
Aliphatic Aldehydes
5160
±
2440
1480
±
783
Hopanes
0.430
0.0658

0.0232
0.00166
0.000117
<0.00025
0.0403

±
±
±
±
±

0.00393
0.00087
0.00009
0.00
0.00931

96.8 ± 15.8
92.7 ± 46.5
98.9 ± 63.4
99.5 ± 28.0
79.0 ± 9.6

0.945
6.54
0.386
1.01
1.30
0.0388
0.0154

±
±
±
±
±
±
±

1.49
1.59
0.0908
0.288
0.506
0.0291
0.00973

96.8 ± 14.3
52.9 ± 27.9
95.6 ± 46.1
96.6 ± 15.5
74.8 ± 27.0
97.5 ± 55.0
99.2 ± 6.3

<0.01
<0.01

±
±

58.1
43.1

>99.9 ± 48.4
>99.9 ± 55.8

<0.01

0.00

97.7 ± 15.3

17α(H),21ß(H)-hopane (30)

1.67

0.0558

0.0109

0.0109

99.3 ± 4.0

22S-17α(H),21ß(H)-29homohopane (31)

0.925

0.0309

<0.01

0.00

98.9 ± 3.3

22R-17α(H),21ß(H)-29homohopane (31)

0.545

0.284

<0.01

0.00

98.2 ± 52.1

22S-17α(H),21ß(H)-29,30bishomohopane (32)

2.11

1.60

<0.01

0.00

99.5 ± 75.8

22R-17α(H),21ß(H)-29,30bishomohopane (32)

0.288

0.144

<0.01

0.00

96.5 ± 50.0

22R-17α(H),21ß(H)-29,30,31trishomohopane (33)

5.33

5.33

<0.01

0.00

--

20S-5α(H),14α(H),17α(H)cholestane (27)

5.89

Steranes
4.87

<0.01

0.00

99.8 ± 82.7

20R-5α(H),14ß(H),17ß(H)cholestane (27)

0.576

0.0438

<0.01

0.00

98.3 ± 7.6

20S-5α(H),14ß(H),17ß(H)cholestane (27)

0.749

0.0729

<0.01

0.00

98.7 ± 9.7

a

Values are reported in µg/(bhp-h), uncertainty is given as the standard error of the test results.

This redistribution of composition in chemical composition is illustrated in Figure 11 (data
from Liu (2009a)) and further confirmed by Biswas et al. (2009) and Kittelson et al. (2006b).
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Figure 11: More than 99% PM reduction with DPF and a substantial shift in chemical
composition. EC is substantially reduced in NTDE and sulfate dominates. (data from Liu
(2009a))

Kittelson et al. (2006b) conducted a study in which the sulfur content of the diesel fuel varied
from 2 up to 44ppm S. Nitrate, volatile organics and carbon fractions were relatively constant
for all the sulfur levels while the sulfate fraction increased monotonically with increasing fuel
sulfur concentration (Figure 12). It is noteworthy that the EC fraction was extraordinarily low.
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Figure 12: Measured PM emissions (carbon, volatile organics, sulfate and nitrate)
continuously regenerating DPF from a heavy duty diesel engine as a function of fuel sulfur
content (adapted from Figure 3 in Kittelson et al. (2006a)).
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Grose et al. (2006) has shown that the nanoparticle emissions contained in NTDE are
predominantly ammonium sulfates and sulfuric acid, which are fully water-soluble. Soluble
sulfate particles, which will tend to dissolve in the lungs, are of low toxicity. (Grahame et al.
(2005); Reiss, et al. (2007); Schlesinger, et al. (2003), (2007)).
In summary, NTDE represents four orders of magnitude reductions in EC and more than
99% reductions in OC compared to unregulated TDE. The content of any remaining
nucleation mode particles in NTDE is dominated by sulfate, and, to a lesser extent, volatile
organics. Accordingly, another assumption relating to the composition of TDE -- that diesel
PM is dominated by a solid carbon core and high levels of organic carbon compounds -- is
not appropriate to NTDE.
8.3.2

Significant Reduction and Elimination of PAHs in NTDE

Another key premise in the earlier review (IARC (1989)) of the health effects potentially
attributable to TDE was that it contained “many PAHs” and “at least 10 times more
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nitroarenes than gasoline engines.” The IARC Monograph (Vol. 46) identified 60 agents in
engine exhaust (not specified as to whether it was diesel or gasoline engine exhaust, or
both) that had been evaluated by IARC. CARB (1998a), (1998b), (1998c), (1998d) identified
over 40 components of TDE that had been listed as toxic air contaminants (TAC) or
hazardous air pollutants (HAP) by U.S. EPA and other agencies.
The speciated emission components of NTDE are, again, fundamentally different from what
was assumed to be present in TDE. Khalek et al. (2011) found that the 40 TACs previously
thought to be in TDE were reduced in NTDE by up to 99% or are present in amounts at or
below the detection limit (Table 5).
Table 5: CARB TACs: average emissions for all twelve repeats of the 16-hour cycles for all
four 2007 ACES Engines, and for 1994 to 2000 technology engines running over the U.S.
FTP (Khalek et al. (2011))
TAC
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Compound

Acetaldehyde
Acrolein
Aniline
Antimony compounds
Arsenic
Benzene
Beryllium compounds
Biphenyl
Bis[2ethylhexyl]phthalate
1,3-Butadiene
Cadmium
Chlorine (chloride)
Chlorobenzene and
derivatives
Chromium compounds
Cobalt compounds
Cresol isomers
Cyanide compounds
di-n-Butylphthalate
Dioxins and
dibenzofurans
Ethylbenzene
Formaldehyde
Hexane
Inorganic lead
Manganese
Mercury

d

a

1994 to 2000
Technology
Engines
(mg/bhp-hr)
10.3
2.7
c
c
c
1.82
c
c
c

(mg/bhp-hr)
0.61 ±0.27
<0.01
0.000150 ±0.000075
<0.001
<0.0002
<0.01
<0.0003
0.013780 ±0.001716
b

93
>99
c
c
c
>99
c
c
c

1.7
c
0.18
c

<0.01
<0.00003
<0.007
b

>99
c
>96
c

c
c
c
c
c
0.000066

0.0007 ±0.0003
<0.0001
0.02727 ±0.01233
<0.05
b
0.00000066
±0.000000055
0.05 ±0.04
1.90 ±1.01
< 0.01
<0.0001
<0.00022
<0.00016

c
c
c
c
c
99

0.49
25.9
0.14
0.0009
0.0008
c

2007 Technology
Engines

% Reduction

90
94
>93
>89
>73
c
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26
27
28

Methanol
Methyl ethyl ketone
Naphthalene

29
30
31
32
33

c
c
0.4829

0.07 ±0.13
<0.01
0.0982000
±0.0423000
0.0002 ±0.0001
<0.00000001
0.00905 ±0.00414
0.0130 ±0.0064
See Table 11

Nickel
0.01
4-Nitrobiphenyl
c
Phenol
c
Phosphorus
c
See Table 11
POM (Polycyclic
Organic Matter),
including PAHs and
derivatives
34 Propionaldehyde
1.8
0.01
35 Selenium
c
<0.0001
36 Styrene
0.73
<0.01
37 Toluene
0.64
0.26 ±0.28
38 Xylene isomers and
2.2
0.35 ±0.10
mixtures
39 o-Xylene
0.99
0.13 ±0.07
40&41 m&p-Xylenes
1.21
0.20 ±0.08
a
The significant figures signify the detection limit in mg/bhp-hr
b
Not Measured
c
Not Available
d
Standard deviation data were not provided by references 15 and 16

c
c
80
98
c
c
c
See Table 11

>99
c
>99
59
85
87
83

These results -- like all of the other results reported from the ACES Phase 1 program -- are
significant because they were obtained with engines operating on a rigorous 16-hour test
cycle (including urban, creep, transient and cruise mode conditions). That cycle was
specifically designed to generate higher-end emission levels (Clark et al. (2007)) as
compared to emissions from engines operated over the 20-minute FTP transient enginecertification test cycle.
Similarly, a comparison of a 2004 transitional model year engine and a 2007 model year
engine equipped with a catalyzed DPF aftertreatment system and a crankcase ventilation
coalescer has shown that NTDE contains significantly lower levels of many compounds that
could be identified and quantified in the 2004 model year engine. That includes compounds
such as formaldehyde and acetaldehyde (Liu et al. (2009b)). Many of the compounds were
below the limits of detection (Table 4). The catalyzed exhaust after-treatment system and
crank case ventilation coalescer are typical of those used in commercial 2007 on-road
heavy-duty vehicles.
As shown in Figures 13, 14 and 15, when the emissions of the 2007 engine with
contemporary emission controls were compared to the emissions from the 2004 transitional
engine, there was a marked reduction in polycyclic aromatic hydrocarbons (PAHs), nitroPAHs, and oxy-PAHs (Liu (2010), Khalek et al. (2009, 2011)). As a specific example,
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benzo(a)pyrene was detected at 0.0797 ± 0.0378µg/bhp-hr in the exhaust from the 2004
transitional engine, compared to <0.00613 ± 0.00469µg/bhp-hr in the exhaust from the 2007
engine. This represents a 92% reduction of benzo(a) pyrene. (Table 4).
Figure 13: Reduced concentrations of PAH emissions from a 2007 diesel engine with
contemporary emission controls compared to emissions from a 2004 engine without
contemporary emission controls (Liu et al. (2010)).
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Figure 14: Concentration of nitro-PAH from a 2007 model engine with contemporary
emission controls compared to 2004 model engines without contemporary emission controls
(left), Liu et al. (2010) and 2007 model (ACES engines) compared to 2000 model engines
(right) (Khalek et al. (2009, 2011)).
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Figure 15: Concentration of oxy-PAH from a 2004 model engine without exhaust aftertreatment compared to 2007 model with contemporary controls (Liu et al. (2010)).

As detailed in Table 3 (Khalek et al. (2011)), NTDE contains substantially less PAHs than
found in the emissions from earlier model year engine technologies. Specifically, PAHs with
more than four rings (except fluoranthene and pyrene) have been reduced below the
detection limit, and nitro-PAH compounds have been reduced by 99%. Again using the
benzo(a)pyrene as an example, the exhaust from the 2000 engine contained a level
of<0.0003 mg/bhp-hr for benzo(a)pyrene, which was reduced to below the detection limit for
these experiments (<0.0000001mg/bhp-hr) in the exhaust from the 2007 diesel engine
(Table 6).
Table 6: PAH and nitro-PAH average emissions for all twelve repeats of the 16-hour cycles
for all four 2007 ACES engines, and for a 2000 technology engine running over the U.S. FTP
(Khalek et al. (2011))
PAH and nitroPAH
Compounds

Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene

a, b

2000
Technology
Engine
mg/bhp-hr
0.4829
0.0524
0.0215
0.0425
0.0500

a

2007 Engines
mg/bhp-hr

%
Reduction

0.0982000±0.0423000
0.0005000±0.0005000
0.0004000±0.0001000
0.0015000±0.0009000
0.0077000±0.0025000

80
98
98
96
85
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Anthracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(e)pyrene
Benzo(a)pyrene
Perylene
Indeno(123-cd)pyrene
Dibenz(ah)anthracene
Benzo(ghi)perylene

0.0121
0.0041
0.0101
0.0004
0.0004
<0.0003
<0.0003
<0.0003
<0.0003
<0.0003
<0.0003
<0.0003
<0.0003

0.0003000±0.0001000
0.0006000±0.0006000
0.0005000±0.000400
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001

2- Nitrofluorene
0.0000650
0.00000360±0.00000410
9-Nitroanthracene
0.0007817
0.0000148±0.0000213
2-Nitroanthracene
0.0000067
0.00000040±0.00000090
9-Nitrophenanthrene
0.0001945
0.00002110±0.00002090
4-Nitropyrene
0.0000216
<0.00000001
0.0006318
0.00001970±0.00002430
1-Nitropyrene
70.0000152
0.00000020±0.00000020
Nitrobenz(a)anthracene
6-Nitrochrysene
0.0000023
<0.00000001
0.0000038
<0.00000001
6-Nitrobenzo(a)pyrene
a
The significant figures signify the detection limit in mg/bhp-hr
b
Standard deviation data were not provided by Khalek et al. (2011)

8.3.3

97
85
95
>99
>99
>99
>99
>99
>99
>99
>99
>99
>99
94
98
94
89
>99
97
99
>99
>99

Semi-Volatile Organic Fraction (SOF) of NTDE is Significantly Different than
TDE SOF

The 1988 IARC Monograph (IARC (1989)) also assumed that the sponge-like structure and
large surface area of the EC particles in TDE made them an excellent carrier for organic
compounds of low volatility, and that those compounds resided on the particulate surface (as
a liquid) or were included inside the particle, or both. Other assumptions were that the
majority of the soluble organic fraction (SOF) was adsorbed onto the surface of the EC core,
that the SOF accounted for up to 45% of the total PM mass, and that the sulfate fraction of
TDE PM could contribute up to 14 percent of the diesel exhaust particle.
The ACES Phase 1 study (Khalek et al. (2011)) has demonstrated that the EC particles and
the semi-volatile compounds (SVCs) contained in NTDE have been reduced to extremely
low levels. Average emissions over the four 2007 engines indicate total PM levels of
0.0014g/bhp-hr (Table 2); levels of semi-volatiles averaged over the same engines were
7.5µg/bhp-hr (Figure 16). Thus the semi-volatile organic fraction is only 0.5% of the total
PM, which itself is more than 99.9% reduced relative to TDE. Of that small amount, alkanes
(45%) and polar compounds (31%) dominate. PAHs, hopanes and steranes are less than
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10% of the 0.5%, on the order of 0.5ug/bhp-hr. Nitro-PAHs and oxy-PAHs are below
0.1µg/bhp-hr, or approximately 1% of the semi-volatile phase.
Figure 16: Average particle phase semi-volatile emission rate and composition for all twelve
repeats of the 16-hour cycles using all four ACES engines (Khalek et al. (2011)).

When compared to TDE, NTDE has 99% reductions in a wide variety of PAH compounds,
including both semi-volatile low molecular weight three- to four-ring PAHs, as well as
medium to higher molecular weight PAHs, which are generally below the detection limit (Liu
et al. (2008a); Pakbin et al. (2009)). NTDE also has 96%-98% reductions compared to TDE
in other particulate organic species, including n-alkanes, hopanes, and steranes (Pakbin et
al. (2009)). Similar reductions of C1, C2, and C10 through C33 particle-phase and semi-volatile
organic compound species in NTDE were noted by Liu et al. (2010) (Table 4).
8.3.4

NTDE Contains Significantly Lower Amounts of Other Unregulated Pollutants
than TDE

The 1988 IARC Monograph (IARC (1989)) also assumed that TDE contained a significant
amount of several unregulated pollutants of concern. The ACES Phase 1 measurements for
a number of classes of compounds of interest are shown in Tables 3 and 6 (Khalek et al.
(2011)). Even using conservative estimates from the various measurement techniques used
in the ACES program, NTDE exhibits substantial reductions (71% to 99%, in some cases to
the limit of detection) in the emissions of unregulated pollutants when compared to 2004
transitional technology engines. Moreover, particle-bound trace metals and elements also
have been reduced by an average of 98% in NTDE (Khalek et al. (2011)). In comparison to
pre-1988 TDE, the NTDE reductions would be even greater.
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Furthermore, as shown in Table 6 (Khalek et al. (2011)), NTDE contains substantially less
PAHs than found in emissions from earlier model year engine technologies. As noted, PAHs
with more than four rings (except fluoranthene and pyrene) have been reduced below the
detection limit, and nitro-PAH compounds have been reduced by 99%.
Accordingly, the exhaust emission compounds of potential concern for producing health
effects have been reduced to near-zero levels in NTDE. It is also apparent that the NTDE
aftertreatment systems are not resulting in the formation of other potential contaminants
based on the extensive chemical characterizations of NTDE performed to date. If unique
chemical species are present in NTDE, they are at extraordinarily low concentrations. The
net result is that the amounts of both regulated and unregulated compounds contained in
NTDE are very similar to those found in the emissions from advanced-technology
compressed natural gas engines equipped with exhaust catalysts (Hesterberg et al. (2008)).
At the same time, when compared against the exhaust from CNG-fueled engines, NTDE has
significantly lower emissions of 1,3-butadiene (i.e., non-detect levels), benzene, toluene, and
carbonyls (especially formaldehyde); similarly low emissions of PAHs; and significantly lower
specific mutagenic activity, and mutagen emissions (Kado et al. (2005)).
Beyond traditional criteria pollutants and their constituents, Liu et al investigated potential
dioxin emissions from copper zeolite (CuZ) - based SCR NOx control systems on US 2010
engines, and demonstrated that no dioxin congeners were detected during standard FTP
emission tests, and that even setting all non-detects to the detection threshold yielded diesel
exhaust Toxic Equivalency Quotients (TEQs) that were at least three orders of magnitude
below EPA’s regulated emission levels for waste incinerators. (Liu (2011a), (2011b)).
8.3.5

Significantly Lower Nanoparticle Emissions in NTDE

Concern was expressed as early as the 1980s that more nanoparticles could be formed as a
result of the then-emerging new diesel engine technologies, which could pose a potential
health hazard. However, recent research has shown that nanoparticles are substantially
reduced in NTDE compared to TDE.
Kittelson et al. (2006a), (2006b) used a novel on-road experimental setup to demonstrate the
impact of exhaust after-treatment systems in reducing nanoparticle emissions from diesel
engines. The ACES Phase 1 study similarly revealed that the average total number of
particles in NTDE (from engines operating on the FTP transient cycle) was 99% lower than
from a transitional 2004 technology engine (and 89% lower when operating on a cycle that
triggers regeneration events) (Figure 17) (Khalek et al. (2011)).
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Figure 17: Average PN emissions comparison between 2007 ACES engines with and
without C-DPF regeneration and a 2004 technology engine without DPF or DOC
(Khalek et al. (2011)). Note that the y-axis is a logarithmic scale.

Figure 18: Average particle size distribution comparison between four 2007 ACES engines
with and without C-DPF regeneration and a 2004-technology engine without a DOC or CDPF (adapted from Khalek et al. (2011)). Note that the y-axis is a logarithmic scale.

