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Abstract
Evaluation of Mobile Source Emissions and Trends
by
Timothy Ryan Dallmann
Doctor of Philosophy in Engineering – Civil and Environmental Engineering
University of California, Berkeley
Professor Robert A. Harley, Chair
Mobile sources contribute significantly to air pollution problems. Relevant pollutants include
numerous gaseous and particle-phase species that can affect human health, ecosystems, and
climate. Accurate inventories of emissions from these sources are needed to help understand
possible adverse impacts, and to develop effective air quality management strategies.
Unfortunately large uncertainties persist in the understanding of mobile source emissions, and
how these emissions are changing over time. There are more than two hundred million motor
vehicles operating in the United States alone, and measurements of emissions from these sources
are sparse. Pollutant emission factor distributions are becoming increasingly skewed, and this
continually increases the needed vehicle sample size in studies that seek to quantify fleet-average
vehicle emission rates. This dissertation aims to evaluate long-term trends in mobile source
emissions in the United States, and to make detailed measurements of emissions from presentday fleets of on-road vehicles operating in California. Novel features of this work include studies
of the in-use effectiveness of modern control technologies used to reduce diesel engine
emissions, and application of advanced instrumentation to measure emissions from large
numbers of on-road gasoline and diesel vehicles at high time resolution and with a high level of
chemical and physical detail.
Long-term trends in mobile source emissions of nitrogen oxides (NOx) and fine particulate
matter (PM2.5) in the United States were investigated through development of a fuel-based
emission inventory. Annual emissions from on- and off-road gasoline and diesel engines were
quantified for the years 1996-2006. Diesel engines were found to be the dominant mobile source
of NOx and PM2.5, and on-road diesel vehicles were identified as the single largest anthropogenic
source of NOx emissions in the United States as of 2005. The relative importance of diesel
engines as a source of NOx grew over the ten-year time period considered here, while emissions
from gasoline engines declined due to increased effectiveness and use of three-way catalytic
converters. A comparison with national emission inventory estimates for 2005 found substantial
differences in source contributions to overall mobile source emissions, with larger contributions
from on-road diesel engines indicated in this study.
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The importance of diesel engines as a source of exhaust particulate matter emissions has led to
the recent introduction of advanced emission control technologies in the United States, such as
diesel particle filters (DPF), which have been required since 2007 for all new on-road heavy-duty
(HD) diesel engines. In addition to national requirements for the use of such control devices on
new engines, California has mandated accelerated clean-up of statewide emissions from older inuse diesel engines. This goal is to be achieved through filter retrofit and truck/engine
replacement programs. This dissertation uses measurements of emissions from in-use HD diesel
trucks at the Port of Oakland to evaluate the impacts of a DPF retrofit and truck replacement
program. A plume capture method was developed to quantify black carbon (BC) and NOx
emission factors for individual trucks and to characterize emission factor distributions. A
comparison of emissions measured before and after the implementation of the truck
retrofit/replacement rule shows a 54 ± 11% reduction in the fleet-average BC emission factor,
accompanied by a shift to a more highly skewed emission factor distribution. Although only
particulate matter mass reductions were required in the first phase of the program, a 41 ± 5%
reduction in the fleet-average NOx emission factor was observed. These results provide an inuse/real-world assessment of the impact of DPF emission control systems, and a preview of
emissions changes that may be expected from the extension of similar control programs to the
entire HD truck fleet in California beginning in 2014.
The plume capture method was further applied to measure emissions from a more diverse
population of trucks observed at the Caldecott tunnel in summer 2010. Emissions from hundreds
of individual trucks were measured, and emission factor distributions were characterized for
nitric oxide (NO), nitrogen dioxide (NO2), carbon monoxide (CO), formaldehyde, BC, as well as
optical properties of the emitted particles. Emission factor distributions for all species were
skewed, with a small fraction of trucks contributing disproportionately to total emissions. For
example, half of the total measured NO2 and BC were produced by only 10% of the total
measurements. Total NOx and formaldehyde showed less skewed emission factor distributions
compared to CO and BC. Emission factors for NO2 were found to be anti-correlated with all
other pollutants considered here. Also, the fleet-average NO2 emission factor increased 34 ± 18%
relative to the corresponding value measured at the same location in 2006. These findings
confirm that the use of catalyzed DPF systems is leading to increased primary NO2 emissions.
Absorption and scattering cross-section emission factors were used to calculate the aerosol single
scattering albedo (SSA, at 532 nm) for individual truck exhaust plumes, which averaged 0.14 ±
0.03. This value of aerosol SSA is very low compared to typical values (0.90-0.99) observed in
ambient air studies. It is indicative of a strongly light-absorbing aerosol, due to the high BC
emissions that are a characteristic feature of diesel exhaust PM emissions.
Measurements at the Caldecott tunnel also included efforts to quantify light-duty (LD) gasoline
vehicle emission factors, and further investigation of the relative contributions of on-road
gasoline and diesel engines to air pollutant emissions. Measurements of CO, NOx, PM2.5, BC,
and organic aerosol (OA) were made in a tunnel traffic bore where LD vehicles account for
>99% of total traffic. Measured pollutant concentrations were apportioned between LD gasoline
vehicles and diesel trucks, and fleet-average emission factors were quantified for LD gasoline
vehicles using a carbon balance method. Diesel trucks contributed 18 ± 3, 22 ± 5, 44 ± 8% of
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measured NOx, OA, and BC concentrations, respectively, despite accounting for <1% of total
vehicles. Consequently, methods that do not explicitly account for diesel truck contributions tend
to overestimate fleet-average LD gasoline vehicle emission factors for these species. Emission
factors and overall fuel consumption for gasoline and diesel engines were used to describe the
relative contributions of these sources to overall on-road vehicle emissions. Gasoline engines
were found to be the dominant source of CO, an insignificant source of BC, and a relatively
minor source of on-road OA emissions at urban, state, and national scales.
Measurements at the Caldecott tunnel also featured use of a new high-resolution time-of-flight
aerosol mass spectrometer, which was used to characterize the chemical composition of PM
emitted by gasoline and diesel vehicles. Measurements of PM in the exhaust of individual HD
trucks show a predominance of cyclyoalkane-derived ion signals relative to saturated alkane ion
signals in the truck exhaust OA spectra, indicating that lubricating oil, rather than diesel fuel,
was the dominant source of OA emitted by diesel trucks. This conclusion is supported by the
presence of lubricant-derived trace elements in truck exhaust, emitted relative to total OA at
levels that correspond to their weight fractions in bulk oil. Furthermore, comparison of mass
spectra for sampling periods with varying levels of diesel influence found a high degree of
similarity in the chemical composition of OA emitted by gasoline and diesel engines, suggesting
a common lubricating oil rather than fuel-derived source for OA emissions.
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CHAPTER 1: INTRODUCTION
1.1: MOBILE SOURCES OF AIR POLLUTION
Mobile sources encompass a diverse range of vehicle and engine types used in a variety of
applications. Major mobile sources of air pollution include on-road vehicles, off-road equipment,
locomotives, marine vessels, and aircraft. Table 1.1 shows categories of mobile sources by
engine type and application. On-road mobile sources comprise motorized vehicles operated on
public roadways. These sources include light-duty (LD) vehicles, which in the US are typically
powered by spark ignition (SI) engines using gasoline, and heavy-duty (HD) vehicles, the
majority of which are powered by compression ignition (CI) engines using diesel fuel. Off-road
mobile sources include gasoline and diesel-powered engines, as well as jet aircraft and large
marine engines that run on other fuels
Table 1.1. Examples of Mobile Sources by Fuel/Engine Type
Fuel
On-Road Engines
Gasoline (SI engine)
Cars*
Pick-up trucks*
Vans*
Sport-utility vehicles
Motorcycles
Diesel (CI engine)

Tractor-trailer combinations
Dump trucks
Cement mixers
UPS/FedEx delivery vans
Buses

Jet Fuel (turbine engine)

Off-Road Engines
Lawn & garden equipment
Chain saws
Outboard marine engines
Snowmobiles
Piston aircraft
Farm tractors
Construction equipment
Aircraft ground support
Mining equipment
Railroad locomotives
Tugboats
Jet aircraft

Residual Fuel (CI engine)

Crude oil tankers
Container ships
*In the United States, only a small fraction of light-duty (LD) vehicles are equipped with diesel
engines
1.2: MOBILE SOURCE EMISSIONS
Mobile sources are an important source of air pollutants that are of concern to human health,
ecosystems, and climate. These include but are not limited to nitrogen oxides (NOx), volatile
organic compounds (VOC), particulate matter (PM), and carbon monoxide (CO) (Gaffney et al.,
2009; Lloyd and Cackette, 2001; Maricq, 2007; Sawyer et al., 2000). Nirogen oxides are a
precursor to ozone formation; Jerrett et al. (2009) highlight the connection between chronic
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ozone exposure and increased risk of death from respiratory causes. Nitrogen oxides are also a
precursor to formation of nitric acid, a contributor to acid precipitation, and aerosol nitrate, an
important component of atmospheric PM (Millstein et al., 2008; Seinfeld and Pandis, 2006).