An additional perspective on the influence of the C-DPF on the particle emissions is
illustrated in Figure 18 (Khalek et al. (2011)). In this figure, the average size distribution of
particles is shown for a transitional 2004 engine operating without a C-DPF and a 2007
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engine (compliant with EPA emission standards) with a C-DPF device. The geometric
number mean diameter (GNMD) observed for the 2004 engine without a C-DPF was 46
nanometers. For the 2007 engine, particle size distribution data are plotted for 19 cycles
when regeneration was occurring and 29 cycles without regeneration. The C-DPF affects
particle number during both the cycles with and without regeneration. The net effect (which
is not shown) will, of course, be a reflection of the portion of the total operating time that
involves regeneration events. For the 2007 engine, the GNMD was reduced to 25
nanometers during regeneration and the number of particles emitted was reduced compared
to the 2004 engine without a C-DPF. With the 2007 engine, the GNMD was 40 nanometers
for the low number of particles emitted during the cycles when regeneration was not
occurring. Khalek et al. (2011) also noted that the particle distribution measurements were
made in the exposure chamber (without animals present) for the 2007 engines in ACES. In
contrast, the measurements for the 2004 engine were taken in a constant volume sampler
which would involve fresher exhaust. They speculate that the particle number emissions,
especially of nuclei-mode volatile particle, for the 2004 engine would have been higher if the
measurements had been made in an exposure chamber further downstream from the
engine. They also note that the particle numbers would have been higher for the 2004
engine if it had been operating with a higher sulfur content fuel typical of the transitional pre2007 time period. Thus, it is apparent that the number of particles contained in NTDE has
been dramatically reduced – and even more so when compared with TDE (as opposed to a
transitional 2004 model year engine).
In fact, the nanoparticle number concentration emissions contained in NTDE are well below
typical urban ambient air concentrations, and amount to a 10,000-fold reduction when
compared against older diesel engines not equipped with DPFs. (Barone et al. (2010)).
Other studies have confirmed that the particle numbers contained in NTDE have been
lowered to below ambient background levels (Kittelson, et al. (2006a), (2006b)).
In addition, under higher load conditions, the particle count from NTDE is essentially
undetectable when compared against ambient background particle counts. Still other studies
have confirmed that the particle number emissions contained in NTDE are more than three
orders of magnitude lower than TDE and at least one order of magnitude lower than a
gasoline vehicle. Bosteels et al. (2006) and Biswas et al. (2008) (see also Zheng et al.
(2012) and Holmén et al. (2002), (2004) who reported that PN emissions from NTDE are, on
average, two orders of magnitude lower than from TDE.)
In another recent study (Liu et al. (2007)) analyzing the impact of fuel sulfur content on PM
emissions, lower nuclei-mode particulate emissions were observed when ULSD fuel
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(<15ppm S) was used in place of low-sulfur (308ppm S) diesel fuel (Figure 19). It is
apparent that the significant reduction of sulfur content in diesel fuel resulting from the
adoption of the ULSD fuel standards (<15 ppm S) has played a role in reducing fine particle
emissions, as well as allowing for the use of catalytic exhaust aftertreatment systems.
Indeed, there are reports from Denmark (Wahlin et al. (2001)) and England (Jones et al.
(2012)) that introduction of very low sulfur content diesel fuel in those countries resulted in
substantial reductions in ambient air particle number concentrations soon after the low sulfur
content fuel was introduced. Thus, the reduction in ambient PN was a reflection of the
change in fuel sulfur levels even in the absence of any changes in the diesel engines.
Figure 19: Normalized total PN emissions during the entire U.S. FTP cycles for a 1992 TDE
and a 2004 engine equipped with an EGR system operating on either ULSD (<15ppm S)
and low-sulfur (308ppm S) diesel fuel, with flow rates of 0.7 or 1.3m3/S (Liu et al. (2007)).
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Herner et al. (2011) have investigated the role of both sulfur storage and exhaust
temperature as determinants of the occurrence of nucleation mode particles. Their findings
were reviewed by Hesterberg et al. (2011), (2012) who also noted the extent to which the
trace concentrations of sulfate-rich particles should not cause direct toxicity or accumulate in
the respiratory tract.
In summary, contrary to the concern that new diesel technologies (including DPFs) could
augment the formation of nanoparticles, advanced DPFs operating on ULSD are effective in
suppressing the PM nucleation mode. While absolute PN counts may vary from report to
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report in the literature due to engine operating and exhaust sampling conditions, it is very
clear that NTDE is substantially lower in nanoparticles emissions than TDE, by two to four
orders of magnitude. Consequently, in this very important aspect, NTDE, resulting from the
combustion of ULSD, is again fundamentally different from what was assumed to be the
case for TDE.
8.3.6

Passenger Cars and NTDE

While the previous discussion centered on heavy-duty diesel engines and technologies,
passenger car diesel engines equipped with DOCs and wall-flow DPFs and operating on
ULSD fuel exhibit the same improvement in PM and composition as seen with heavy-duty
engines.
Table 7 and Figures 20 and 21 show that new technology diesel engines in European
passenger cars resulted in 100-fold decreases in PM mass emissions and similar reductions
in EC (Rose et al. (2010)). (In this reference, the reader is directed to the data labeled B0,
indicating operation on conventional ultra-low-sulfur diesel fuel. The entire data set was
developed in the context of a broader study of the impact of biodiesel fuel blends on
emissions, which is not the primary subject of this paper.)
Table 7: Specifications of light-duty diesel vehicles in Rose et al. (2010) study (see also
Figures 20 and 21)
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Figure 20: Solid PN emissions from three European passenger cars (Rose et al. (2010))

Figure 21: Total PM mass and composition from three European passenger cars
(Rose et al. (2010))
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8.3.7

Summary -- NTDE PM is Fundamentally Different from TDE PM

The information reviewed above comparing NTDE to TDE has shown that in the case of
technology-specific emissions (such as diesel engine exhaust), technological advances can
have a profound impact on reducing and changing the composition of emissions. This
situation is in sharp contrast to that for a particular chemical agent that has defined physical
properties, including those that determine its hazard potential, which never change.
Major revolutionary advances have been made in diesel technology, especially during the
last decade, which have impacted on exhaust emissions. Those advances which are
integrated as a system include: (a) engine improvements, including the use of EGR; (b) use
of low-sulfur and ULSD fuel; (c) exhaust aftertreatment, including DOCs and wall-flow DPFs;
and (d) electronic sensing and computerized control systems. The new systems are
extraordinarily effective in substantially reducing and changing the composition of PM
exhaust as compared to TDE emissions. The key changes are: lower PM mass emissions,
substantial reductions of the EC core, different chemical composition of the remaining PM
fraction, lower PN emissions, altered composition of the semi-volatile fraction, and lower
concentrations of unregulated pollutants. Thus, the NTDE emissions are substantially
different, both quantitatively and qualitatively, from TDE emissions. In fact, the NTDE
emissions are now similar to or lower than the emissions from modern CNG or modern
gasoline-fueled engines.
A key assumption regarding TDE in the earlier IARC Monograph Vol. 46 (1989) was that
diesel exhaust contained a number of toxicologically relevant compounds, such as benzene,
toluene, xylene and PAHs, and that those PAH compounds were primarily absorbed onto
particles. Significantly, much of the information regarding the genotoxicity of TDE was
obtained using diesel exhaust particles or organic solvent extracts of diesel exhaust
particles.
As detailed above, the nature and composition of diesel exhaust particles in NTDE have
changed dramatically and fundamentally from the TDE (emitted from 1970s and 1980s-era
diesel engines) evaluated earlier by IARC (1989). The EC core has been substantially
reduced from NTDE. Instead, the very-low concentration nanoparticle emissions in NTDE
have a sulfate-rich composition primarily associated with the nucleation of sulfates
downstream from the after-treatment systems. This type of sulfate-rich composition differs
from the hydrocarbon-rich composition associated with the nuclei mode particles in TDE
(Tobias et al. 2001). The relative absence of insoluble EC, and the presence instead of a
larger portion of sulfates, should result in the nanoparticles in NTDE being relatively
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biosoluble compared to the EC rich particles in TDE. Given this biosolubility and the very low
concentrations of NTDE particle mass, it is very unlikely that NTDE could result in any
respiratory tract accumulation of PM. Furthermore, especially when considered in light of the
extremely low concentrations of the organic compounds found in NTDE (if found at all), the
earlier in vitro findings relating to TDE particles and their extracts are no longer germane to
NTDE.
The extensive characterizations of NTDE have established that the emission levels from
these engines are substantially lower than the applicable, stringent regulatory emission
standards. Moreover, the detailed chemical characterization gives confidence that the
emissions do not contain any unique constituents that might pose a hazard to human health.
The new technology heavy-duty engines with ultra-low particulate emissions were introduced
into the market for on-road use in 2007, as required by U.S. regulations, and have been well
received by customers. Starting in 2010, the engines marketed in the U.S. continue to have
ultra-low particulate mass emissions and, in addition, even lower NOx emissions than the
2007 model engines. In future years, the number of NTDE units will increase and the
number of TDE units will decrease in the on-road fleet. Moreover, a similar shift will follow for
off-road diesel-power equipment.
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9.0

LACK OF UNIQUE MARKERS AND SURROGATES FOR DIESEL
EXHAUST EXPOSURES

9.1

HISTORIC DIFFICULTIES IN THE SEARCH FOR USEFUL MARKERS AND
SURROGATES FOR DIESEL EXPOSURES

One of the key questions arising from efforts to characterize exposure to and the potential
health effects of diesel exhaust is the challenge of identifying a relatively unique atmospheric
marker or surrogate for diesel emissions that can be used to estimate exposures of the
general population, and that can serve as a marker for retrospective estimations of
exposures in longer term occupational epidemiology studies. The considerable effort
required to measure particulates is widely known and reported in the literature, for example
U.S. EPA 40 CFR Part 86 - Subpart N, U.S. EPA 40 CFR Part 1065, and the numerous
papers on exhaust particulate measurements published by “Aerosol Science and
Technology,” “Atmospheric Environment,” “Environmental Science and Technology,” and
“the Society of Automotive Engineers.” Those papers, numbering in the thousands, provide
strong evidence of the challenge of measuring exhaust particles, and thus partially explain
why many investigators have attempted to discover robust surrogate measurements for
direct particulate measurement.
The HEI Diesel Epidemiology Expert Panel (HEI (1999a)) noted significant limitations in the
retrospective exposure assessments in both the trucking industry worker and railroad worker
studies they analyzed, which contributed to HEI’s conclusion that the studies were not
suitable for quantitative dose-response and risk assessment.
In reviewing the results of the HEI-supported diesel exhaust and cancer feasibility studies,
including two that focused specifically on the characterization of occupational exposures in
mines and elsewhere, the HEI Diesel Epidemiology Work Group (HEI (2002a)) noted
significant challenges with characterizing historical exposures. The Working Group had
explored a number of potential chemical and atmospheric markers of diesel exhaust but
concluded that even the most widely available and potentially relevant emission marker,
elemental carbon, had significant limitations. They concluded: “The Working Group does not
recommend proceeding with full studies of the populations considered here, largely because
of concern about the lack of available data from which one could estimate past exposures”
(emphasis added).
Following the Working Group report, HEI hosted a large, multi-disciplinary workshop “Improving Estimates of Diesel and Other Emissions for Epidemiologic Studies” - to even
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more broadly investigate potential markers of diesel exhaust. As before, that workshop
concluded by re-emphasizing the significant limitations in the existing markers, and
recommended a wide range of new research to try to fill the gaps (HEI (2002b)).
Due to the challenges encountered with measuring diesel particles, several investigators
have attempted to substitute easier substances to measure. Attempting to find an easier
metric for the evaluation of current and past exposures to diesel exhaust, other than EC or
particulate matter, is certainly a desired objective. To that end, Xu et al. (2005) evaluated
emissions from a number of diesel engines, and provided comparisons of particulates vs.
real time PM instrument results, and PM levels vs. carbon monoxide, carbon dioxide and
engine power, but none of those measures provided reasonable surrogates for diesel
particulate, as Figure 22 from those authors indicates. In sum, the measurement of diesel
exhaust in ambient air and in occupational settings, both in contemporary settings and even
more so in the case of historic reconstructions, remains inherently problematic.
Figure 22: Poor correlation between PM and CO (Xu et al. (2005))

9.2

SPECIFIC PROBLEMS IN USING CO AS A SURROGATE FOR DIESEL
EXPOSURES: THERE IS NO CROSS-ENGINE CORRELATION BETWEEN CO
AND PM

More recently, a set of five exposure papers published in 2010 and 2012 chose to rely on
CO as a surrogate for respirable elemental carbon (REC) in developing an exposure
estimation methodology for a lung cancer epidemiology study of non-metal miners (Stewart
et al. (2010); Coble et al. (2010); Vermeulen et al. (2010a), (2010b); and Stewart et al.
(2012)).

59

In the absence of direct measurement of REC, the authors attempted to establish a useable
CO-REC relationship. The papers made the following assumptions: (i) CO and PM
emissions from different diesel engines correlate sufficiently well; (ii) historical CO emissions
correlate sufficiently well with and can be estimated based upon aggregate engine
horsepower; and (iii) the overall correlation of CO and PM emissions from different diesel
engines is sufficiently proportional and linear to allow for 1:1 scaling over the years of the
study. Significantly, none of these assumptions is correct, as can be demonstrated by the
available technical data and analyses.
More specifically, emissions experts and the relevant peer-reviewed literature have
conclusively established that there is no correlation between CO emissions and PM (or
REC) emissions among different diesel engines and that the CO/PM relationship is unique
for each engine type and perhaps for each engine (Clark et al. (1999)). The wide range of
average CO/PM ratios is simply too great to allow the inference of PM directly from CO
(Clark et al. (1999)), and data taken using a variety of test schedules, vehicles, engines, and
geographic locations have shown that there is generally no reliable or unique relationship
between CO and PM integrated over a test cycle (Clark et al. (1999), (2001)). Thus, there is
no overall (fleet) relationship between CO and PM (Xu et al. (2005)). In particular, the
CO/PM correlation coefficient for the relevant data sets -- older diesel engines – was no
higher than 0.12, and for some data sets the correlation was even negative (Figure 23,
McKain et al. (2012)). Moreover, the slope of the regression lines for differing CO/PM data
sets varies significantly, further underscoring that there is no sufficient correlation and
linearity between CO and PM emissions from different diesel engines.
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Figure 23: Cycle-specific PM against CO for tests on vehicles with Pre-1994 engines
evaluated at 56,000 lb inertial weight over the UDDS driving schedule (appears as Figure 17
in McKain et al. (2012)).

McKain et al. (2012) evaluated a very large data set and compared PM with CO2, HC, NOx,
engine power and CO. None of those non-PM measurements was able to provide a
reasonable correlation with PM. “Despite these extraneous effects, two major truck
databases (E-55/59 and Gasoline/Diesel PM Split) yielded weak correlations even in units of
measure of grams/cycle when a linear regression was performed between PM and CO, and
forced through the origin.” Figure 24 illustrates the poor correlation of the elemental carbon
(EC) fraction of PM with CO for engines fm model years 1950-1975 (McKain et al. (2012)).
McKain concluded, “a qualitative relationship may exist between PM and CO levels emitted
by a group of engines, but correlations for datasets are weak. Moreover, the best fit line for
one dataset did not generally describe well the relationship between PM and CO for another
dataset.”
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Figure 24: Cycle-specific EC fraction of PM versus CO for trucks with 1950-1975 model year
diesel engines (appears as Figure 35 in McKain et al. (2012)).

Clark and colleagues (Clark (2012)) are currently working on follow-up analyses examining
the correlation between engine horsepower and CO among different engines and operating
cycles. The preliminary results from that work have shown that “quantitative prediction of PM
emissions based on CO across engine technologies, duty cycles and fuel types results in
significant errors.”
Data from an entire year of Cummins engine certification-type testing across multiple engine
platforms further reinforces the point. (Figures 25 and 26) These data are derived from
engines tested on the U.S. FTP with PM emissions between 0.10 and 0.50g/bhp-hr to
exclude tests with PM filters. The data show that there is no PM-CO correlation across
engines and there is no correlation between CO and average cycle engine power. The
correlation coefficient, r2, for PM to CO is zero (calculated as -0.04), and for CO to HP is
0.03. Figure 27 shows the same Cummins PM-CO data plotted and analyzed in log-log
format, as suggested by the DEMS authors (Vermeulen et al. (2010a, 2010b)) (in this case,
log10) and shows an r2=0.09. (Martin (2012)). For comparison, the CO-PM data set used for
correlation by Vermeulen et al. (2010a, 2010b) is shown as Figure 28.
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Figure 25: PM-CO linear correlation for all Cummins engines tested over the EPA HD
transient and ramped modal cycles for PM between 0.1 and 0.5 in four CVS cells at the
Cummins Technical Center in calendar year 2009 (Martin (2012))
Data from Cummins Technical Center
All EPA HD transient and Ramped Modal Cycles on diesel engines tested in 2009
in all four CVS test cells commissioned in 2006 (40CFR1065 capable)
with BSPM from 0.10 to 0.50 g/hp‐hr
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Figure 26: CO-average horsepower linear correlation for all Cummins engines with average
hp above 25 tested over the EPA HD transient cycles in four CVS cells at the Cummins
Technical Center in 2009 (Martin (2012))
Data from Cummins Technical Center
All EPA HD transient cycles on diesel engines tested in 2009
in all four CVS test cells commissioned in 2006 (40CFR1065 capable)
with average power of 25 hp or higher and with fliers removed
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Figure 27: Log PM – Log CO correlation for all Cummins engines tested over the EPA HD
transient and ramped modal cycles for PM between 0.1 and 0.5 in four CVS cells at the
Cummins Technical Center in 2009 (Martin (2012))

Data from Cummins Technical Center
All EPA HD transient and Ramped Modal Cycles on diesel engines tested in 2009
in all four CVS test cells commissioned in 2006 (40CFR1065 capable)
with BSPM from 0.10 to 0.50 g/hp‐hr and BSCO > 0
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Figure 28: Scatter plot and regression analysis between natural-log transformed (Ln) CO
and REC measurements for all mining facilities combined (from Fig.2, Vermeulen et al.
(2010a), (2010b))
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The DEMS authors have cited Haney (2000) and Yanowitz (2000) in constructing their
surrogate-based estimates of REC exposure, which are derived from historical average
engine horsepower, an assumed proportionality between CO estimations and engine power
(which is incorrect as noted above), and an assumed 1:1 proportionality between REC
estimations and CO estimations across engines (which is also incorrect, as shown above).
Yanowitz (2000) acknowledges “There is wide variability of emissions from in-use vehicles
built under identical regulatory standards and even among identical engines … CO
emissions typically vary an order of magnitude in the same model year.” The Haney (2000)
Mining Safety and Health Administration (MSHA, US Department of Labor) model requires
direct input of diesel particulate measurements at the work site or direct input of engine
exhaust emission rates. Accordingly, neither of those papers recognizes or recommends CO
as a useful surrogate or intermediary in estimating diesel exhaust exposures.
The Health Effects Institute has properly noted, “characteristics for the ideal signature for
diesel emissions would include (1) specificity for diesel exhaust, (2) feasibility of
measurement, (3) possibility of being generated from routinely collected data, (4) appropriate
cost, (5) relative insensitivity to engine technology and fuel.” (HEI (2002b)). CO fails as a
marker against this set of criteria.
Accordingly, estimates of diesel particulate exposure based on CO measurements and
assumed CO-to-HP and CO-REC correlations across engine families and average power
output are fundamentally incorrect.
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10.0 GLOBAL ADOPTION OF ADVANCED DIESEL EMISSION CONTROL
STANDARDS
As noted previously, the U.S. and Europe have adopted increasingly stringent emission
standards over the past two decades. These standards are being implemented at varying
paces in other countries around the world (Figures 29 and 30, O’Keefe (2012)). This section
describes the current state of adoption and implementation of emission standards on a
global basis, and forecasts how low emission standards will continue to penetrate major
vehicle markets around the world. (Walsh (2012)).
Figure 29: Global transition to more stringent emission standards over time (O’Keefe
(2012)).
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Figure 30: Current and projected global diesel fuel sulfur limits (O’Keefe (2012))