Particulate matter is of concern due to its ability to be inhaled deeply into the lungs. Studies have
shown associations between fine particle (PM2.5; particle diameter ≤ 2.5 µm) exposure and
various health effects including pulmonary and cardiovascular disease (Araujo et al., 2008;
Brook et al., 2010; Pope and Dockery, 2006). Black carbon (BC), an important component of
PM emissions from mobile sources, is the dominant light-absorbing component of atmospheric
aerosol and a major contributor to anthropogenic radiative forcing (Bond et al., 2013;
Ramanathan and Carmichael, 2008). Low volatility organic compounds (organic aerosol, OA)
are also a significant component of mobile source PM and likely contribute to the toxicity of
emitted particles (Nel, 2005). Both CO and VOC are of concern as primary air pollutants.
Volatile organic compounds also contribute to the formation of ozone and secondary organic
aerosol (Bahreini et al., 2012; Gentner et al., 2012; Seinfeld and Pandis, 2006).
Mobile sources are ubiquitous and have a significant impact on air quality. Contributions of
individual mobile source categories to air pollutant emissions in the United States are
summarized in Table 1.2. Mobile sources are the dominant anthropogenic source of NOx and CO
emissions, and contribute significantly to emissions of VOC and PM2.5. Consequently, an
accurate quantification of emissions from mobile sources is needed to support development of
effective air quality management strategies. However, the complex nature of mobile sources and
their emissions complicates both the characterization of emissions and the development of
emission inventories.
Table 1.2. Relative contributions of mobile source categories to total anthropogenic and mobile
source emissions in the United States as of 2005 (EPA, 2008a).
% US Anthropogenic Emissions % US Mobile Source Emissions
Source
Category
NOx
VOC
CO
PM2.5
NOx
VOC
CO
PM2.5
On-Road Diesel
14
1
1
2
23
3
1
16
On-Road
18
21
51
1
29
56
70
9
Gasoline
Off-Road Diesel
8
1
0.9
3
13
3
1
26
Off-Road
1
13
19
1
2
36
26
10
Gasoline
Marine Vessels
13
0.4
0.3
3
22
1
0.4
31
Locomotives
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0.3

0.1

0.5
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9

1

0.2
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1.3: EMISSION INVENTORIES
Significant challenges arise in the development of mobile source emission inventories. Emissions
vary widely from engine to engine, and fleet-average emission factors are therefore difficult to
quantify. Also emissions change over time as control technologies are deployed on new engines
and as older engines are removed from service (Ban-Weiss et al., 2008a; Bishop and Stedman,
2008; Fujita et al., 2007a; NRC, 2000; Sawyer et al., 2000; Twigg et al., 2007). The contribution
to total emissions from the high-emitting tail of the distribution of individual vehicles is
increasing over time as fleet-average emissions decline (Ban-Weiss et al., 2009; Bishop and
Stedman, 2008; Bishop et al., 2012a; Park et al., 2011). As emission control efforts progress and
emission factor distributions become more highly skewed, it becomes increasingly difficult to
quantify and control the remaining emissions. Emissions also vary with vehicle operating
conditions including speed, engine load, ambient air temperature, humidity, and altitude. Longterm emission trends are further influenced by changes in the number of vehicles/engines in
service and the amount that individual engines are used. When developing mobile source
emission inventories, it is important to distinguish between different engine categories, as each
category has different emissions, growth rates over time, and schedules for implementation of
emission controls. For example, on-road gasoline engines were historically identified as the
dominant source of CO, VOC, and NOx emissions, and have thus received significant regulatory
attention (Sawyer et al., 2000). However, as emissions from light-duty (LD) gasoline vehicles
have been reduced through the use of control technologies such as three-way catalytic
converters, emissions from heavy-duty (HD) diesel engines have grown in relative importance
especially for NOx (Harley et al., 2005). From an air quality planning and management
perspective, it is critical that these changes in emissions from mobile sources are accurately
accounted for so that future air pollution control efforts can be appropriately targeted. Lack of
accurate understanding of total emissions and the relative contributions of individual source
categories to total emissions can result in management strategies that do not adequately
emphasize control of the main sources of air pollution (Miller et al., 2006).