10.1

VEHICLE SALES

New vehicle sales in each country or region are dependent on several factors, with
population growth, urbanization and GDP per capita being the most important. Based on
those criteria and reviewing other estimates from IEA, the World Business Council on
Sustainable Development, the International Council on Clean Transportation (ICCT), as well
as individual country estimates, a forecast of future new vehicle sales was developed.
Between 2010 and 2030, sales of new light and heavy duty vehicles are expected to almost
double with most of that growth occurring in the rapidly industrializing, developing world.
10.2

VEHICLE EMISSIONS REQUIREMENTS

The purpose of this section is to highlight the global regulatory trends with regard to heavyduty vehicles and engines over the next decade. Two emissions standards scenarios were
analyzed: a base case, and a forecast case.
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10.2.1 Base Case
For the base case, only vehicle emissions standards that are currently adopted were
included. The most important element of new requirements in this regard is the phase-in of
the Euro VI heavy duty requirements over the next several years.
Over the last decade, China has gradually tightened its requirements for both vehicles and
fuels. In some major cities such as Beijing and Shanghai, maximum sulfur levels are limited
to 50ppm. Regarding heavy-duty vehicle standards, Euro IV-equivalent standards are
scheduled to go into effect in 2013. Before the end of 2012, Euro V-equivalent standards will
be introduced in Beijing along with diesel fuel with no more than 10ppm S. No decision has
yet been made regarding the introduction of Euro V or Euro VI limits across all of China but
pressure is building to move forward. In May 2010, the State Council issued guidance to all
the major cities as well as the three major regions – Beijing/Tianjin/Hubei, the Yangtze River
Delta and the Pearl River Delta – requiring them to achieve the “level 2” air quality standards
by 2015. This will be difficult without a further tightening of new vehicle and engine
standards. More recently, the 12th % Year Plan which runs from now to 2015 calls for a
nationwide NOx reduction of 10%. In order to allow some growth in the Western provinces,
an even greater reduction will be needed along the East Coast where the motor vehicle
population is concentrated. Achieving this NOx target without further tightening of vehicle
requirements will be very difficult.
India currently has similar requirements as China. In 2010, India introduced Euro IIIequivalent standards nationwide along with diesel fuel with a maximum fuel sulfur content of
350ppm. In 13 major cities, Euro IV standards were introduced along with 50ppm S. Even
though air quality levels remain very poor, there is no further vehicle emissions reduction
roadmap under development at this time. ICCT is working closely with several organizations
in India to develop the next phase of the roadmap.
Brazil was planning to introduce Euro IV-equivalent emissions standards and fuels in 2009.
However, Petrobras did not meet its fuel sulfur commitment, so the vehicle standards were
postponed. After intense negotiation between all parties it was decided to skip Euro IV and
to go straight to Euro V emissions standards in 2012; this occurred on January 1 of this year.
Simultaneously, 50ppm S diesel fuel was introduced in quantities sufficient to supply the new
vehicles and this will drop to 10ppm S in 2013.
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The global market penetration of the new heavy-duty diesel engine and vehicle standards,
specifically accounting for requirements that have already been adopted in Europe and the
U.S., is summarized in Figures 31 and 32.
Figure 31: Base case: Global trends in Heavy Duty Diesel emission standards – millions of
vehicles worldwide (Walsh (2012))

Figure 32: Base case: Global trends in Heavy Duty Diesel emission standards – percentage
of vehicles worldwide. (Walsh (2012)).
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10.2.2 Forecast Case
Of course, it is not reasonable to assume that countries will simply stop where they are in
terms of vehicle emissions regulation and cleaner fuels, especially in light of the air pollution
problems that remain. Therefore, a forecast case was developed based on a careful
assessment of regulatory developments in various countries around the world. In this
scenario, it was assumed that tighter standards are gradually phased in around the world,
such that:


Mexico adopts US 2010 standards by 2020



Brazil adopts Euro VI standards by 2015



Non-EU Europe, including Russia, and the remainder of Latin America
adopt Euro V standards by 2020



China and India adopt Euro V standards by 2015 and Euro VI standards
before 2020



The Middle East goes to Euro ll by 2015 and Euro IV by 2020



Africa adopts Euro ll standards by 2015

The results of this forecast case are summarized in Figures 33 and 34.
Figure 33: Forecast case: Global trends in Heavy Duty Diesel emission standards – millions
of vehicles worldwide (Walsh (2012)).
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Figure 34: Forecast case: Global trends in Heavy Duty Diesel emission standards –
percentage of vehicles worldwide (Walsh (2012))

In this forecast case, it is estimated that approximately 3 out of every 4 new trucks sold by
2020 will likely be equipped with either U.S. 2010 or Euro VI technologies emitting much less
pollutants than most current heavy-duty trucks and buses (Figure 35).
Figure 35: Forecast 2020 Heavy Duty Diesel emission standards – percent of vehicles
worldwide (Walsh (2012))
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11.0 CONCLUSIONS REGARDING TDE AND NTDE
The use of diesel engines as reliable and efficient sources of power to move goods and
people, and to meet many other critical needs of society has steadily grown over the past
century. During the past half century, concerns arose over the impact of diesel engine
exhaust on visibility and human health and more recently on climate change. Those
concerns were soon reflected in increasingly more stringent regulations to limit engine
emissions.
In response to and in support of the stringent emission-control regulations, the
manufacturers of diesel engines and the refiners of diesel fuel made evolutionary and, more
recently, revolutionary advances in diesel technology, including improved engines and
exhaust after-treatment systems, and improved ULSD fuels.
New Technology Diesel Exhaust (NTDE) is defined as exhaust from engines with oxidation
catalysts and wall-flow particulate filters, and operating on ULSD fuel. This new technology
is being rapidly introduced into the market to replace traditional diesel engines and fuels.
The particulate matter mass concentration in NTDE is two to four orders of magnitude lower
than in TDE and the chemical composition of NTDE is distinctly different than that of TDE.
The TDE particles illustrated earlier in Figure 1, with their characteristic core of EC and
substantial amount of associated hydrocarbons, are simply not present in NTDE. Thus, it is
clear that there have been major advances in the control of diesel exhaust emissions in
response to progressively more stringent regulations.
In recognition of the fundamental differences in physical and chemical composition between
NTDE and TDE, the data show a clear distinction between NTDE and TDE and warrant their
consideration as substantially different products from a health perspective. Furthermore,
preserving the clear distinction between NTDE and TDE will encourage the deployment of
ultra-clean diesel technologies around the world, which in turn will yield continuing and
profound improvements in ambient air quality and public health.
It should 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.
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Quantification of PM exposure in epidemiological studies is difficult, especially if no direct
measurements of respirable particulates are available. Identification of reliable surrogates
has been generally unsuccessful. Carbon monoxide, which has been proposed as a marker
for exposure by some research studies, is not a direct surrogate nor is it reliable in
correlating diesel particulate emissions across engine families. Accordingly, diesel exposure
estimates based on a hypothetical CO-to-REC correlation are fundamentally incorrect.
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12.0 BRIDGING FROM EMISSIONS CHARACTERIZATION TO EVALUATING
POTENTIAL HUMAN HEALTH IMPACTS OF EXPOSURE
The focus of this document has been on the physical and chemical characterization of diesel
exhaust, and especially the evolutionary and revolutionary advances in the diesel system
(engine, fuel, exhaust after-treatment and electronic controls) that have markedly reduced
and altered the composition of the mix of exhaust constituents found in NTDE as compared
to TDE. Especially notable has been the virtual elimination -- i.e., reduction to near levels of
detection and sometimes below -- of PM from NTDE, especially the elemental carbon
nanoparticles with associated hydrocarbons that are the hallmark of TDE. The challenge at
hand is to understand what these remarkable changes mean in terms of potential human
health impacts, particularly as they pertain to the IARC Monograph process.
IARC has used a four-pronged approach to evaluate the potential cancer hazard of nearly a
thousand chemical agents. The IARC process is grounded in consideration of exposure
characterization data and three additional kinds of evidence: epidemiological studies,
laboratory animal bioassays, and investigations of mechanisms/modes of action of the
agents. The IARC approach uses epidemiological data, when they are available, as the best
and most reliable indicator of human cancer hazards. To supplement the epidemiological
findings, data from well-conducted long-term cancer bioassays in laboratory animals are
used to complement the epidemiological findings, or in the absence of epidemiological
evidence, the animal data are used alone as predictors of human cancer hazards. To
complement both the epidemiological and laboratory animal evidence, information on
mechanisms or modes of action are evaluated.
The vast majority of the nearly 1,000 cancer hazard evaluations conducted by IARC have
considered specific agents, most frequently specific chemicals. In those situations, as noted
earlier, the inherent physical characteristics of the chemical that influence its carcinogenic
hazard never change. The situation is quite different for an agent that is a complex mixture,
such as diesel engine exhaust, which is produced by a technology that is being purposefully
changed to reduce or eliminate specific exhaust constituents and, thereby, to have a positive
impact on human health. In recognition of this difference (evaluating specific chemicals vs.
evaluating complex and evolving mixtures), this document has emphasized in detail the
remarkable changes in diesel technology and the related changes in exhaust constituent
emissions.
In IARC’s 1988 assessment of the complex mixture “diesel engine exhaust,” the exposure
section of Monograph 46 (IARC, 1989) focused on diesel exhaust particulate (DEP), the EC

74

particles and associated hydrocarbons viewed as the characteristic component of TDE. This
was seen as appropriate since DEP, the primary focus of diesel exhaust hazard
assessments, also served as an effective marker of exposure to TDE in each of the three
biological approaches to hazard evaluation. Specifically, DEP (or Respirable Elemental
Carbon (REC) or engine-related PM, as surrogates), served as the preferred exposure
marker for conducting epidemiological studies and of exposure in controlled laboratory
animal studies with diluted engine exhaust. Indeed, even today, no suitable alternative to
those markers has been identified for epidemiological studies. And cellular or tissue assays
or mechanistic studies also have frequently used concentrations of DEP, REC or PM as a
measure of the administered dose. In other cases, strong organic solvent extracts of DEP
were applied to cells or tissues and the quantities used and results obtained were
extrapolated back to engine emissions of DEP.
Broad environmental concerns and focus on DEP as a potential health hazard in diesel
exhaust led to stringent regulatory emission standards targeting reductions in PM along with
NOx and unburned hydrocarbons. As a result, DEP has been reduced by up to four orders of
magnitude and the chemical characteristics of the particulate contained in NTDE are very
different from TDE. Furthermore, as the DEP content of diluted exhaust has been reduced,
the importance of characterizing other constituents such as NO2 in animal and other
exposure studies has become apparent.
In the 1970s and 1980s, when describing diesel engine exhaust in the context of its various
biological assays, it was frequently considered sufficient to simply state that the studied
exposures were to diesel exhaust or DEP. It was rare for investigators to note the
characteristics of the fuel used (such as sulfur content), the specific characteristics of the
engine, the duty cycle on which the engine operated, or details of how samples were
collected for chemical analysis or use in bioassays. The situation began to change in the
1990s and, by the turn of the century, an appreciation began to develop of the important role
that all of the foregoing parameters can play in influencing engine emissions and their
potential hazard.
The approach used in the ACES program, with its very detailed characterization of the
emissions from the four studied engines (each compliant with U.S. EPA 2007 emission
standards) and also the very detailed characterization of the exposure atmospheres for the
animal studies, has set a new technical standard for the assessment of diesel engine
emissions and their potential health impact. It is now apparent that any studies (whether
epidemiological, toxicological or mechanistic) of a hazard potentially associated with diesel
exhaust should be carefully linked back to a complete description of the diesel technology at
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issue. Such a description should include the engine (year of manufacture, engine
displacement, any special characteristics), the duty cycle (preferably a variable load cycle
specified by a national or international agency or a series of such cycles), the fuel quality
(especially sulfur content), the presence or absence of exhaust aftertreatment systems (wall
flow diesel exhaust particulate filters and oxidation catalysts), the exhaust dilution systems
(dilution ratio), and the emissions sampling methodologies. The goal is to ensure that any
emissions sampling or characterization that is undertaken is sufficiently described so that it
can be validated and replicated according to rigorous scientific principles. How the emissions
were generated, sampled and analyzed is critically important for interpreting the results of all
studies, particularly the wide variety of available laboratory studies from a wide variety of
diesel engines.
As shown in the ACES study, it is no longer sufficient to consider all diesel engine exhaust
as though it were part of a single mixture, nor is it appropriate to evaluate the potential health
responses to all diesel engine exhaust as though it was all the same or all representative of
a uniform and static diesel technology. To the contrary, great care should be taken to note
the varying attributes of engine and aftertreatment technologies, duty cycle, fuel composition
and ambient conditions, and specific recognition should be given to the significant
uncertainty that those varying attributes introduce into the interpretation of exposures and
related effects. It is especially clear that this discipline is important to ensure the integrity of
future studies.
The information reviewed in this document in combination with the material in IARC
Monograph Vol. 46 (1989) provides a sound basis for separately considering the
carcinogenic hazards of diesel engine exhaust for three different stages of technology
development. The first stage is the period of essentially unregulated emissions, what we
have termed TDE. That stage of emissions is described in IARC Monograph 46 and is the
subject of all epidemiological studies reported to date. This fact is depicted graphically in
Figure 36 which shows the relevant potential exposure periods for each of the key diesel
epidemiology studies compared to the start of particulate regulation – all exposure periods
fall into the time of “unregulated particulate”.
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Figure 36: Relevant exposure times of epidemiological studies published to date compared
to time of first particulate emission regulations.
All studies fall into the unregulated time period.

The second stage is a “transitional” phase characterized by the introduction of substantial
evolutionary advances in technology, including the use of lower sulfur content fuel and a
growing array of in-cylinder emission controls. The third stage is new technology diesel
engines, equipped with wall-flow DPFs and DOCs and operating on ULSD.

77

It is important that there be a separate exposure characterization and assessment of the
related evidence of carcinogenic hazard for each of the three stages of technology
development. It is also important not simply to view the emissions from these three stages of
technological development as being analogous to a high, medium and low level exposure to
a specific chemical. Such an approach would fail to recognize the significant differences in
the hazard potential of NTDE as compared to TDE or transitional engine exhaust emissions.
IARC’s recognition of the fundamental differences in cancer hazard potential will provide
guidance to national governments and others as they develop strategies for encouraging the
development and deployment of new, hazard-reducing technologies, such as are
exemplified by new technology diesel engines.
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14.0 ABBREVIATIONS AND OTHER TERMS

AFR

Air/Fuel Ratio

AC50/80

Acceleration cruise 50/80 km/hr driving cycle

ACEA

European Automobile Manufacturers Association

ACES

Advanced Collaborative Emissions Study

AHR

Aryl hydrocarbon hydroxyl receptor

Al2O3

Aluminum oxide

API

American Petroleum Institute

CARB

California Air Resources Board; Air Resources Board

CRC

Coordinating Research Council

Ba(NO3)2

Barium nitrate

BaCO3

Barium carbonate

bhp-hr

brake horsepower-hour

°C

degrees Celsius

CAA

Clean Air Act (US)

CCC

Close-coupled catalyst

CDPF

Catalyzed diesel particulate filter

CFR

Code of Federal Regulations (US)

CNG

Compressed natural gas

CO

Carbon monoxide

CO2

Carbon dioxide

CONCAWE

The oil companies’ European association for
environment, safety, and health in refining and
distribution

Cu

Copper

CuZ

Copper zeolite

DE

Diesel exhaust

89

DEP

Diesel exhaust particulate

DeNOx

Selective Catalytic Reduction for NOx removal

DEMS

Diesel Exhaust Miners Study

DeSOx

Sulfur removal from a Lean NOx Trap by periodic high
temperature excursions under reducing conditions

DOC

Diesel Oxidation Catalyst

DOE

Department of Energy (US)

DPF

Diesel Particulate Filter

EC

Elemental carbon

EGR

Exhaust Gas Recirculation

EMA

Truck and Engine Manufacturers Association

EPA

Environmental Protection Agency (US)

EU

European Union

Euro I-VI

European emissions regulations for heavy-duty diesel
engines

FBC

Fuel-borne catalyst

FEL

Family emission limit

FTP

Federal Test Procedure

g/bhp-hr

gram/brake-horsepower-hour

GDP

Gross Domestic Product

GNMD

Geometric number mean diameter

H2

Hydrogen (molecular)

H2O

Water

HAD

Health Assessment Document

HAP

Hazardous Air Pollutant

HEPA

High Efficiency Particulate Filter

HC

Hydrocarbon
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HCCI

Homogeneous Charge Compression Ignition

HD/HDV

Heavy duty/Heavy-duty vehicle

HDD

Heavy-duty diesel

HEI

Health Effects Institute (US)

HHDDE

Heavy heavy-duty diesel engine

HHDDT

Heavy heavy duty diesel truck

HDOH

Heavy-duty on-highway

HNO3

Nitric acid

IARC

International Agency for Research on Cancer

ICOH

International Conference on Occupational Health

IEA

International Energy Agency

ICCT

International Council of Clean Transportation

LD/LDV

Light duty/Light-duty vehicle

LNC

Lean NOx Catalyst

LNT

Lean NOx Trap

LRRI

Lovelace Respiratory Research Institute (US)

LTC

Low Temperature Combustion

MECA

Manufacturers of Emission Controls Association

mg

Milligram

MGE

Modern Gasoline Exhaust

MSHA

Mine Safety and Health Administration (U.S.)

nitro-PAH

Nitrogen-containing polycyclic aromatic hydrocarbon

N2

Nitrogen (molecular)

NCI

National Cancer Institute (US)

NEDC

New European Driving Cycle

NH3

Ammonia

NIOSH

National Institute of Occupational Safety and Health
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(US)
NMHC

Non-methane hydrocarbon

NO

Nitrogen oxide

NO2

Nitrogen dioxide

NO3

Nitrate

NOx

Oxides of nitrogen

NRDC

Natural Resources Defense Council

NTDE

New Technology Diesel Exhaust

NTP

National Toxicology Program (US)

O2

Oxygen (molecular)

OC

Organic Carbon
Oxidation Catalyst

oxy-PAH

Oxygen-containing polycyclic aromatic hydrocarbon

PAH

Polycyclic Aromatic Hydrocarbon

Pd

Palladium

PM

Particulate Matter

PMP

Particulate Measurement Programme

PN

Particle Number

ppm

parts per million

Pt

Platinum

REC

Respirable Elemental Carbon

Rh

Rhodium

S

Sulfur

SCR

Selective Catalytic Reduction

SO2

Sulfur dioxide

SO3

Sulfur trioxide

SO4

Sulfate
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SOF

Soluble Organic Fraction
Semi-Volatile Organic Fraction

SVC

Semi-volatile Compounds

SwRI

Southwest Research Institute (US)

TAC

Toxic Air Contaminant

TDE

Traditional Diesel Exhaust

TEF

Toxic Equivalency Factor

TGE

Traditional Gasoline Exhaust

THC

Total Hydrocarbons

TWC

Three-way Catalyst

UAF

Upward Adjustment Factor (for emissions certification)