Despite much effort aimed at improving them, current mobile source emission inventories
developed by U.S. Environmental Protection Agency (EPA) and California Air Resources Board
(CARB) continue to have large associated uncertainties. In an evaluation of on-road vehicle
emission inventories, Parrish (2006) found major inconsistencies between EPA emission
estimates of NOx and CO and ambient measurements, highlighting uncertainties present in
current inventories. Similarly, a review of NOx and PM emissions from construction equipment
found significant overestimates of emissions for this source category in the California emission
inventory (Millstein and Harley, 2010). Current mobile source inventories also suffer from a lack
of quantification of uncertainties in the emission estimates (Miller et al., 2006). Further research
is needed to assess precision and to check for systematic bias in inventory estimates.
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1.4: EMISSIONS CHARACTERIZATION
Assessment of the air quality impact of mobile sources requires as a critical component
quantification of emission rates from vehicles, engines, and equipment. Emission rates are
commonly normalized to a corresponding measure of activity to provide an estimate of the mass
of pollutant emitted from a source per unit of activity (e.g. g mi-1, g bhp-hr-1, g (kg fuel)-1).
These emission factors enable comparisons of emissions between different mobile source
categories, and assessment of changes in emissions from a given source category over time.
Additionally, emission factors, when combined with activity estimates, provide the basis for
arriving at overall estimates of mass emissions in inventories.
In current mobile source inventories, emission factors for on-road sources are derived mainly
from laboratory testing of a selection of vehicles. This allows for the measurement of vehicle
emissions over a range of operating modes under controlled conditions. However, sample sizes
are limited by the high costs and time requirements of laboratory testing, and test cycles used in
the laboratory may not be representative of in-use engine operating conditions (Franco et al.,
2013; NRC, 2000; Ropkins et al., 2009). As a result of these limitations in laboratory test
programs, emission factors derived from laboratory testing do not adequately describe emissions
across the fleet of in-use vehicles. Similar concerns arise in the estimation of emissions from offroad equipment, for which emission test data are especially sparse.
As an alternative to laboratory testing, various in-situ measurement techniques have been
developed to measure emissions from in-use motor vehicles operating in real-world conditions.
Examples of these methods include remote sensing and tunnel studies. In-situ measurement
enables quantification of emissions from large numbers of vehicles that are representative of
real-world vehicle fleets (Franco et al., 2013; Ropkins et al., 2009). Repeated measurements at
the same location can be used to assess changes in emissions over time. For example, remote
sensing and tunnel studies have been used to evaluate long-term trends in fleet-average emission
factors from on-road gasoline and diesel vehicles (Ban-Weiss et al., 2008a; Bishop and Stedman,
2008). Further changes in emissions are expected due to continued fleet turnover and adoption of
new control technologies. Ongoing measurements of emissions from current vehicles are needed
to evaluate these changes and to adjust future year emission forecasts in light of actual/observed
rates of progress in reducing emissions.
Diesel vehicles provide an example of a mobile source category that is currently undergoing
significant emissions changes. As shown in Table 1.2, on-road diesel vehicles, which primarily
consist of HD trucks, are an important source of NOx and PM2.5 emissions in the United States.
Recognizing the air quality impacts of on-road diesel vehicles, EPA implemented emission
standards for new diesel engines starting in 2007 for PM and in 2010 for NOx (EPA, 2000).
While previous emission standards were met primarily through engine modifications and
combustion improvements, the new and much lower emission limits compel the use of exhaust
after-treatment technologies such as diesel particle filters (DPF) and selective catalytic reduction
(SCR). To realize air quality benefits from new control technologies as quickly as possible,
California introduced additional rules requiring the accelerated clean-up of in-use trucks through
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replacement and retrofit programs. These measures are expected to reduce emissions from onroad diesel trucks significantly. Further research is needed to quantify emission changes and
document in-use effectiveness of these advanced emission control systems.
Diesel particle filter systems typically employ a wall-flow filter to remove particles from the
exhaust. This filter type consists of a ceramic honeycomb structure in which alternate channels
are blocked. The porous substrate permits exhaust gas to pass through channel walls, but traps
particles. To avoid excessive pressure drop across the filter, accumulated particles must be
removed through some kind of regeneration process. Active regeneration systems employ an
external energy source (e.g. fuel injection, electric heating) to raise the temperature of the filter
and promote oxidation of trapped carbonaceous particles. In passive, or continuously regenerated
systems, catalysts are used to oxidize nitric oxide (NO) present in the exhaust to nitrogen dioxide
(NO2), which is then used to oxidize trapped carbon particles. Nitrogen dioxide is capable of
oxidizing trapped particles at typical exhaust temperatures and thus, exhaust filters can be
regenerated continuously (van Setten et al., 2001). While carbonaceous particles are removed in
these filter regeneration processes, trace elements present in lubricating oils such as zinc,
phosphorus, and calcium, can lead to ash deposits on DPFs. Ash accumulation on filters
negatively affects engine performance and requires periodic filter service or replacement
(Sappok and Wong, 2011; Tornehed and Olofsson, 2011).
The capacity of DPF systems to remove > 90% of PM mass from diesel exhaust has been well
established through dynamometer testing (Biswas et al., 2008; Herner et al., 2009; Khalek et al.,
2011). The degree of oxidation catalyst loading present in DPF systems, as well as exhaust gas
temperatures, can influence gaseous emissions from diesel engines. For example, oxidation
catalysts help to lower CO and VOC emissions, but may increase the fraction of NOx emitted as
NO2 (Heeb et al., 2010; Herner et al., 2009). Whereas the NO2/NOx mass emission ratio for
untreated diesel exhaust is typically less than 0.10 (Burgard et al., 2006; Jimenez et al., 2000),
elevated NO2/NOx emission ratios (> 0.30) have been reported for DPF-equipped engines in
dynamometer studies (Herner et al., 2009; Khalek et al., 2011; Tang et al., 2004), as well as
during in-use testing of buses and trucks equipped with particle filters (Bishop et al., 2012b;
Shorter et al., 2005). Increased primary NO2 emissions may be of concern due to the toxicity of
NO2, as well as potential for increases in ozone production (Millstein et al., 2010). Other
concerns include the potential for formation of nitrated polycyclic aromatic hydrocarbons (Heeb
et al., 2008) and questions regarding DPF effectiveness in reducing particle number emissions
from diesel engines (Biswas et al., 2008; Herner et al., 2011). Expanded use of new control
technologies is also expected to increase the skewness of emission factor distributions, where a
small number of high-emitting vehicles are responsible for a disproportionate fraction of total
emissions (Bishop and Stedman, 2008; Burgard et al., 2006). Measurements of emissions from
diesel trucks are needed to advance understanding of the impact of new control technologies and
to track changes in emissions from in-use vehicles.