UDDS

Urban Dynamometer Driving Schedule

UN ECE

United Nations Economic Commission for Europe

ULSD

Ultra-low Sulfur Diesel (<15ppm S)

VOC

Volatile Organic Compound

V2O5/TiO2

Vanadium oxide/Titanium oxide

WHO

World Health Organization

WHTC

World Harmonised Test Cycle
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1.0

INTRODUCTION

The need for the control of the pollutant emissions from gasoline and diesel engines has
long been recognised. Legislation around the world limits the permissible emissions of
carbon monoxide (CO), hydrocarbons (HC), oxides of nitrogen (NOx) and particulate matter
(PM). Exhaust emissions can be lowered somewhat by reducing engine-out emissions
through improvements to the combustion process and fuel management, or by changes to
the type of fuel or its composition, but emissions control systems – autocatalysts, adsorbers
and particulate filters – in combination with good quality fuel, especially low sulfur content,
and enhanced engine management - reduce emissions to very low levels. As well as their
application in new vehicles and machinery, many emissions control systems can also be
applied in retrofit installations to good effect.
Diesel engines provide important durability and fuel economy (and hence CO2 emission)
advantages for large heavy-duty trucks, buses, non-road mobile machinery (including rail
locomotives and ships) and passenger cars. They are often the power plant of choice for
heavy-duty applications and in Europe, more than 50% of the new cars sold each year are
powered by a diesel engine. A range of technologies to control pollutant emissions from
diesel engines is available, and to meet legislative requirements modern diesel engines use
a combination of such systems, typically a diesel oxidation catalyst, a particulate filter, and a
selective catalytic reduction (SCR) to control NOx.
The emission control technologies discussed in this document represent state-of-the-art
approaches that new vehicle manufacturers are using to meet existing and future emission
regulations (Figure A1-1 and A1-2).
Figure A1-1: Emissions regulations for heavy-duty diesel engines [1]
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Figure A1-2: Emissions regulations for light-duty engines
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2.0

APPROACHES FOR REDUCING DIESEL EMISSIONS

The technological feasibility of meeting the strict U.S. Tier 2 and Euro 4/5/6 standards for
diesel passenger vehicles and the US 2007/2010 and Euro IV/V/VI on-highway diesel truck
emission standards was predicated on having a low sulfur diesel fuel that was readily
available. (The impact of diesel sulfur on individual emission control technologies will be
discussed in each technology section.) The European Union Fuel Quality Directive [2]
required diesel fuel and gasoline with a maximum sulfur content of 10 ppm to be available on
a balanced geographical basis from January 2005, and all such fuels to meet this standard
from January 2009. The U.S. EPA required the wide-scale availability of ultra-low sulfur
diesel (ULSD) having <15 ppm sulfur in October 2006 in advance of the 2007 heavy-duty
diesel on-road truck regulation. As detailed in the EPA rulemaking documents for the
2007/2010 heavy-duty on-road regulations [3], compliance with these regulations would
require a systems engineering approach that combines the use of ULSD with advanced
engines and advanced exhaust emission control technologies.
2.1

ENGINE CONTROLS

Engine manufacturers started as early as the late eighties to develop cleaner diesel engines
by employing a number of strategies. These approaches include advanced common rail fuel
injection, electronic engine controls, combustion chamber modifications, air boosting,
improved air/fuel mixing, and reduced oil consumption. Achieving ultra-low exhaust emission
targets requires a systems approach. Engine manufacturers are focusing on ways to control
engine operation to reduce engine-out emissions as low as possible and reduce the burden
on the exhaust emission control systems.
Approaches aimed at reducing cold-start emissions involve retarding the ignition timing to
allow some hydrocarbons to pass through in the exhaust and light off the catalyst sooner.
This approach can also be effective in generating sufficient exothermic heat over a catalyst
to regenerate soot from a particulate filter as will be discussed in subsequent sections.
Variable valve timing (VVT) is being used to introduce some fraction of exhaust gas into the
combustion process and reduce HC and NOx emissions. Exhaust gas recirculation (EGR) is
used to dilute intake air with some fraction of exhaust gas to lower the combustion
temperatures resulting in lower engine-out NOx emissions. This can come at the price of
increasing PM in the exhaust, however.

98

Direct injection of fuel into the cylinders rather than port injection has allowed for better
control of the air fuel ratio during combustion and resulted in better fuel utilization. Improved
turbulence and mixing in the intake port of some low emission engines have resulted in fuel
savings. Advanced diesel engines have benefited significantly from common rail fuel
injection which allows for electronically controlled injection at very high pressures. Through
the use of pilot and retarded injection strategies or in combination with injection rate shaping,
clean diesels have achieved significant reductions in NOx over conventional diesel injection
such as pipe-line or unit injection. Common rail and electronic injection control is very
effective in carefully controlling post injection of fuel making it suitable for use with emission
control devices such as particulate filters, NOx adsorbers and lean NOx catalysts requiring
brief periods of fuel rich exhaust to facilitate regeneration of the catalyst or filter.
Understanding and controlling the combustion process is the first step in reducing engine-out
emissions and minimizing the burden on the emission control systems. This allows catalyst
developers to design smaller, less costly exhaust controls. Engine design is an important
part of controlling and facilitating the combustion process.
In diesel engines, controlling the combustion is the key approach to reducing engine out
particulate emissions by optimizing the mixing between the fuel and air in the combustion
chamber. Some common ways to increase mixing are through combustion chamber
modifications to facilitate turbulent flow as well as fuel injector and injection port design to
modify the spray pattern. Variable geometry turbocharging (VGT), which delivers variable
quantities of pressurized air based on driving conditions, has been effective in reducing PM
emissions by maintaining lean combustion in the engine. Reducing the compression ratios
has been shown effective in lowering combustion temperatures and, in turn, NOx emissions.
Some engine manufacturers have been able to achieve improvements to combustion during
cold-start by making modifications to the design of intake air control valves resulting in a 4050% reduction in HC emissions.
State-of the-art developments in combustion engineering have led to significant reductions in
engine-out emissions on experimental engines. These processes are known by many names
and acronyms but they all fall into the general classification of low temperature combustion
or pre-mixed homogeneous combustion processes, such as homogeneous charge
compression ignition (HCCI), among others.
The conventional wisdom in diesel combustion has been that any change in engine
operating parameters to reduce NOx emissions results in an increase in particle emissions.
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In general, higher combustion temperatures promote complete oxidation of the fuel, thus
less soot, but also cause more formation of NOx. Unlike traditional spark-ignited (SI) or
compression-ignited (CI) engines, which have specified ignition points, HCCI combustion
takes place spontaneously and homogeneously with many nucleated ignition points and
therefore without flame propagation. This eliminates heterogeneous air/fuel mixture regions
which result in soot particles. Low temperature combustion can be facilitated by the use of
ultrafine injector orifice diameters in conjunction with lower excess oxygen content in the fuel
mixture to achieve a more homogeneous distribution of the charge, thus reducing both NOx
and PM.
These combustion processes occur only within a limited range of the operating cycle,
making control difficult under high speed/load and transient operation. For this reason,
advanced multi-mode diesel engines combine HCCI operation at lower speeds to minimize
PM and NOx while reverting to conventional stratified charge combustion at high speed/load
operation to ensure stable operation.
2.2

EXHAUST CONTROLS

This section provides a brief description of the available diesel exhaust control technologies,
including descriptions of their operating characteristics, control capabilities and operating
experience. More detail on each control technology is provided in subsequent sections.
The majority of hydrocarbon and carbon monoxide emissions from diesel engines that have
exhaust catalysts occur during cold-start before the catalyst can achieve optimum operating
temperatures. Engine and exhaust system manufacturers have working together with
catalyst companies to develop ways to heat up the catalyst as quickly as possible. The
greatest benefit came from the introduction of close-coupled catalysts (CCCs). This
positioned the diesel oxidation catalyst (DOC) close to the exhaust manifold to allow rapid
heating and therefore rapid oxidation of CO and hydrocarbons. The exothermic heat
generated in the DOC by these oxidation reactions facilitates the rapid heat up of the
downstream catalysts, such as diesel particulate filters, lean NOx catalysts, and SCR
catalysts.
A supporting technology that links engine controls and exhaust controls and has been used
effectively by both engine and exhaust technology developers is thermal management. The
beneficial impact on reducing cold-start emissions via thermal management has resulted
from numerous improvements to the exhaust system components upstream of the DOC in
order to retain as much heat as possible in the exhaust gases. Manufacturers have
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developed ways to insulate the exhaust manifold and exhaust pipe. Attaching the DOC to a
double-walled, stainless steel exhaust pipe containing an air gap within the tube walls is
probably the most common thermal management strategy used today. This approach has
been taken further by incorporating new inlet cone designs and modifications to the shape of
the space in front of the close-coupled substrate. Thermal management between catalyst
components in the diesel exhaust stream is also important to effectively regenerate the
diesel particulate filter by retaining heat from the oxidation catalyst or auxiliary heat source
when passive or active regeneration strategies are employed. Retaining enough heat
downstream to regenerate a lean NOx trap also requires thermal management and carefully
engineered exhaust components.
A brief description of the major technologies employed in the reduction of pollutants from
diesel exhaust is included below along with a range of conversion efficiencies that may be
achieved. More detailed descriptions of their performance characteristics will be covered in
subsequent sections of this appendix.
Diesel Oxidation Catalysts (DOCs) installed on a vehicle’s exhaust system can reduce total
PM typically by as much as 25 to over 50% by mass, under some conditions depending on
the composition of the PM being emitted. Diesel oxidation catalysts can also reduce smoke
emissions from older vehicles and virtually eliminate obnoxious odors associated with diesel
exhaust. Oxidation catalysts can reduce more than 90 percent of the CO and HC emissions
and more than 70 percent of the toxic hydrocarbon emissions in diesel exhaust.
Diesel Particulate Filters (DPFs) are installed on all new diesel-powered vehicles to meet the
U.S. Tier 2 [4] and Euro 5 and 6 [5] light-duty standards and the U.S. 2007 heavy-duty on
highway emission limits for PM. They are frequently used in meeting European EEV
(enhanced environmentally friendly vehicle) emissions standards [6] and are expected to be
used to meet Euro VI [7] requirements. DPFs can achieve up to, and in some cases, greater
than a 90 percent reduction in PM. High efficiency filters are extremely effective in controlling
the carbon fraction of the particulate, the portion of the particulate that some health experts
believe may be the PM component of greatest concern and in controlling the number of
ultrafine solid particles to meet the requirements of Euro 5/6/IV, with reduction efficiencies of
some three orders of magnitude being achieved [8,9]. Particulate filters can be designed to
also reduce toxic hydrocarbons emissions by over 90%. Catalytic exhaust control and
particulate filter technologies have been shown to decrease the levels of PAH, nitro-PAH,
and the mutagenic activity of diesel PM.
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Exhaust Gas Recirculation (EGR) is being used on new light-and heavy-duty diesel vehicles
as the primary method of reducing engine-out NOx. EGR is capable of achieving a 50%
reduction in NOx emissions or more; however, it can result in an increase in engine-out PM
emissions.
NOx catalysts have demonstrated NOx reductions of 10 to 40% whereas NOx adsorbing
catalysts (also known as NOx traps) are capable of 70% or more NOx reduction. These NOx
catalysts also provide oxidation capabilities that result in significant reductions in exhaust
hydrocarbons, CO and the soluble fraction of PM. NOx traps are in use as one of the
technologies to meet the Euro 6 NOx emissions requirements for light-duty vehicles.
Selective Catalytic Reduction (SCR) using urea as a reducing agent has been shown to be
the most effective control technology for reducing NOx emissions, exhibiting conversions of
up to 90% while simultaneously reducing HC emissions by 50 to 90% and PM emissions by
30 to 50 percent.
Closed crankcase ventilation technology is being installed on all new U.S. 2007 heavy-duty
trucks equipped with turbo charged diesel engines to eliminate crankcase emissions.
Crankcase emissions vented to the engine compartment have been found to enter cabin air
and can be a significant source of driver and passenger PM exposure. These systems
capture particulate generated in the crankcase and return them to the lubricating system of
the engine.
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3.0

SUBSTRATE TECHNOLOGIES

Catalytic converters, traps and filter technologies for the control of emissions use a ceramic
(typically cordierite) or metallic honeycomb substrate. This is mounted in a can and is
protected from vibration and shock by a resilient 'mat'. The catalytic converter of particulate
filter then looks similar to an exhaust muffler.
The technology of the substrates, on which the active catalyst is supported, has seen great
progress. Thin walls and increased cell densities allow a larger catalyst surface area to be
incorporated into a given converter volume and this allows better conversion efficiency and
durability. The thin walls reduce thermal capacity and limit pressure losses. Alternatively, the
same performance can be incorporated into a smaller converter volume, making the catalyst
easier to fit close to the engine as cars are made more compact. The use of additional
catalytic converters close to the exhaust manifold reduces the time to light-off in the cold
start and, therefore, the total emissions. Light-off times have been reduced from as long as
one to two minutes to a few seconds. Improved substrate technology, combined with highly
thermally stable catalysts and oxygen storage components, allows the close-coupled
catalyst approach to meet the Euro 4, 5 and 6 standards.
In the original automotive catalyst it was only possible to apply the active coating to the
whole substrate. Precision coating technologies now allow different active material
compositions to be applied to different areas of the substrate to optimize the performance or,
in some cases, to allow different functions. This includes, for instance, coating the inlet end
of a particulate filter to act as an oxidation catalyst.
A further option that can be used for some types of catalyst is to incorporate the active
materials directly into the ceramic substrate, so that the extruded ceramic matrix provides
catalytic activity without further coating. Such ‘homogeneous’ catalysts are primarily used in
some forms of the SCR of NOx emissions.
Wall-flow particulate filters also typically use a ceramic honeycomb structure of a porous wall
design where every alternate channel is plugged on each end. These wall-flow filters can be
made from a variety of ceramic materials, notably cordierite, silicon carbide or aluminium
titanate. Technological developments in DPF design include advancements in cell shape
and cell wall porosity optimization aimed at minimizing engine backpressure and extending
the interval between filter service. Advances such as higher pore volume, increased pore
connectivity along with thinner web designs facilitate catalyst coating while maintaining
longer times between soot regeneration events.
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4.0

OXIDATION CATALYSTS

Oxidation catalysts are the original type of autocatalysts and were used from the mid-1970's
for gasoline-engined cars until superseded by three-way catalysts. Oxidation catalysts
convert CO and HC to CO2 and water but have little effect on NOx. They are now rarely
used on gasoline cars because of the advantages of TWCs, but may be used on some
vehicles running on Compressed Natural Gas (CNG).
The DOC for the control of exhaust pollutants such as CO, HC and PM originate from the
early two-way automotive catalysts, and are designed to oxidize unburned components of
fuel in the exhaust to innocuous products like CO2 and H2O. The reactants may include
exhaust hydrocarbons of all types, CO, or the soluble organic fraction (SOF) of the diesel
PM. The SOF consists of unburned hydrocarbons from fuel and lube oil that have
condensed on the solid carbon particles.
DOCs are most often based on a flow-through honeycomb substrate (either metallic or
coated), coated with an oxidizing catalyst such as platinum and/or palladium. Using oxidation
catalysts on diesel-powered vehicles is not a new concept. Oxidation catalysts have been
installed on over 250,000 off-road vehicles around the world for over 30 years. Tens of
millions of oxidation catalysts have been installed on new diesel passenger cars in Europe
and on new heavy-duty highway trucks in the U.S since the mid-1990s. These systems have
operated trouble free for hundreds of thousands of miles. Oxidation catalysts can be used
not only with conventional diesel fuel, but have also been shown to be effective with
biodiesel and emulsified diesel fuels, ethanol/diesel blends and other alternative diesel fuels.
4.1

DIESEL OXIDATION CATALYST

In most applications, a diesel oxidation catalyst consists of a stainless steel canister that
contains the honeycomb substrate or catalyst support. The substrate may be either made
from a ceramic material or metal foil. There are no moving parts, just large amounts of
interior surface area. The interior surfaces are coated with catalytic metals such as platinum
and/or palladium.
This type of device is called an oxidation catalyst because it converts exhaust gas pollutants
into harmless gases by means of chemical oxidation. In the case of diesel exhaust, the
catalyst oxidizes CO, HCs, and the soluble organic fraction of PM into CO2 and water. DOCs
also play an important role in continually removing soot from the DPF. This occurs by
oxidizing some of the NO to NO2 which serves to oxidize the soot or by generating heat
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through the oxidation of CO and HC to raise the DPF temperature above the soot oxidation
temperature.
Figure A1-3: Diagram of a Diesel Oxidation Catalyst

Figure A1-3 shows a representation of three channels of a straight through, flow path
honeycomb. The engine out exhaust gases enter the channels from the left and as they pass
over the catalytic coating they are oxidized to the reaction products on the right. The
particulate matter entering the DOC consists of elemental carbon (EC) and gaseous, semivolatile SOF. Exiting the catalyst, most of the volatile SOF has been oxidized, as well as,
potentially some of the elemental carbon depending on the temperature. The level of total
particulate reduction is influenced in part by the percentage of SOF in the particulate. For
example, a Society of Automotive Engineers (SAE) Technical Paper [10] reported that
oxidation catalysts could reduce the SOF of the particulate by 90% under certain operating
conditions, and could reduce total particulate emissions by up to 40 to 50%. PM reductions
of 20 to 35% are typical for newer model year engines. Destruction of the SOF is important
since this portion of the particulate emissions contains numerous chemical pollutants that
are of particular concern to health experts.
4.2

FILTER REGENERATION CATALYSTS

From 1 January 2011 all new light-duty diesel vehicles in the EU have had to meet a PM
limit of 5 mg/km. From 1 September 2011 a revised measurement method was introduced
for new vehicle types, for which the limit was reduced to 4.5 mg/km and a PN limit of 6×1011
particles/km was added. These requirements will be extended to all new vehicles from
1 January 2013. These limits effectively require diesel particulate filters (DPF). In 2007, all
U.S. heavy-duty vehicles must have a DPF in the exhaust system to reduce PM to below
0.01 g/bhp-hr. The Euro VI heavy-duty legislation, which all heavy-duty engines will be
required to meet from the start of 2014 (2013 for new types), sets PM limits of 10 mg/kWh
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together with a PN limit of 6×1011 particles/km over the World-Harmonised Transient Cycle
(WHTC), and it is expected that DPFs will be needed to meet this limit.
The DPF will be described in greater detail later in this annex. An essential part of the proper
functioning of any DPF system relies on a prescribed regeneration to occasionally burn soot
collected in the filter and reduce the backpressure of the exhaust stream. Many exhaust
control systems rely on a DOC or regeneration catalyst upstream of the DPF to assist with
regeneration. This strategy can be applied to either coated or uncoated DPFs and
essentially performs two functions. The first is to oxidize unburned HC and CO in exhaust
and utilize the exothermic heat of combustion to raise the temperature of the exhaust gas
entering the DPF to temperatures sufficient to combust the captured carbonaceous soot.
This can be done by enriching the fuel/air ratio going to the cylinders or injecting a small
amount of fuel into the exhaust ahead of the DOC. A second regeneration function is to
oxidize some of the NOx in the exhaust to nitrogen dioxide (NO2) which oxidizes carbon at a
lower temperature than oxygen. The presence of higher concentrations of NO2 thus
facilitates filter regeneration at lower exhaust temperatures.
4.3

IMPACT OF SULFUR ON OXIDATION CATALYSTS

The sulfur content of diesel fuel has a important effect on the operation of catalyst
technology. Catalysts used to oxidize the SOF of the particulate can also oxidize sulfur
dioxide to form sulfate particulate (a mixture of sulfuric acid and water), which adds to the
mass of the particulate. This reaction depends on the level of sulfur in the fuel and the
temperature of the exhaust gases. DOCs are the most sulfur resistant catalyst technologies
being applied to diesel exhaust and were the only type of catalyst that could be used prior to
the introduction of ULSD. In most cases DOCs can operate effectively on fuel with up to
500 ppm S, however the activity and function of the catalyst components can be impacted
negatively, resulting in a reduction of catalyst efficiency.
Catalyst formulations have been developed which selectively oxidize the SOF while
minimizing oxidation of the sulfur dioxide (SO2). However, the lower the sulfur content in the
fuel, the greater the opportunity to maximize the effectiveness of oxidation catalyst
technology for both better total control of PM and greater control of toxic HCs. Lower sulfur
fuel (500 ppm S; 0.05 wt%), which was introduced in 1993 throughout the U.S., in Europe in
1996, and in Japan in 1997, facilitated the application of DOC catalyst technology to dieselpowered vehicles. Now, the availability of ULSD fuel (15 ppm S; 0.0015 wt% in the U.S. and
Canada and 10 ppm S fuel in Europe and Japan) allows for further enhancements of catalyst
performance. ULSD fuel was rolled out across the U.S. and Canada in 2006 as part of
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EPA’s and Environment Canada’s 2007-2010 highway diesel engine emissions program3.
ULSD is the required fuel for 2007 and newer diesel engines. 10 ppm S fuel became
available in the EU and Japan from 2005.
Starting in 2007, the U.S. EPA requires a 500 ppm limit for sulfur on diesel fuel produced for
non-road engines, locomotives and marine applications. The rule also sets a subsequent
limit of 15 ppm S for non-road diesel by 2010 and by 2012 for locomotive and marine
applications. In Europe, the maximum sulfur level of diesel fuel for non-road mobile
machinery (which includes inland waterway vessels, railcars and rail locomotives),
agricultural and forestry tractors and recreational watercraft was limited to 1000 ppm S from
the start of 2008 and to 10 ppm S from the start of 2011. The availability of these fuels
allows nonroad engines to fully take advantage of catalyst technology for complying with
future EPA Tier 4 emission regulations and EU NRMM Stage IV emissions regulations for
non-road, waterway and locomotive diesel engines. California already requires the use of
ULSD for all diesel engines except for certain types of ocean-going ships.

3

www.epa.gov/otaq/diesel.htm
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5.0

DIESEL PARTICULATE FILTER

5.1

HIGH EFFICIENCY FILTERS

In Europe, vehicles equipped with high efficiency DPFs have been offered commercially
since 2000.
In the most common type – wall-flow filters – particulate matter is removed from the exhaust
by physical filtration using a honeycomb structure similar to an emissions catalyst substrate
but with the channels blocked at alternate ends. The exhaust gas is thus forced to flow
through the walls between the channels and the particulate matter is deposited as a soot
cake on the walls. Such filters are made of ceramic (cordierite, silicon carbide or aluminium
titanate honeycomb materials). Figure A1-4 simplifies the operation of a wall-flow DPF.
Figure A1-4: Exhaust gas flow through a wall-flow filter channel

Ceramic wall-flow filters remove almost completely the carbonaceous and metallic
particulates, including fine particulates of less than 100 nanometers (nm) diameter with an
efficiency of >95% in mass and >99% in number of particles over a wide range of engine
operating conditions. Wall-flow filters exhibit high strength and thermal durability.
Beginning with the 2007 model year, all heavy-duty highway diesel engines sold in the U.S.
are being equipped with high efficiency diesel particulate filters as part of EPA’s 2007-2010
highway diesel engine emission program. All new light-duty diesel passenger vehicles and
trucks will be required to employ high efficiency DPFs to meet the U.S. Tier 2 or California
LEV II 0.01 g/mile emissions limit for PM. In addition to their use on all new light-duty diesel
vehicles in Europe, DPFs are frequently used in meeting European EEV (enhanced
environmentally friendly vehicle) emissions standards for heavy-duty engines and are
expected to be used to meet Euro VI requirements. High efficiency DPFs are also standard
equipment on new highway diesel engines sold in Japan.
Increasing interest has been raised regarding the health impacts of particulate size and
number in addition to the total mass. At this time, research has not determined which
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physical characteristic or chemical component is the most significant. The European Union
has actively pursued the measurement and characterization of ultrafine particles and PN
when promulgating new emission regulations. Current European light-duty emission
standards include emission limits for both PM mass and number. The future (2013) Euro VI
heavy-duty standards also include requirements for both types of PM measurements. The
Association for Emissions Control by Catalysts (AECC) conducted a test program for particle
size and number on light-duty and heavy-duty vehicles using the procedures outlined in the
European Particle Measurement Program (PMP). The heavy-duty testing was conducted
using both the European Transient Cycle (ETC), as well as, the World Harmonized Test
Cycle (WHTC) and looked at the total number of particles within the range of 25nm to
2.5μm. The results for heavy-duty engines under both test cycles are shown in Figure A1-5
and demonstrated the efficiency of wall-flow filters to reduce engine out particle number by
three orders of magnitude at a filtration efficiency of 99.9%.
Figure A1-5: Particle number measurements with and without wall-flow DPF controls on
heavy-duty engines using the PMP guidelines [11]
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Operating Characteristics and Filter Regeneration

As the name implies, diesel particulate filters remove particulate matter from diesel exhaust
by filtering exhaust from the engine. They can be installed on vehicles or stationary diesel
engines. Since a filter can fill up over time, engineers that design filter systems must provide
a means of burning off or removing accumulated particulate matter. The only practical
method of disposing of accumulated particulate matter is to burn or oxidize it within the filter
when exhaust temperatures are adequate. By burning off trapped material, the filter is
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cleaned or “regenerated.” Filters that use available exhaust heat for regeneration are termed
“passively regenerated” filters. Filters that use some kind of energy input, like injection of
diesel fuel into an upstream DOC, are termed “actively regenerated” filters. In general, new
vehicle applications of DPFs employ a combination of passive and active regeneration
strategies to ensure that filter regeneration occurs under all vehicle operating conditions.
Active regeneration strategies employ various engine controls to achieve filter regeneration
conditions on demand.
Passive regeneration fashion cannot be used in all situations, primarily due to insufficient
exhaust gas temperatures associated with the operation of some types of diesel engines, the
level of PM generated by a specific engine, and/or application operating experience. To
ensure proper operation, filter systems are designed for the particular engine/vehicle
application and account for exhaust temperatures and duty cycles of the specific vehicle
type. In low exhaust temperature operation an active regeneration strategy may need to be
implemented to raise the exhaust temperature sufficient for oxidizing the soot. Actively
regenerated, high-efficiency filter systems can be applied to a much larger range of
applications.
The most successful methods to achieve regeneration include:


Incorporating an oxidation catalyst upstream of the filter that, as well as operating as
a conventional oxidation catalyst, also increases the ratio of NO2 to NO in the
exhaust [12]. NO2 provides a more effective oxidant than oxygen and so provides
optimum passive regeneration efficiency.



Incorporating a catalytic coating on the filter to lower the temperature at which
particulate burns. New formulations are using ceria or zirconia to make the soot react
directly with oxygen at the catalyst-soot interface [13,14].



Using very small quantities of Fuel-Borne Catalyst (FBC), such as ceria [15] or iron
additive compounds added to the fuel using an on-board dosing system. The FBC,
when collected on the filter as an intimate mixture with the particulate, allows the
particulate to burn at lower exhaust temperatures (around 350°C instead of 650°C)
and increases the combustion kinetics (typically 2-3 minutes) while the solid residues
of the catalyst are retained on the filter as ashes.



Fuel injector placed in the exhaust line upstream of the DPF [16]. This provides a
source of hydrocarbons to initiate the temperature rise for regeneration.



Electrical heating of the trap either on or off the vehicle [17].
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Trapped particulate burns off at normal exhaust temperatures using the powerful
oxidative properties of NO2 and can burn in oxygen when the temperature of the
exhaust gas is periodically increased through post-combustion. Maximum exothermic
temperatures must be controlled, especially in worst-case ‘drop-to-idle’ conditions
when the soot combustion starts at high temperature and flow and then the engine
drops to idle.

Diesel particulate filters can be combined with exhaust gas recirculation (EGR), NOx
adsorber catalysts or selective catalytic reduction (SCR) to achieve significant NOx and PM
reductions.
5.1.2

Filter Maintenance

In addition to collecting soot, filters also collect inorganic-based exhaust constituents that are
derived from several sources, including the combustion of engine lubricants, products of
normal engine wear and/or corrosion, and materials associated with fuel-borne catalysts in
DPF applications that use these catalysts to assist in the filter regeneration process. These
inorganic oxides do not combust during filter regeneration events. Over extended operation
on the vehicle, these ash species slowly accumulate within the filter and gradually increase
the pressure drop across the filter. Since excessively high backpressure on the engine will
result in a degradation of engine performance, the accumulated ash material within the filter
needs to be periodically removed. This ash removal or cleaning operation is a necessary
filter maintenance operation. Engine oil consumption characteristics, the total ash content of
engine lubricant formulations, vehicle duty cycles, filter designs, and fuel-borne catalyst
dosing rates all impact ash accumulation profiles and required filter maintenance cleaning
intervals. Because of the toxicity of the material in the DPF, filter cleaning must be done on
special machines that will fully capture the material for safe disposal. Many diesel engine
service facilities will have the machines.
Filter systems do not appear to cause any additional engine wear or affect vehicle
maintenance. Concerning maintenance of the filter system itself, manufacturers are
designing systems to minimize maintenance requirements during the useful life of the
vehicle. In most U.S. 2007, and later model year, heavy-duty vehicle applications, filter
maintenance intervals are expected to exceed 300,000 miles of service. A new generation of
low ash containing lubricants has been introduced for these heavy-duty engine applications
to help maximize filter cleaning intervals. Manufacturers provide the end-user with
appropriate information on filter maintenance schedules.
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5.2

PARTIAL FLOW DIESEL PARTICULATE FILTERS AND “FLOW-THROUGH”

FILTERS
Diesel Partial-Flow Filters normally use a metallic substrate. The metallic partial-flow filter
(Figure A1-6) typically uses a special perforated metal foil substrate with a metal 'fleece'
layer so that the exhaust gas flow is diverted into adjacent channels and the particles are
temporarily retained in the fleece before being burnt by a continuous reaction with the NO2
generated by an oxidation catalyst located upstream in the exhaust. It offers an option for
reducing PM emissions by 30-80% depending on filter size and operating conditions [18,19].
Figure A1-6: Metallic partial flow filter made up of corrugated metal foil and layers of porous
metal fleece

Flow-through filters employ various materials from fibre-based to metallic ‘foams’, including
catalyzed metal wire mesh structures and sintered metal sheets to reduce diesel PM. These
filters do not have a storage function.
Because of their maintenance free operation, with no active regeneration or ash removal
necessary, filters of these types are also verified as a level 2 (>50-84%) PM reduction device
under California’s retrofit program. Such filters are capable of achieving PM reduction of
about 30 to 80%, depending on the engine operating characteristics.
5.3

IMPACTS OF SULFUR OF PARTICULATE FILTERS

Sulfur in diesel fuel significantly affects the reliability, durability, and emissions performance
of catalyst-based DPFs. Sulfur affects filter performance by inhibiting the performance of
catalytic materials upstream of or on the filter. Sulfur also competes with chemical reactions
intended to reduce pollutant emissions and creates particulate matter through catalytic
sulfate formation. Catalyst-based diesel particulate filter technology works best when the fuel
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sulfur level is less than 15 ppm. In general, the less sulfur in the fuel, the better the
technology performs.
5.4

CLOSED CRANKCASE VENTILATION

In most pre-2007 turbocharged, aftercooled diesel engines, the crankcase is vented to
atmosphere often using a downward directed draft tube. While a rudimentary filter was often
installed on the crankcase vent, a substantial amount of particulate matter was released to
the atmosphere. The particles are predominantly a liquid aerosol generated by the rapidly
moving parts in the crankcase. When vented into the engine compartment, they were not
only emitted, uncontrolled into the atmosphere, they could easily make their way into the
passenger compartment of the vehicle. This PM went undetected in any kind of engine-out
PM measurement. Emissions through the crankcase vent may exceed 0.7 g/bhp-hr during
idle conditions on recent model year U.S. engines.
All 2007 and newer U.S. engines and Euro VI engines require the control of crankcase
emissions and in many cases engine manufacturers are employing closed crankcase
systems with filters as shown in Figure A1-7. This system consists of a multi-stage filter
designed to collect, coalesce and return the emitted lube oil to the engine’s sump. Filtered
gases are returned to the intake system, balancing the differential pressures involved.
Typical systems consist of a filter housing, a pressure regulator, a pressure relief valve and
an oil check valve. These systems greatly reduce crankcase emissions. Closed crankcase
filter systems can be combined with DOCs or DPFs to reduce PM emissions associated with
both the ventilation of the crankcase and the tailpipe.
Figure A1-7: Closed crankcase emission control system

Flow through filter technologies can be coated with catalyst materials to assist in oxidizing
the soot or used in conjunction with an upstream diesel oxidation catalyst to oxidize diesel
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soot as the exhaust flows through these more turbulent flow devices. These metal devices
may see advantages in applications requiring special shapes or having space limitations due
to their relatively smaller package size. Flow-through filters generally do not accumulate
inorganic ash constituents present in diesel exhaust. The ash passes through the device,
reducing the need for filter cleaning in most applications.
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6.0

NOX REDUCTION TECHNOLOGIES

The superior fuel economy of diesel engines over gasoline lies in their operation at high air
to fuel ratios where there is excess oxygen. The oxygen-rich combustion environment in
combination with high combustion temperatures results in the formation of nitrogen oxides
(NOx) in the combustion process. Gasoline engines also generate NOx by the same
mechanisms; however, their typical stoichiometric air/fuel ratio in combination with TWCs
allows for very low tailpipe NOx levels. These approaches are generally not employed on
diesel engines in order to maintain the significant fuel economy and low CO2 benefits of
these engines. Therefore, a new set of technologies have been developed by exhaust
emission control manufacturers to significantly reduce NOx in oxygen-rich exhaust streams.
Below is a brief overview of the types of technologies that are being developed and
commercialized to reduce NOx from diesel engines and vehicles.
The exhaust streams in lean-burn direct injection gasoline engines are also oxygen-rich and
hence, as with diesel engines, new solutions are required for control of NOx from these
engines. Most commonly, at present, NOx adsorber catalysts are used in passenger car and
light-duty applications of lean-burn gasoline engines.
6.1

EXHAUST GAS RECIRCULATION (EGR)

As the name implies, EGR involves recirculating a portion of the engine’s exhaust back to
the charger inlet (or intake manifold in the case of naturally aspirated engines). In most
systems, an intercooler lowers the temperature of the recirculated gases. The cooled
recirculated gases, which have a higher heat capacity and lower oxygen content than air,
lower the combustion temperature in the engine, thus inhibiting NOx formation. There are
two types of EGR:
• High pressure EGR captures the exhaust gas prior to the turbocharger and redirects it back
into the intake air.
• Low pressure EGR collects the clean exhaust after the turbocharger and after a diesel
particulate filter and returns it to the intercooler. Diesel particulate filters are always used
with a low-pressure EGR system to ensure that large amounts of particulate matter are not
recirculated to the engine which would result in accelerated wear in the engine and
turbocharger.
In some cases, engine manufacturers have also incorporated catalysts within high pressure
EGR loops to reduce PM levels that are recirculated back through the combustion process.
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EGR systems typically recirculate about 25 to 40% of the combustion atmosphere to cool
combustion temperatures and are capable of achieving NOx reductions of more than 40%. A
schematic of a low-pressure EGR+DPF system is shown in Figure A1-8.
Figure A1-8: Low Pressure EGR plus DPF

In order to optimize the engine out NOx reduction over the largest portion of the engine map
and improve the fuel economy at the same time, manufacturers have developed combined
technology air breathing solutions. The benefits of variable turbine geometry (VTG)
turbochargers and low pressure EGR have been combined to provide both efficiency and
NOx reduction. At low engine speeds and loads, the low pressure EGR system maintains
the energy flow to the turbine (and thus power and efficiency), while, at higher speeds and
high load portions of the engine map, the high pressure EGR system matches the flow
requirements within the optimal turbine geometry to minimize losses. The blended EGR
(high and low pressure) in combination with a VTG turbocharger can also match all
operating conditions and provide better charge temperature control. The optimized
combination of technologies is capable of achieving 30% NOx reduction while delivering a 34% reduction in brake specific fuel consumption (BSFC).
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6.2

SELECTIVE CATALYTIC REDUCTION (SCR)

SCR has been used to control NOx emissions from stationary sources such as power plants
for over 20 years. More recently, it has been applied to select mobile sources including cars,
trucks, marine vessels, and locomotives. Applying SCR to diesel-powered vehicles provides
simultaneous reductions of NOx, PM, and HC emissions. Many engine manufacturers are
now offering SCR systems on new highway heavy-duty engines sold in Europe to comply
with the European Union’s Euro IV or Euro V heavy-duty engine emission requirements.
More than 100,000 new, SCR-equipped trucks are operating in Europe using a urea-based
reductant.
SCR systems have also been installed on marine vessels, locomotives and other non-road
diesel engines. Significant numbers of marine vessels have been equipped with SCR
including auto ferries, transport ships, cruise ships, and military vessels. The marine engines
range from approximately 1250 hp to almost 10,000 hp and the installations have been in
operation since the early to mid-1990s.
SCR offers a high level of NOx conversion with high durability. Open loop SCR systems can
reduce NOx emissions from 75 to 90%. Closed loop systems on stationary engines have
achieved NOx reductions of greater than 95%. Engine manufacturers in North America are
now using combined DPF+SCR system designs for complying with EPA’s 2010 heavy-duty
highway emission standards. DOC+SCR systems are being used commercially in Japan for
new diesel trucks by several engine manufacturers to comply with Japan’s 2005 emission
standards and are expected to be used in Europe to meet Euro VI standards.
Modern SCR system designs combine highly controlled reductant injection hardware, flow
mixing devices for effective distribution of the reductant across the available catalyst crosssection, durable SCR catalyst formulations, and ammonia slip clean-up catalysts that are
capable of achieving and maintaining high NOx conversion efficiencies with extremely low
levels of exhaust outlet ammonia concentrations over thousands of hours of operation.
6.2.1 Operating Characteristics and Control Capabilities
An SCR system uses a metallic or ceramic wash-coated catalyzed substrate, or a
homogeneously extruded catalyst, and a chemical reductant to convert nitrogen oxides to
molecular nitrogen and oxygen. In mobile source applications, an aqueous urea solution is
the preferred reductant. In open loop systems, the reductant is added at a rate calculated by
a NOx estimation algorithm that estimates the amount of NOx present in the exhaust stream.
The algorithm relates NOx emissions to engine parameters such as engine revolutions per
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minute (rpm), exhaust temperature, backpressure and load. As exhaust and reductant pass
over the SCR catalyst, chemical reactions occur that reduce NOx emissions. In closed loop
systems, a sensor that directly measures the NOx concentration in the exhaust is used to
determine how much reductant to inject.
SCR catalysts formulations based on vanadia-titania and base metal-containing zeolites
have been commercialized for both stationary and mobile source applications. The
maximum NOx conversion window for SCR catalysts is a function of exhaust gas
composition, in particular the NO2 to NO ratio. The three common NOx reduction reactions
are:
4 NH3 + 4 NO + O2