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1.5: RESEARCH OBJECTIVES
The overarching objective of this dissertation is to improve the characterization of mobile source
emissions and to describe emission changes over time. This research addresses existing
uncertainties in mobile source emission inventories and contributes new information on
emissions from motor vehicles. These research efforts advance understanding of the absolute and
relative importance of different source categories, which in turn will help to inform and guide air
quality planning and management efforts. More detailed and specific research objectives for this
dissertation are listed below.
1) Assess long-term trends in national mobile source emissions in the United States, including
changes in activity and emission factors, as well as contributions to total emissions from gasoline
versus diesel engines, and on-road versus off-road sources.
2) Assess the effects of diesel particle filter systems on emissions from in-use heavy-duty diesel
trucks. Preview effects of coming statewide control of all diesel trucks operating in California.
3) Quantify emission factor distributions for gaseous and particulate pollutants for on-road
vehicle samples comprising hundreds of individual heavy-duty trucks. Study correlations among
emission factors for different pollutants emitted from individual trucks.
4) Measure and compare light-duty gasoline and heavy-duty diesel vehicle emissions. Map
relative contributions to overall on-road vehicle emissions as a function of fuel sales and
emission factor ratios.
5) Use a new aerosol mass spectrometer to characterize the chemical composition and diagnose
the origins of exhaust PM emissions from on-road gasoline and diesel vehicles.
1.6: DISSERTATION OUTLINE
Chapter 2 investigates trends in mobile source NOx and PM2.5 emissions through development of
a fuel-based emission inventory for the United States. Annual emissions from mobile source
categories including on- and off-road gasoline and diesel engines are estimated for the years
1996-2006 at the national spatial scale. Emissions estimates are based on fuel sales and a critical
review of emission factors for each source category. Results describe decadal trends in emissions
from each source category, and include comparisons with EPA national emission inventory
estimates for 2005.
Chapter 3 describes the development and application of plume capture methods to measure BC
and NOx emission factors for individual heavy-duty diesel trucks at the Port of Oakland.
Emission factor distributions measured prior to and following the implementation of an
accelerated truck retrofit and replacement program are used to evaluate changes in emissions
associated with modernization of the Port truck fleet, and widespread use of DPF systems to
control PM emissions.
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Chapter 4 describes the further application of plume capture measurement methods to
characterize emission factor distributions for hundreds of individual diesel trucks operating at the
Caldecott tunnel in the San Francisco Bay area. Pollutants measured in the exhaust plumes of
hundreds of in-use trucks include NO, NO2, CO, formaldehyde, ethene, BC, as well as optical
properties of emitted particles. Emission factor distributions are characterized for each species
and correlations among species in the exhaust of individual trucks are investigated. Contributions
of high-emitting vehicles to total emissions of each species are evaluated. Additional assessment
of emissions impacts of diesel particle filter systems is presented. Fleet-average BC, NOx, and
NO2 emission factors measured in summer 2010 are compared to values measured previously at
the same location in 2006 to assess emissions changes over time.
Chapter 5 evaluates the relative importance of current on-road gasoline and diesel vehicles to
emissions of NOx, CO, PM2.5, OA, and BC. Fleet-average emission factors for LD gasoline
vehicles are quantified based on measurements at the Caldecott tunnel under conditions where
the diesel truck fraction of total traffic was low. Methods to account explicitly for emission
contributions from small numbers of diesel trucks in the sampled vehicle population are
described and used to identify better the emission signal from gasoline engines. Emission factors
and overall fuel consumption for on-road gasoline and diesel engines are used to describe the
relative contributions of these sources to overall on-road emissions at urban, state, and national
spatial scales
Chapter 6 investigates the chemical composition of PM emitted by motor vehicles. Results from
emissions measurements of in-use vehicles at the Caldecott tunnel made with a new soot particle
aerosol mass spectrometer are reported. Organic aerosol and BC mass spectra for individual
diesel truck plumes are presented. These spectra are compared with spectra measured during
sampling periods with varying levels of diesel influence to explore the composition of PM
emitted by gasoline and diesel vehicles. High time resolution measurements of lubricant-derived
trace elements detected in the exhaust plumes of individual diesel trucks are reported for the first
time.