→ 4 N2 + 6 H2O

(1)

2 NH3 + NO + NO2

→ 2 N2 + 3 H2O

(2)

8 NH3 + 6 NO2

→ 7 N2 + 12 H2O

(3)

Base metal zeolite SCR catalysts, in particular, have been selected, and are continuing their
development, for applications that require NOx performance and durability under higher
exhaust operating temperatures that may be encountered in some mobile source
applications. Low temperature SCR is promoted by NO2. For low temperature NOx
conversion efficiency, emission control system design engineers have a number of options
available including the composition of the SCR catalyst itself, control of the ratio of NO2 to
NO present at the inlet of the catalyst, and improving the urea decomposition process at low
exhaust temperatures.
SCR catalysts based on vanadia exhibit a strong sensitivity of NOx conversion to the
NO2:NOx ratio of the exhaust gas. Optimum conversion is achieved at a ratio of 1:1 or a
50% NO2 composition. Zeolite based catalysts have shown less sensitivity to NO2
concentration as shown in Figure A1-9.
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Figure A1-9. Catalyst A: Cu-zeolite and Catalyst B: Fe-zeolite are compared to a vanadiabased SCR catalyst with respect to NO2 sensitivity

In an actual application, the SCR system can be placed either upstream or downstream of
the DPF depending on the temperature sensitivity and filter regeneration strategies
employed by the manufacturer. Figure A1-10 shows a typical arrangement where the SCR
is downstream of the DOC/DPF. The final catalyst in the exhaust system is an oxidation
catalyst designed to remove any ammonia slip that might occur in the SCR.
Figure A1-10: Diagram showing SCR (green) catalyst downstream of DOC (light gray)/DPF
(pink) catalyst, urea dosing nozzle. The blue section represents an ammonia clean-up
catalyst. Some of the types of monitors and controls feeding back to the control unit are also
shown.
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In addition to NOx, SCR systems reduce HC emissions up to 80% and PM emissions 20 to
30%. They also reduce the characteristic odor produced by a diesel engine and diesel
smoke. Like all catalyst-based emission control technologies, SCR performance is enhanced
by the use of low sulfur fuel. Combinations of DPFs and SCR generally require the use of
ultra-low sulfur diesel to achieve the highest combined reductions of both PM and NOx.
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Significant advancements have been made not only to improve the catalyst performance and
durability but also in the urea injection hardware to insure an accurate and well distributed
supply of reductant. This insures that the entire catalyst volume is being utilized and the
ammonia slip is minimized. Manufacturers have developed high precision injectors and
mixer systems to disperse the reductant upstream of the catalyst. Urea injector suppliers are
moving away from air driven injectors to airless designs to eliminate the need for air pumps
specific to the urea supply, to enable their use in light-duty vehicles and to optimise
injections for lower levels of engine-out NOx.
To ensure that urea-SCR technology for vehicles is never operated without a reductant on
board, the U.S. EPA has issued a guidance document to outline the types of fail safe
controls manufactures must incorporate into their urea SCR systems to receive vehicle
certification (EPA-HQ-OAR-2006-0886; FRL-8242-1). A series of driver warnings and
inducements will warn operators when the urea level falls below that required to make it to
the next refueling stop. Additional requirements put on manufacturers in the US include
assurances that the urea used in the vehicle is of high quality and always available while the
engine is running. Similar requirements are incorporated into United Nations emissions
Regulations and Euro 5, 6 and VI Regulations
6.3

NOX ADSORBER CATALYSTS

NOx adsorber catalysts, also referred to as lean NOx traps (LNT), provide another catalytic
pathway for reducing NOx in an oxygen rich exhaust stream.
6.3.1 Operating Characteristics and Performance
NOx adsorber technology removes NOx in a lean (i.e. oxygen rich) exhaust environment for
both diesel and gasoline lean-burn direct injection engines. The mechanism involves (see
Figures A1-11 and A1-12):
1.

Catalytically oxidizing NO to NO2 over a precious metal catalyst.

2.

Storing NO2 in an adjacent alkaline earth oxide trapping site as a nitrate.

3.

The stored NOx is then periodically removed in a two-step regeneration step by

temporarily inducing a rich exhaust condition followed by reduction to nitrogen by a
conventional three-way catalyst reaction.
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Figure A1-11: NOx trapping mechanisms under lean operating conditions.

Figure A1-12: NOx trap regeneration occurs under brief periods of rich operation.

As discussed above, under normal lean diesel engine operation, the NOx adsorber stores
the NOx emissions. In order to reduce the trapped NOx to nitrogen, called the NOx
regeneration cycle, the engine must be operated rich periodically for a short period of time (a
few seconds). This cycling is also referred to as a lean/rich modulation. The rich running
portion can be accomplished in a number of ways including:
• Intake air throttling
• Exhaust gas recirculation
• Post combustion fuel injection in the cylinder
• In-exhaust fuel injection
Development and optimization of NOx adsorber systems is continuing for diesel engines.
Adsorber systems have demonstrated NOx conversion efficiencies ranging from 50 to in
excess of 90% depending on the operating temperatures and system responsiveness, as
well as diesel fuel sulfur content. An important consideration in designing a NOx adsorber
emission control system is the effect on fuel economy. LNTs may experience a fuel economy
penalty as a result of the fuel necessary to generate a rich exhaust environment during
regeneration of the catalyst. There is potential to overcome this associated penalty by
utilizing system engineering and taking advantage of all components. For instance, an
approach to minimize the fuel economy penalty associated with the NOx regeneration step
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may be to calibrate the engine for maximum fuel economy at points on the engine map
where the NOx adsorber is performing at its peak conversion efficiency. Although such a
calibration results in higher engine-out NOx emissions, with the NOx adsorber functioning at
its peak conversion efficiency, NOx emissions could still be kept low.
The importance of an engineered systems approach when designing an emission control
system using NOx adsorber technology cannot be underestimated. Conversion efficiency of
up to 90 percent are achievable over a broad temperature range and the NOx efficiency can
be directly impacted by changing the lean/rich modulation of the cycle. LNTs can achieve
even higher NOx reduction (>90%) when regenerated with on-board generated hydrogen via
a fuel reforming reaction over an appropriate catalyst.
The emission control industry continues to invest considerable efforts in further developing
and commercializing NOx adsorber technology. Specifically, formulations and on-vehicle
configurations that improve low temperature performance and lower temperature sulfur
removal. Advanced storage components have resulted in lower light-off temperatures and
wider operating windows for NOx conversion.
6.3.2

Impact of Fuel Sulfur and Durability

The same compounds that are used to store NOx are even mre effective at storing sulfur as
sulfates. Therefore, NOx adsorbers also require the use of ULSD fuel. The durability of
LNTs is linked directly to sulfur removal by regeneration and is a major aspect of technology
development. Sulfur is removed from the trap by periodic high temperature excursions under
reducing conditions, a procedure called “DeSOx”. The DeSOx regeneration temperatures
are typically around 700°C and require only brief periods of time to be completed. However,
the washcoat materials and catalysts used in these technologies begin to deactivate quickly
above 800°C and therefore methods are being developed to reduce the desulfation
temperature. Figure A1-13 shows how the NOx conversion window is impacted following
numerous sulfation/desulfation cycles. Advanced thermally stable materials have allowed
LNTs to achieve durability over their full useful life.
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Figure A1-13: Durability of advanced LNTs can be maintained over many high temperature
desulfation cycles.

6.3.3

Application of NOx Adsorber Technology

NOx adsorber technology has and has recently been commercialized on a medium duty
pick-up truck meeting EPA’s 2010 on-highway emission standards and in Euro 6 light-duty
diesel vehicles in Europe.
NOx adsorber technology is also being applied to gasoline vehicles powered by gasoline
direct injection engines and the results are impressive. In fact, a number of vehicle
manufacturers have commercially introduced NOx adsorber catalysts on some of their
models powered by lean-burn gasoline engines in both Europe and Japan. While the
application of NOx adsorber technology to diesel engines offers different challenges than
gasoline applications, the experience being gained in gasoline applications is an important
compliment to NOx adsorber technology developments on the diesel side. The U.S.
Department of Energy’s large Advanced Petroleum Based Fuel-Diesel Emission Control
program [20] included vehicle demonstrations of NOx adsorber catalyst technologies that
achieved NOx emission reductions in excess of 90% for a light-duty and medium-duty
diesel-powered vehicles.
6.4

LEAN NOX CATALYSTS

In the oxygen-rich environment of diesel exhaust, it is difficult to chemically reduce NOx to
molecular nitrogen. Direct NOx decomposition is thermodynamically attractive, but the
activation energy is very high for this method and no catalysts have been developed for
wide-spread use.
Catalysts have been developed that use a reductant like HC, CO, or H2 to assist in the
conversion of NOx to molecular nitrogen in the diesel engine exhaust stream. They are
generally called “lean NOx catalysts.” Because sufficient quantities of reductant are not
present to facilitate NOx reduction in normal diesel exhaust, most lean NOx catalyst systems
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inject a small amount of diesel fuel, or other reductant, into the exhaust upstream of the
catalyst. The added reductant allows for a significant conversion of NOx to N2. This process
is sometimes referred to as hydrocarbon selective catalytic reduction (HC-SCR). Currently,
NOx conversion efficiencies using diesel fuel as the reductant are around 10 to 30% over
transient test cycles. Other systems operate passively without any added reductant at
reduced NOx conversion rates.
Lean NOx catalysts often include a porous material made of zeolite having a microporous,
open framework structure providing trapping sites within the open cage network for
hydrocarbon molecules along with either a precious metal or base metal catalyst. These
microscopic sites facilitate reduction reactions between the trapped hydrocarbon molecules
and NOx.
Lean NOx catalyst systems have been demonstrated and verified for diesel retrofit
application and thousands have been commercially applied. However, due to the relatively
low NOx conversions (20-30% over transient cycles) and corresponding fuel economy
penalties associated with the operation of these systems, lean NOx catalysts are generally
not being considered for U.S. or EU new vehicle regulations for either light-duty or heavyduty applications where NOx conversions of at least 60% are expected to be required.
Nonetheless, researchers are developing methods to improve the conversion efficiencies
and hydrothermal durability of lean NOx catalysts to identify formulations that meet the
needs of the industry, perhaps in combination with advanced engine technologies like HCCI.
One such program has identified several promising catalyst formulations using combinatorial
screening techniques with conversion efficiencies as high as 75% on the US06 driving cycle
[21].
6.5

COMBINED LNT/SCR NOX REDUCTION TECHNOLOGIES

Engine and technology manufacturers are looking at novel approaches to address the need
for alternative NOx control systems that do not require separate on-board reductant, like
urea. Several hybrid systems were introduced at the 12th Diesel Engine-Efficiency and
Emissions Research Conference (DEER) in 2006 and again updated in 2007. These hybrid
systems combine the catalyst functionality of lean NOx traps and ammonia SCR catalysts
without the need for a second reductant on board the vehicle. These experimental systems
typically incorporate a fuel reformer catalyst to generate a hydrogen rich reformate from the
onboard fuel which is then used to regenerate the lean NOx trap. The regeneration of the
LNT forms ammonia which is then stored within the SCR catalyst. The systems primarily rely
on the LNT for the bulk of the NOx reduction during lean operation but the SCR uses the
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stored ammonia to further reduce NOx, thereby extending the time between LNT
regeneration and desulfations to reduce fuel penalties associated with these strategies.
Several vehicle manufacturers have announced commercial systems designed to meet
EPA’s Tier 2 Bin 5 emission standards for 2010 and Euro 6 standards based on a combined
NOx catalyst approach. Some systems rely on dual LNT and SCR catalysts where the SCR
stores ammonia formed during LNT regeneration. Another used an LNT together with ureaSCR.
The Mercedes E320 Blutec system uses independent LNT and SCR catalysts whereas
Honda has announced a single catalyst with dual layer functionality. The layered concept
incorporates a first washcoat layer based on a NOx trap catalyst and an outer layer of an
SCR catalyst composition. The ammonia that is released during regeneration of the trap is
stored within the SCR layer and later utilized for selective catalytic reduction during lean
operation.
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7.0

EFFECTS OF DIESEL FUEL COMPOSITION ON VEHICLE EMISSIONS

The quantitative measurement of vehicle emissions is a complicated and specialized task
because there are a wide range of pollutants emitted and the quantities of these pollutants
are now very low. Vehicle emissions can be affected by the composition of the diesel fuel as
well as by the engine and after-treatment performance. Many bench engine and vehicle
studies have been conducted over many years to investigate the effect on emissions
performance of changes in diesel fuel composition and increasingly the use of oxygenates,
especially Fatty Acid Esters (FAE).
There are many factors that make it especially difficult to draw robust yet simple conclusions
from this extensive literature. These factors include, for example, changes over time in the
emissions capabilities of test engines and vehicles; frequently only a small number of
vehicles or engines are tested in a given study; differences in test cycles and research
objectives; and a lack of orthogonality among critical test variables.
At the same time, diesel fuel specifications have continuously changed to enable new engine
and aftertreatment technologies, with the most significant change being the introduction of
low-sulphur and sulphur-free diesel fuels. The use of oxygenated components, like FAE,
also affects emissions performance and can easily mask the effects due to changes in diesel
fuel composition and vehicle and aftertreatment technology. Thus, making sweeping
statements about the effects of fuel composition on emissions performance is a complicated
task.
One of the most thorough evaluations of these effects was performed in the mid-1990’s as
part of the European Programme on Emissions, Fuels, and Engine Technologies (EPEFE).
This study [22], conducted jointly by the European auto and oil industries, confirmed that
both fuels and engine technologies are important determinants of motor vehicle emissions
performance and important relationships exist among fuel properties, engine technologies,
and exhaust emissions. For diesel fuels, the main fuel parameters investigated were cetane
number, PAH, density, and distillation (T95) and special fuel blends were created to
separate, as unequivocally as possible, the effects of these compositional parameters on
emissions.
The test vehicles and engines were selected in order to reflect the wide range of engine
types that were commonly used in Europe in the mid-1990’s. The vehicles selected for the
study were equipped with state-of-the-art emissions reduction technologies including
oxidation catalysts for LD diesels and high pressure fuel injection systems for HD diesels. All
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of the LD vehicles exceeded the 1996 emissions limits and HD vehicles exceeded Euro II
emissions standards. In total, the study examined 11 diesel fuel blends in 19 LD vehicles
and 5 HD bench engines. More than 2000 emission tests were completed using a strictly
applied and repeatable testing and measurement protocol.
The study concluded that the relationships between fuel composition and emissions are
complex. For example, changes in a given fuel property may lower the emissions of one
pollutant but may increase another for a single vehicle type and aftertreatment combination.
The study found that the effect of fuel properties on emissions often depended on the engine
type, with different types of heavy-duty and light-duty engines frequently showing different
responses. For example, increasing the cetane number in diesel fuels tended to reduce NOx
emissions in heavy-duty and light-duty direct injection engines but increase NOx emissions
in light-duty indirect injection engines.
In spite of these observations, the EPEFE study provided detailed and statistically relevant
information that could be used as a technical basis for future policy decisions for fuels,
vehicles, and emissions. The relationships developed from the data were considered to be
valid within the broad range of parameters and protocols used in the study but the authors
cautioned that ‘great care must be taken in extrapolating the results’ to other vehicle and
aftertreatment technologies.
Clearly, this study represented a benchmark in internally consistent and robust information.
Unfortunately, this is not always the case when one attempts to compare results from
different and unrelated studies published in the peer-reviewed literature. We can assume
that the results in one published study are valid but extending the interpretation of these
results to another study is complex.
Recognising these difficulties, extracting information from the full body of published literature
is an approach that has been completed in at least two cases. Koehl et al. [23] published a
review of the published literature covering work up to 1989 on the effects of diesel fuel
composition on vehicle emissions and Hochhauser [24] published a similar review in 2009.
The latter review was commissioned by the US CRC and covers results from 130 references
on on-road and off-road vehicles. For this reason, it is sufficient here to summarise the
directional effects that were reported in the 2009 review (Table A1-1). It should be
emphasized, however, that these directional effects are not straightforward and may be
complicated by the diversity of vehicles, aftertreatment systems, fuels, test procedures, and
the lack of orthogonality among different test variables.
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Table A1-1: Directional effects of diesel fuel composition on emissions from light-duty
and heavy-duty diesel vehicles [24]

As shown in this table, the most direct effect of reducing sulfur is to lower the sulfate portion
of PM, without changing any of the other engine-out emission components. Reducing sulfur
also reduces the number of ultrafine particles. In the studies included in the review, DPFs
exhibited a range of sensitivities to sulfur level, with newer models showing lower sensitivity.
There is some evidence that higher sulfur levels can result in increased backpressure, which
may also affect fuel economy. NSR catalysts have been shown to be sensitive to sulfur
above about 50ppm S and may require very low sulfur levels in order to perform well over
their expected lifetime. Even when the operation of the NSR is not directly affected by sulfur,
higher sulfur levels require more frequent regeneration and the high temperatures
associated with regeneration may degrade the catalyst activity over the long-term. UreaSCR catalyst systems were found to be less sensitive to sulfur levels than NSR catalysts.
Density, aromatics content, especially PAH, and cetane number have been previously
documented to affect diesel emissions, although contradictory results have been published.
For light-duty diesel vehicles, lowering the diesel fuel density generally lowers HC, CO, and
PM emissions but does not affect NOx. Reducing the aromatics content, especially PAHs,
lowers PM and NOx emissions but also increases HC and CO emissions.
Increasing the cetane number lowers HC and CO emissions but increases PM emissions.
The effects are typically smaller and more difficult to measure accurately when
aftertreatment systems, such as DPFs, are used. Diesel oxidation catalysts tend to oxidize
the organic fraction of PM. This means that PAH, which may contribute to this fraction of PM,
will also have less of an impact in vehicles that are equipped with oxidation catalysts.
For heavy-duty diesel vehicles, lowering the diesel fuel density lowers NOx emissions and
reducing the PAH content lowers both NOx and PM emissions. Increasing the cetane
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number lowers HC and CO emissions while PM emissions may increase in some modern
engines. As engines become more sophisticated in terms of injection control, fuel effects on
emissions seem to be less evident. This is especially true for DPF systems that have a very
high efficiency for PM reduction and are probably not much affected by nominal changes in
PAH content.
In light-duty diesel vehicles, reducing the higher volatility (often called the high-end volatility)
of the diesel fuel generally results in a small reduction in PM emissions and does not
typically affect HC or CO emissions. The effect of lowering diesel fuel volatility on NOx
emissions is less certain, with some literature reporting an increase in NOx emissions.
In heavy-duty diesel vehicles, reducing the volatility of the diesel fuel also lowers PM
emissions and increases HC and CO emissions. Some literature reports that NOx emissions
increase with lower diesel fuel volatility while other studies report a decrease.
7.1 EFFECTS OF OXYGENATES IN DIESEL FUEL ON VEHICLE EMISSIONS4
Many studies have been published on the impact of Fatty Acid Esters (FAE), both methyl
and ester types, on regulated and unregulated emissions. For this reason, this section
addresses only a subset of recent publications and does not claim to be a comprehensive
literature survey. Some examples are provided in each instance as representative of many
more that address essentially the same topic.
The effect of FAE type and concentration on regulated emissions has been widely studied.
The majority of publications are related to emissions from HD engines and have covered a
wide range of different test procedures and protocols. A range of biodiesel types have been
tested, including both animal and vegetable based components, both in their untreated and
also in their esterified state. A range of concentrations have been examined (up to and
including 100% biodiesel) on a variety of engines (both commercial and research) and
including a wide range of test conditions. Because of this diversity in tests and results, it is
very difficult to develop a consensus from reading the literature alone.
In 2002, however, the U.S. EPA [1] completed an analysis involving more than 800 sets of
emissions data. These data were collected from a range of studies which included all of the
variables mentioned above and a detailed statistical analysis was completed to summarise
the effects of biodiesel fuels on regulated emissions. Figure A1-14 is reproduced from this

4

References for Section 7.1 can be found in Annex A1
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study and is frequently cited to show the impact of increasing biodiesel content on
emissions.
Figure A1-14: Average emission impacts of biodiesel for heavy-duty highway engines [1]

Since this EPA study was reported, this graph has represented the most widely held view on
the effects of biodiesel on regulated emissions. It should be emphasized, however, that the
study was carried out only on heavy duty engines (primarily US engines) and on a variety of
fuels and test procedures (including hot start tests) and did not include engines equipped
with after-treatment technologies. Consequently, extending these conclusions to other
applications, such as European light-duty diesel vehicles, may not be appropriate.
There are also European publications that relate to heavy duty testing which predate this
study. Some gave results in line with those reported by the EPA [2,3,4] while others [5,6]
reported differences, normally with respect to NOx emissions, where a reduction in NOx with
increasing FAME was reported.
Since 2002, there have been many more publications on heavy duty engine results, again
including most of the variables mentioned above. Short of carrying out another EPA-type
statistical analysis, it is difficult to compare the magnitude of the results published. However,
it is possible to look at the results in their entirety and establish whether they agree with the
directional trends already reported in the EPA study.
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From our evaluation, many publications were found that agree completely with the EPA
trends [7,8,9,10,11] while others show some variation, again, most commonly with respect to
NOx [12,13]. One paper [14] addressed the use of a catalytic converter on a heavy duty
engine and reported that its use resulted in a corresponding reduction in NOx as the
biodiesel concentration increased.
However, results from heavy duty engines, and especially engines typically used in the US
market, cannot necessarily be extrapolated to the European passenger car fleet in which
common rail engines dominate, exhaust aftertreatment systems such as oxidation catalysts
and DPFs have become standard equipment and the diesel fuel used as basic blendstock
has a significantly higher cetane number than in the US. Furthermore, the European
certification test emphasises cold engine starting conditions where the presence of biodiesel
can have a different impact compared to hot start conditions.
There are considerably fewer publications related to the effect of biodiesel in light duty
applications. Again, the available papers cover a wide range of variables with respect to
FAE, concentration of blends, engine conditions etc. One early paper [4] presented limited
results using neat rapeseed methyl ester (RME) and concluded that all regulated emissions
(including NOx) were reduced when FAE was used. Another relatively early paper [15]
showed reductions in HC and CO and increases in NOx, but no effect on PM.
Other papers on emissions from light-duty vehicles [13,16,17,18,19] showed emissions
trends that are similar to the EPA study, while some others [20,21,22] report reductions in
NOx and one [23] reported an increase on HC and CO.
In a recent and quite extensive review, Lapuerta et al. [24] summarised these results in the
following table regarding the impacts of biodiesel on gaseous pollutants, power output, and
fuel consumption (Table A1-2). The table shows the percentage of scientific studies
reporting either increases, decreases or no changes in various emissions and operation
characteristics. The results are qualitative because the different conditions and protocols
used in the studies do not make a direct comparison possible. In contrast to the EPA study,
this table indicates that there are general trends but, in certain cases such as for NOx and
efficiency, no straightforward conclusion can be drawn.
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Table A1-2

Estimated share of literature (in percentage of number of publications)
reporting decreases, similarities or increases in engine performance and
emissions using biodiesel and diesel fuels [24]
Increases

Samea

Decreases

Synergies

-

2

96

2

98

2

-

-

Thermal efficiency

8

80

4

8

NOx emissions

85

10

5

-

PM emissions

3

2

95

-

THC emissions

1

3

95

1

CO emissions

2

7

90

1

Effective power (full load)
Brake-specific fuel
consumption

a

Many references included in this category have reported both increases and decreases
depending on engine load conditions, engine type, engine operation temperature, etc.

LAT/AUTh has also performed an extensive literature review [25] for the EEA on the impact
of biodiesel on pollutant emissions and fuel consumption. The results confirmed that the use
of biodiesel results in higher NOx and lower PM emissions. The size of these effects is
related to the biodiesel concentration, the vehicle operating conditions, and the engine
technology. The effect of biodiesel on CO and HC is generally reported to be beneficial.
However, only limited studies were conducted on modern vehicles equipped with diesel
oxidation catalysts or other exhaust aftertreatment technologies, configurations which might
change this picture. Because of this, the picture regarding CO and HC might be significantly
different for modern diesel passenger cars.
In a recent study [26], five different biodiesel blends were tested in order to examine their
impact on the emissions and consumption of a common-rail passenger car. Small effects
were observed on CO2 emissions, with only two (PME, SUME) of the five blends providing
statistically significant differences. However, these differences were rather limited and in
opposite directions and there was no global conclusion on the effect of biodiesel on tailpipe
CO2 emissions. The effect of biodiesel on HC and CO emissions was more prominent over
the cold-start driving cycles where the absolute HC and CO emission levels were higher.
Over these cycles, B10 fuels resulted in ~25% higher HC and CO emissions than B0 diesel
fuel. The ratios of HC and CO emissions over cold-start and hot driving cycles were different
for the B0 and B10 fuels. These results indicated that DOC performance was different when
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biodiesel was used. The effect of different biodiesel blends on NOx emissions was variable,
ranging from –7% to +11% on average, depending on the type of biodiesel feedstock.
In addition, a recent study from the Joint Research Centre [27] on two passenger cars did
not lead to consistent conclusions. NEDC tests on a Euro 3 common-rail equipped car using
B30 and B100 fuels confirmed that the regulated emissions were higher with increasing
biodiesel content. The largest effect was observed when neat biodiesel (B100) was used,
suggesting that the different properties of the fuels resulted in a non-optimized engine
operation, leading to significant increases in certain pollutants, such as CO, HC and NOx.
However, fuel consumption did not seem to be affected by the presence of biodiesel at low
concentrations while the increase in fuel consumption was limited to 3% with neat biodiesel
(B100). The same fuels, when used on a unit-injector equipped Euro 3 car, led to completely
different observations concerning the impact of biodiesel on modern passenger cars.
Therefore, the effect of biodiesel blends on NOx emissions from passenger cars is not
straightforward and appears to depend on feedstock, vehicle technology and operating
conditions.
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8.0

ON-BOARD DIAGNOSTIC (OBD) REQUIREMENTS

Light-duty and heavy-duty diesel vehicles have to incorporate OBD requirements. These
diagnostic systems must monitor the functionality of engine combustion processes including
fuel injection and sensor operation as well as the proper functioning of the DOC, DPF and
NOx control systems that may be on-board the vehicle. Failures of these emissions control
systems must illuminate the malfunction indicator light (MIL).
The OBD requirements for diesel vehicles and engines have led to advances in the
development and commercialization of advanced sensor technologies to provide both alarms
and closed loop controls. Oxygen sensors are an essential part of the OBD system on
gasoline vehicles today to insure that the three-way catalyst is functioning properly. Oxygen
sensors in combination with temperature sensors may be used to insure functionality of the
DOC by forcing a rich excursion in the typical lean diesel exhaust and monitoring an
exotherm or oxygen storage function of the DOC.
Differential pressure monitors are being used to detect failure of the DPF and soot loading
models and backpressure monitors are being developed to insure proper regeneration. Ash
loading must be incorporated into the models and can alert operators when filter
maintenance is required. Several manufacturers are also working to develop soot sensors
that would provide a direct measurement of exhaust PM levels that may provide filter
diagnostic capabilities.
NOx and ammonia sensors primarily monitor the NOx conversion efficiency of the catalyst.
NOx sensors represent state of the art technology that can be applied to diesel engines as
part of a broader engine control or diagnostic system used to insure proper operation of the
NOx emission control system. These sensors can be incorporated independent of the NOx
emission control technology used on the vehicle. The sensors can work as part of a
feedback loop to the control unit on the emissions system to make real time adjustments and
optimize NOx conversion. The principle of operation of one type of NOx sensor is based on
proven solid electrolyte technology developed for oxygen sensors. The dual chamber
zirconia sensing element and electro-chemical pumps work in conjunction with precious
metal catalyst electrodes to control the oxygen concentration within the sensor and convert
the NOx to NO and nitrogen. The sensors can be incorporated upstream and downstream of
the catalyst, for example, to provide a feedback control loop to the ECU of the emissions
system. The ECU can then make adjustments to optimize NOx conversion performance. In
the case of SCR technology, feedback can also be provided to the urea dosing system
whereas in the case of lean NOx trap technology a feedback loop could signal the need for
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regeneration of the trap. A NOx sensor (Figure A1-14) looks very much like an oxygen
sensor.
Figure A1-14: NOx sensor and ECU.
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9.0


CONCLUSIONS
A number of technologies exist that can greatly reduce emissions from both gasolineand diesel-powered vehicles and equipment.



The widespread availability of low and ultralow sulfur fuels for on-road vehicles and offroad machinery has enabled the application of advanced emission control systems. The
expansion of low sulfur fuels for off-road applications allows the implementation of the
same advanced control technologies to the full range of diesel vehicles including
locomotive and marine engines.



Diesel oxidation catalysts, diesel particulate filters, selective catalytic reduction (SCR),
exhaust gas recirculation and crankcase emission controls have been successfully used
on new on-road vehicles. These technologies offer opportunities to greatly reduce
emissions of particulate matter, NOx and other pollutants like toxic HCs.



Similar technologies are now being applied to light-duty vehicles.



Three-way catalysts provide efficient control of CO, HC and NOx emissions from
stoichiometric gasoline and gas-engined vehicles.



A combination of three-way catalysts with either NOx control technology (typically NOx
traps) is being used to control emissions of lean-burn gasoline vehicles.



Advanced sensors are being developed to monitor all components of the exhaust control
system. These sensors will allow diesel engines to meet the same OBD and emissions
requirements already in place for gasoline spark-ignited engines and vehicles.
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APPENDIX 2

METHODS FOR CHARACTERIZING DIESEL EXHAUST AND

OPERATIONAL FACTORS THAT CAN AFFECT THE RESULTS
““Diesel exhaust particulate” is generally defined in any experiment as “whatever material
gets collected on filters used to sample the exhaust”. It is collected, weighed and analyzed
by various means. Thus the material identified as diesel particulate is affected by engine
design and operation, by fuel chemical composition and by exhaust handling and sampling
procedures, including dilution ratio, sampling temperatures exhaust filter material, and even
by ambient conditions (Clark et al. (2002)). In laboratory experiments, standardized test
methods have been established to exercise the engine over a known and carefully controlled
operating cycle and to dilute and sample the exhaust in a consistent way in order to observe
the impacts of other variables, such as various engine and fuel design parameters, separate
from operational or environmental effects. Having said this, there are many standardized test
cycles, and many researchers choose to create their own customized operating and exhaust
handling systems to suit their particular experimental design. This variation in test methods
introduces significant variation in exhaust quality and hence introduces significant
uncertainty in interpreting and extrapolating results of exposure studies. And it means that
the engine operation and exhaust sampling procedures in any set of experiments designed
to measure, analyze or employ diesel exhaust must be carefully characterized and
understood. This Appendix introduces the reader to a number of factors which must be
considered.
Traditionally, diesel PM has been collected and then analyzed to determine the distribution
of mass and chemical composition of the PM. The most commonly used method to
determine the gravimetric PM mass is to use the sampling technique described in U.S. EPA,
Protection of Environment, Code of Federal Regulations, Part 86; Title 40 (40CFR86
Subpart N and the current 40CFR1065). Diluted liquid and solid particles are
representatively collected on filters by mechanisms including diffusion, impaction,
interception, and electrostatic attraction. The chemical composition and mass of the
collected PM can then be quantified with a variety of analytical techniques.
Filter sampling is sensitive to thermodynamic and chemical phenomena and is also
accompanied by potential reactions of gases with the PM on the filter or with the filter
medium during sampling and the absorption of water from humid air (Finlayson-Pitts and
Pitts (2000)). Khalek (2007) and Watts and Kittelson (2002) identified primary and secondary
dilution conditions (humidity, temperature and dilution ratio) as key factors driving diesel
particle dynamics and behavior. Particle nucleation rates are highly non-linear functions of
the saturation ratio and thus strongly dependent on dilution ratio. In the presence of
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nucleation sites or hygroscopic chemical species like sulfur dioxide, heterogeneous
nucleation can occur even at low saturation ratios. These phenomena result in gas-phase
species becoming particle phase and thus susceptible to deposition on the filter substrate.
Dilution method and sample residence time are also identified as having an impact in the
same studies. As can be seen in Figure A2-1, lower dilution air temperature, lower dilution
ratio, increased residence time and higher relative humidity directionally increase the particle
number concentration of diesel PM and accordingly affect deposition behavior during sample
collection on the filter substrate.
Figure A2-1: Impact of Residence Time (PRT), Dilution Ratio (PDR) and Dilution
Temperature (PDT) on Diesel Particle Number Emissions (Watts and Kittelson (2002))

Park et al. (2003) have identified the adsorption and desorption of gas-phase species onto
filters and/or the volatilization of semi-volatile compounds from collected PM during sampling
as factors affecting the composition of the sample. In the same study, they list chemical
reactions between collected particles, between gases and collected particles, and between
collected particles and the filter substrate (media) as potential causes for mass and
composition changes.
Chase and Duszkiewicz (2004) found that commonly used filter substrates for emissions
sampling have high efficiency for small particles but also collect gas-phase chemical species
with a lower, but non-zero efficiency. They found the collection and retention efficiency of
these semi-volatile organic compounds to be influenced by several factors including
temperature, relative humidity, particulate loading, the properties of the filter medium and the
gas-phase composition of the sample. The impact of different filters is shown in Figure A2-2.
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Figure A2-2: PM Mass Artifact due to Adsorption of Semi-Volatiles
(Chase and Duszkiewicz (2004))

In another study by McDow and Huntzicker (1990), filter pressure drop and face velocity are
identified as other factors determining absorption and retention of hydrocarbon. Reduced
pressure downstream of the filter substrate will reduce the local vapor pressure of semivolatile compounds and drives desorption of these species from the filter and accumulated
PM.
Kittleson and Johnson (1991) conducted a study on the sources of variability in particulate
measurements using the Heavy Duty Transient Test (40CFR86 Subpart N). This
comprehensive study identified sources of variability and involved a critical examination of
test procedures, visits to representative test facilities and the development of a simplified
model of the systems and procedures used to collect PM. Some of these sources are
thermophoretic deposition of PM on to walls of the sampling system followed by subsequent
re-entrainment in an unpredictable manner, the influence of dilution and cooling upon the
soluble organic fraction of the particulate, inconsistencies among laboratories in the
dynamometer control strategies and errors in the measurement of flows into and out of the
secondary dilution tunnel. They provided recommendations for decreasing variability. The
principal recommendations included standardizing engine and tunnel conditioning
procedures, reduction of heat transfer during sampling and dilution, control of dilution ratio,
tighter specification of the test cycle, and more accurate measurement of flows to and from
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the secondary tunnel. They also pointed out that details of particle dynamics which were
unimportant when particulate emissions standards were greater than 0.1 g/bhp-hr must be
re-examined. Since their study, emissions standards have been lowered to 0.01 g/bhp-hr
and EPA’s 40CFR1065 has introduced procedural improvements from those in the earlier
40CFR86 Subpart N to improve particulate measurements at the new low emissions
standards.
Another study on “2007 Diesel Particulate Measurement Research,” (Khalek et al. (2007))
organized by the Coordinating Research Council (CRC E66 Project) also had a major
influence on particulate measurement test procedures in 40 CFR1065. The study was a
comprehensive look at sampling system parameters and filter types using CVS gravimetric
particulate sampling and real time PM instruments to gage influences of these parameters
on PM at the 2007 PM levels of 0.01 g/bhp-hr and lower. A fully functioning Diesel
Particulate Filter and an arrangement to bypass some of the engine exhaust around the filter
to look at PM emissions levels that were still below 0.01 g/bhp-hr but at levels where
measurement uncertainty was improved. The study looked at a number of different PM filter
media. The Whatman Teflo media, a Teflon membrane with a polymethylpentene ring, gave
the lowest positive artifact mass (material that was bound to the filter media due to the ability
of the filter media to capture gaseous components of the exhaust without allowing them to
pass through as would be normally expected.) It also gave the lowest coefficient of variation
in comparison to TX 40 (the filter media type prescribed by EPA in 40CFR86 Subpart N and
other Teflon membrane filters). As a result of these experiments, the use of the Teflo filter
was recommended for future measurements of PM – a recommendation that was supported
by EPA by specifying it in 40CFR1065.
The CRC E66 Project also showed that dilution parameters, such as primary and secondary
dilution ratio along with primary and secondary residence time, had a profound impact on
particle mass measurement using real time particle instruments. A high dilution ratio and a
long residence time seemed to significantly increase PM formation. More than one order of
magnitude of PM increase was observed by increasing the secondary dilution residence time
from 0.5 second to 18 seconds. Measured PM increased by more than five times when the
primary dilution ratio was increased from 2 to 9 using split engine exhaust at a fixed constant
volume sampler (CVS) flow rate. The observed increase in measured PM with increasing
primary dilution ratio may also be a result of increased residence time between the exhaust
and dilution air point of mixing and the CVS sample zone due to reduced temperature and
velocity in the full flow CVS (Khalek et al. (2007)).
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The studies such as Kittleson and Johnson (1991) and the CRC E66 were carried out to
improve PM measurement techniques to satisfy regulatory needs as emissions regulations
were reduced to 0.1 g/bhp-hr and 0.01 g/bhp-hr. However, techniques generally used in
exposure studies are not conducted with the same level of diligence as is required for
regulated tests. It is generally not possible to duplicate regulated engine test cycles in the
real world, and the impact of a variety of parameters that affect PM emissions and also their
chemical composition due to the variation in the sampling parameters such as temperature,
dilution ratio, humidity, residence time, filter face velocity, pressure drop across the filter, wall
effects etc. can affect what is collected and hence their chemical composition and the
outcome of the exposure studies.
Test Cycles: Emissions are test cycle dependent.(Clark et al. (2002)). Engine and vehicle
testing includes many different transient and steady-state test methods, each designed to
represent typical engine operation under various operating conditions.
The importance of test cycle impact on emissions has prompted regulating agencies and air
quality investigators to develop standard test cycles, including steady state engine operating
points and transient test cycles. The Dieselnet website5 provides a comprehensive report on
test cycles (Dieselnet (2012)). Zhen (2009) and Bedick et al. (2009) provide examples of test
cycle impacts on emission results. Since engine operating conditions result in exhaust
emission differences, regulatory standards for exhaust emission limits require that
governments set precise test methods. Engine and vehicle testing includes many different
transient and steady-state test methods, each designed to represent typical engine operation
under various conditions. Additional references of interest include Stein et al. (1989), U.S.
EPA (2004), U.S. EPA (2010), and DieselNet (2012). A comparison of current European
Test cycles for heavy-duty diesel engines and the more recent Euro VI test cycles is
provided by Verbeek et al. (2008). The Euro VI cycles will be adopted in Europe in 20132014. Details of current and future test procedures for on-highway and non-road engines,
including pending regulatory amendments, are specified in the directives published by the
European Commission6.
The ACES Phase 1 program, (Khalek et al. (2011)) ran a variety of engine test cycles to
generate data for sampling regulated and unregulated emissions. Those cycles were
deemed representative of how heavy-duty diesel engines are typically used, and therefore
were expected to generate levels of regulated and unregulated emissions that were
reasonably representative of typical human exposures. The set of test cycles included many
5
6

http://www.dieselnet.com/standards/cycles/index.php
http://ec.europa.eu/enterprise/sectors/automotive/documents/directives/index_en.htm
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that are commonly used (EPA Part 86, and EPA Part 1065), as well as new cycles that
CARB and U.S. EPA believed were improvements of existing test methods.
Most engine test programs do not include as many different test cycles as utilized in ACES.
Rather than review the many different engine test cycles, this Appendix focuses on ACES as
representative of heavy-duty diesel emissions test programs. Light duty vehicles usually use
different test cycles but these are considered to be beyond the scope of this report.
Turning to a more detailed focus on ACES, the specific ACES Phase 1 test cycles are:


Hot start FTP, 20 minutes (a transient test used to certify diesel truck engines)



Mode 1, rated speed, 100% load, 20 minutes (a steady state mode)



Mode 3, rated speed, 10% load, 20 minutes (a steady state mode)



Mode 5, peak torque speed, 100% load, 20 minutes (a steady state mode)



Hot start FTP, 20 minutes (with and without crankcase blow-by)



Cold start FTP, 20 minutes



CARB composite cycle in 3 parts: creep, transient and idle, 39 minutes (transient
operation)



CARB 2 part highway cycle: Cruise and high-speed, 48 minutes (transient
operation)



16-hour cycle (transient operation)

The ACES test cycles and exhaust characterization methods are not universally utilized in
engine test programs, but rather represent a wide spectrum of exhaust sample methods that
can serve as a guide for future test programs.
The 16-hour transient cycle was developed specifically for the animal bioassays that
comprise Phase 3 of ACES, and consists of four repeated test segments, each 4 hours long
The 16-hour cycle duration was selected due to the Phase 3 bioassay plan that required
animal exposure for 16 hours per day to ensure sufficient exposure over the lifetime of the
study animals (rats). The four hour segment was developed by West Virginia University
(WVU) and is based on WVU’s experience gained during several emissions testing
programs that surveyed in-use vehicles in several US locations (Zhen (2009), Bedick et al.
(2009)).
Exhaust Sampling, Raw and Dilute: Gaseous and particulate emissions can be sampled
under either raw or dilute conditions. However, particulate sampling must be diluted even if
the first sampling step is from undiluted exhaust. The dilution step for particulate sampling is
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required to ensure that hydrocarbon vapors condense onto the particles to simulate ambient
exposure conditions. When particulates reach the sample filters, the temperature must be
47°C ± 5°C (range of 42° to 52°C). U.S. EPA 40 CFR Part 1065 provides more details of the
required sampling conditions. The emissions test methods in Europe are similar to those
used in the U.S., although the specific European engine test cycles reflect specific road and
use conditions that differ somewhat from the U.S. EPA and CARB test cycles.
Exhaust Sampling, Dilute: Until U.S. EPA defined filter face temperature for particulate
sampling at 47° ± 5°C and limited the range of exhaust dilution, exhaust particulate
measurements had been conducted under a variety of dilution conditions in past studies.
Limits on exhaust dilution were established so that the same dilution conditions utilized with
full-flow dilution Constant Volume Sampling (CVS) could also be used with partial-flow
dilution systems. The allowed particulate sampling temperature range was specified for two
reasons: the upper range ensures that volatile species are condensed onto primary exhaust
particles to simulate ambient exposures; and the lower range avoids sampling at
temperatures that force the condensation of water vapor onto the filters. Water is a product
of hydrocarbon fuel combustion, and water condensation onto filters confounds the
measurement of exhaust particle mass.
Chemical Characterization: Exhaust emission compounds of regulation interest comprise a
small fraction of the exhaust mass that flows through a diesel engine. At maximum engine
power, most of the intake and exhaust mass consists of nitrogen, 75%. Other exhaust
compounds are oxygen, 7%, water 9%, and carbon dioxide 9% and regulated emissions.
The regulated emission of highest concentration, NOx, is less than 0.03%. CO, HC and
particulate concentrations are far less than current NOx concentration levels, and NOx is
even lower for 2010 on-highway engines. Thus measuring the regulated emissions of
interest is very challenging and requires carefully designed and executed procedures.
Unregulated emissions are a subset of hydrocarbons and particulates, and due to their small
concentration (far less than 0.03% reported above for NOx), their measurement is an even
greater challenge compared to regulated emissions, even for non-aftertreatment-equipped
engines.
Chemical composition of the fuel, exhaust hydrocarbons and particulate matter can be
interactive and confounding. Wall and Hoekman (1984) demonstrated that sulfate particulate
(primarily present as sulfuric acid) could have the effect of “scrubbing” vapor-phase
hydrocarbons out of the gas stream to be measured as particulate matter, even showing that
“backup” filters downstream of the primary sampling filters could collect hydrocarbon artifacts
if doped with sulfuric acid (Figure A2-3).
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Figure A2-3: Effect of sulfuric-acid doping of particulate filters on the mass of collected
soluble organic material at the cruise condition for both primary and backup particulate filters
(Figure 16, Wall (1984))

Furthermore, because the sulfuric acid component of particulate is hygroscopic and the
amount of water bound to each sulfuric acid depends on relative humidity, any variations in
humidity and temperature during the filter weighing process can change the measured PM
mass (Figure A2-4).

150

Figure A2-4: Influence of relative humidity on mass of “bound” water associated with sulfuric
acid and contributing to total PM. (Figure 15, Wall (1984))

The unregulated emissions consist of hydrocarbons and particulates that are divided into
more than 100 categories to identify individual unregulated compounds of interest.
Tables A1 and A3 report a partial list of the more than 700 unregulated compounds that
were sampled for during the ACES Phase 1 program. Figure A2-5 identifies the exhaust
sampling measurement methods for the regulated and unregulated compounds assessed in
ACES.
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Figure A2-5: Overall experimental setup for the ACES program (Figure 1 from Khalek et al.
(2011))

For an explanation of this figure, the following is the figure caption taken directly from the
Khalek et al. (2011) reference:
A: 2007 heavy-duty diesel engine with aftertreatment
B: background bag sample of dilution air for CO, CO2, NOx, NO, THCs, CH4, and
C2–C12 speciation.
C: regulated PM following CFR Part 1065 using 47-mm Teflo filter.
D: impingers for carbonyls, alcohols, ions, and cyanide ion.
E: sorbent traps for nitrosamines and Summa canister for SVOCs.
F:

auxiliary PM samples on 47-mm filters for inorganic ions (Fluoropore filter), XRF
(Teflo filter), and inductively coupled MS (Fluoropore filter), DFI/GC (TX-40 filter).
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G: XAD traps for gas-phase semi-volatile compounds: PAHs, oxy-PAHs, nitroPAHs, hopanes, steranes, carpanes, polar organics, highmolecular- weight
alkanes and cycloalkanes, dioxins, furans.
H: filter (8-10 inch Zefluor) for particulate-phase semi-volatile compounds: PAHs,
oxy-PAHs, nitro-PAHs, dioxins, furans, hopanes, steranes, carpanes, polar
organics, high-molecular-weight alkanes, cycloalkanes, dioxins, and furans
I:

UAEC PM mass using Teflo filter, OC/EC collection using a pair of quartz filters,
size and number using EEPS, real-time total PM using DMM-230, real-time soot
using MSS (Microsoot Sensor).

J:

proportional bag sample for hydrocarbon speciation of C2–C12 compounds.

K: Horiba MEXA 7200 for THCs, CO, CO2, NOx, NO analyzer, and CH4 analyzer.
L:

FTIR for N2O

Emissions sampling to identify unregulated compounds is more complex, expensive and
time-consuming than is the sampling of regulated compounds. The published works of
leading investigators (Liu (2010), Clark (2006), Haupt (2004), Schauer (1999), Ullman
(1998), Mitchell (1994), Liotta (1993), Rogge (1993), and Westerholm (1991)) detail the
increased complexity of measuring unregulated emission species. In addition, Khalek et al.
(2011) provides details of how each of the above noted steps A-L were executed. Liu
provides a list of diesel exhaust unregulated emissions compounds (from engine-out, DPFout, and SCR-out, respectively) similar to that of Khalek, and explains sampling methods in
detail that are similar to Hildemann et al. (1989, 1991), Kleeman et al. (2000), and Kweon et
al. (2002, 2003), but with significant improvements (from partial-full-partial to full-partial-full
source dilution sampling system to improved representative sampling). However, the Liu et
al. (2008a) sampling method was different from that of Khalek and Liu’s measurements were
performed independently from ACES.
The following description of measurement methods is from Liu et al. (2010):
“Engine exhaust samples were collected with a source dilution sampling (SDS) system
which consisted of a constant volume primary dilution tunnel, a secondary micro-diluter, a
residence time chamber (RTC), isokinetic sampling probes, multiple sampling trains, and
control devices. A detailed discussion of the design, operating principles, and quality
assurance and quality control (QA/QC) procedures for the SDS system can be found in the
literature (Liu et al., 2008a). In summary, HEPA filters and activated carbon removed
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particles and organic compounds, respectively, from the dilution air prior to mixing with the
engine exhaust. The dilution air had significantly lower particle number concentrations than
the ambient air of the Emissions Laboratory, according to the measurements from the
Scanning Mobility Particle Sizer (SMPS). The mixture of dilution air and engine exhaust was
further diluted to simulate atmospheric conditions and sampled with a full-partial flow method
to minimize particle loss. A variety of media were used for sample collection including baked
quartz filters, polytetrafluoroethylene (PTFE) membrane filters, XAD resin cartridges,
polyurethane foam (PUF), thermal desorption (TD) tubes, and dinitrophenylhydrazine
(DNPH) cartridges. Upstream of the sample collection media, PM2.5 cyclone separators preclassified the PM in the exhaust flow. Fig.1a shows the testing setup and the components of
the SDS system, while Fig. 1b shows the sampling train configurations and collection media.
Before testing, the system was cleaned and the substrates were prepared according to
applicable QA/QC practices.”
Table A2-1 (Table 1 from Khalek et al. (2011)) reports the sampling method categories for
chemical characterization determination. ACES Phase 1 included all of the chemical sample
collection noted in Table A2-1 except the last category, particle phase urea compounds,
because 2007 engines did not include SCR aftertreatment (Khalek et al. (2011)).
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Table A2-1: sampling/analysis matrix for regulated and unregulated emissions on each
ACES engine

Liu et al. (2010) and Khalek et al. (2011) both described the independent, state-of-the-art
laboratories that performed the detailed chemical analyses. Those laboratories, including
Desert Research Institute, Wisconsin State Laboratory of Hygiene and SwRI have
considerable expertise in identifying the specific compounds of interest.
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Another complex issue relating to unregulated emissions is particle number count and size
distribution measurements. The complexity is due to the basic characteristics of aerosols
(Friedlander (2000); Fuchs (1964); Hinds (1982)) and the manner in which exhaust particles
are influenced by engine operating conditions. Examples of test conditions that impact
particle size and number count are catalyst formulation, fuel quality, sample temperature,
dilution rate and ratio, and engine operating conditions, whether steady-state, transient,
increasing or decreasing engine speed and power.
Descriptions of particle measurement methods and typical results are provided by Khalek et
al.(2011), Liu et al. (2007a, 2007b), Kittelson et al. (2005a, 2005b, 2006), Vaaraslahti et al.
(2004), Liu et al. (2003, 2002), Holmen et al. (2002), Chatterjee et al. (2002), Zheng et al
(2012), and Mader and Pankow (2000, 2001).
It should be noted that the ACES Phase 1 tests were carried out with state of the art
equipment and sampling techniques using lessons learned from testing in the regulatory
environment and involving chemical analysis laboratories that were also very sophisticated.
Similar due diligence has been taken with the ACES Phase 3 animal studies although it is
not possible to directly use procedures that satisfy regulatory protocol. This type of effort is
rare in general exposure studies of the past and data from those studies should be
evaluated with that in mind.
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APPENDIX 3

POTENTIALLY CONFOUNDING NITROARENE ARTIFACTS
IN DIESEL PARTICULATE SAMPLES

Caution must be used when measuring nitrated polycyclic aromatic hydrocarbons (nitroPAH) in diesel exhaust streams. Nitro-PAH can form as a result of sampling if PAHs
collected on a filter patch are exposed to NO2 or HNO3 (Bosch et al. (1985); Gibson et al.
(1981); Grimmer et al. (1987); Hartung et al. (1984); Levsen et al. (1988); Saito et al. (1982);
Schuetzle and Perez (1983a); Schuetzle (1983b)). By re-exposing filters loaded with diesel
soot to filtered exhaust gases, Gibson et al. (1981) observed an increase of 1-nitropyrene by
a factor of two, and Saito et al.(1982) by a factor of three, when the filter was re-exposed for
45 minutes. Using similar experiments, Grimmer et al. (1987) observed a substantial
nitration on the filter when sampling was done at 100°C. Hartung et al. (1984) observed an
18 percent increase in the concentration of 1-nitropyrene (relative to the PM mass) with
increasing sampling time up to 46 minutes. Similar results were reported by Schuetzle and
Perez (1983a) and Schuetzle (1983b) who concluded that during a sampling period of 23
minutes, 12% of the observed 1-nitropyrene is due to sampling artifacts. Levsen et al. (1988)
have shown that 13.6 ± 9.5% of 1-nitropyrene measured during diesel engine testing was a
result of artifact formation on the filter patch Levsen et al. (1988).These results are in
agreement with those of Hartung et al. (1984). Those studies emphasize that short sampling
time and dilution (to reduce NO2 concentration) should be used to minimize artifacts. Carrara
et al. (2010a, 2010b, 2011) have attempted to minimize artifact formation by limiting
sampling time to 15 or 30 minutes, depending on engine operating condition, and also using
annular denuders to remove NO2 from the gas stream before passing exhaust through the
filter media. The authors report that the denuders had NO2 removal efficiencies of 89% ± 6%
after 1 hour of usage. However, it typically requires a much longer time for sampling from
DPF-out than from engine-out in order to collect sufficient samples for analysis. The effects
of nitration and dilution air contamination during sampling cannot be neglected.
A Microtrol 4 microtunnel was used to dilute a partial exhaust sample by Carrara et al.
(2010a, 2010b, 2011). Dilution ratios for Carrara’s study were between 4 and 6, and a total
flow of only 4 liter/min was directed to quartz fiber filters for collection. This low flow was
reportedly required in order to effectively remove NO2 from the exhaust with annular
denuders. However, the low flow and low dilution ratio provided additional opportunities for
nitration of PAH. In the figures below from Carrara, there is a clear trend toward higher
nitration with increasing temperature (up to 100°C) and increasing time, both of which would
result from a low dilution ratio and sample flow. Carrara et al. (2010a, 2010b, 2011) do not
provide details regarding whether the dilution air is HEPA cleaned and passed through
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activated carbon filters to remove particle and organic impurities. Furthermore, there is no
discussion of whether the results reported are background dilution air corrected. Thus, the
possibility that atmospheric PAH compounds were entrained into the sampling system
cannot be ruled out. This could lead to higher PAH concentrations in the DPF, and thus,
more n-PAH post-DPF. In comparison, dilution air was HEPA and activated carbon filtered in
the study by Liu et al. (2010) and the results were background corrected. Similar approaches
were also used by Hu et al. (2012) for studies supported by CARB and Laroo et al. (2011)
for studies for EPA.
Figure A3-1

It is well known that nitro-PAHs can be found in ambient air (Arey et al. (1967), Dimashki et
al. (2000), Pitts (1967), Zielinska et al. (1989)). Pitts suggests two mechanisms for the
formation of particle-bound 2-nitrofluoranthene and gas-phase 2-nitronapthalene:
1. During daylight, attack on gaseous fluoranthene by OH radicals followed by NO2
addition, loss of H2O and condensation on particle surfaces.
2. Reaction of naphthalene with N2O5 at night under ambient conditions during
which the gaseous NO3 radical and NO2 are present in equilibrium with N2O5.
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When the ambient air is used to dilute exhaust gases for either full proportional or partial
dilution sampling, the background n-PAHs can contribute to artifacts, especially during
sampling from DPF-out when a much larger amount of exhaust/dilution air mixture is often
required in order to collect sufficient samples for analysis. Again, the effects of ambient air
contamination during sampling cannot be neglected.
Carrara et al. is not the first researcher to report the conversion of individual PAH into nitroPAH by a DPF. Heeb et al. (2008, 2010) found that 1- and 2-nitronaphthalene emissions
increased by about 20-100% when a DPF was used and that 9-nitrophenanthrene and 9nitroanthracene were newly formed by DPFs. However, the isolated nitration of singular PAH
is not an indicator for the overall toxicity of the complete PAH/nitro-PAH composition of
diesel exhaust. Heeb et al. (2008, 2010) also examined the toxicity of exhaust samples with
a reporter gene assay, based on the AH-receptor, which is sensitive to many aryl
hydrocarbons. They found that the total AHR agonist emissions were 80-90% lower with a
DPF, and that the DPF-induced formation of certain nitro-PAH does not outrange the overall
PAH removal benefit of DPFs. In addition, other authors have found similar overall PAH
reductions by DPFs (Hu et al. (2012); Khalek et al. (2011); Liu et al. (2010); Laroo et al.
(2011)). Of these, Hu et al. (2012) found that aftertreatment reduced equivalent
benzo(a)pyrene emissions by >95%, suggesting a substantial health benefit. Thus, while it is
possible that individual nitro-PAH may be formed in DPFs depending on engine operating
conditions and emissions characteristics, the overall PAH/nitro-PAH toxicity of diesel
exhaust is significantly reduced by the inclusion of a DPF.
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