Chapter 7 summarizes major research findings and provides recommendations for future
research.
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CHAPTER 2: EVALUATION OF MOBILE SOURCE EMISSION
TRENDS IN THE UNITED STATES
Reproduced in part from Dallmann, T. R.; Harley, R. A. Evaluation of mobile source emission
trends in the United States. J. Geophys. Res. 2010, 115, D14305, DOI:10.1029/2010JD013862,
with permission from John Wiley and Sons.
2.1: INTRODUCTION
Mobile sources are an important source of nitrogen oxides (NOx) and fine particulate matter
(PM2.5) emissions. Nitrogen oxides and PM2.5 emissions from mobile sources depend on a
number of factors including engine type, size, fuel, emission control equipment, and
age/maintenance (Clark et al., 2002; NRC 2000; Sawyer et al., 2000). These factors, along with
engine populations, activity, and fleet turnover rates influence the magnitude of NOx and PM2.5
emissions from mobile sources, and how relative contributions of each mobile source category to
total emissions change over time. To assess the contributions of each mobile source category to
air pollution, and to develop effective air quality management strategies, accurate emission
inventories are needed. Unfortunately, large uncertainties in emissions estimates for mobile
sources have been a long-running concern (Gertler, 2005; Kean et al., 2000a; Parrish, 2006;
Pierson et al., 1990; Sawyer et al., 2000).
Parameters that influence mass emissions of NOx and PM2.5 are highly variable and difficult to
model (Miller et al., 2006). The US Environmental Protection Agency has developed the
MOBILE and NONROAD models to support development of national and state-level mobile
source emission inventories (EPA, 2003; EPA, 2005). The MOBILE model is used along with
estimates of vehicle activity to quantify emissions from on-road vehicles, while the NONROAD
model is used to estimate emissions from off-road sources. For both on and off-road sources,
pollutant emissions are calculated as the product of an emission factor and a matching rate of
pollution-causing activity such as vehicle distance traveled or hours of engine operating time.
Emission factors for on-road sources are derived mainly from dynamometer testing of a selection
of vehicle and engine types representative of LD and HD fleets. Dynamometer testing allows for
the measurement of vehicle pollutant emissions over a range of operating modes under
controlled conditions. While dynamometer testing is useful in characterizing emissions from
individual vehicles, its application in developing fleet-average emission factors is constrained.
Sample sizes are limited by the high costs and time requirements of dynamometer testing. In
addition, test cycles used in the laboratory may not be representative of in-use engine operating
conditions (Franco et al., 2013; NRC, 2000; Ropkins et al., 2009). Similar concerns arise in the
estimation of off-road equipment emission factors used in the NONROAD model (EPA, 2004).
Uncertainties also arise from activity estimates, particularly in the case of off-road engines for
which activity is typically estimated as the product of several poorly known input parameters:
number of engines in use, rated power output of each engine, hours of engine operating time, and
load factors (average percentage of rated power output at which each engine operates). Current
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mobile source emission inventories also do not routinely include uncertainty estimates.
Therefore, use of alternative methods to estimate mobile source emissions can help to assess
current inventories and quantify uncertainties.
The fuel-based method is a top-down approach to estimating emissions that uses fuel
consumption as a measure of engine activity. Emission factors therefore must be expressed on a
fuel-specific basis (i.e., mass of pollutant emitted per mass of fuel consumed). Fuel consumption
data are readily available from fuel tax reports and surveys of diesel fuel sales for off-road uses
(FHWA, 2007; EIA 2007). To obtain fuel-specific emission factors, pollutant concentrations
measured in the exhaust are normalized to total carbon (mainly CO2). Total carbon in the exhaust
balances with the carbon present in fuel entering the engine. Knowing the carbon fraction of the
fuel then permits calculation of emission factors per unit mass of fuel consumed (NRC, 2000).
Various studies indicate that fuel-normalized emission factors vary less than emission factors
expressed per distance traveled (Bishop and Stedman, 2008; Kean et al., 2003; Pierson et al.,
1996; Yanowitz et al., 2000), which is helpful in estimating emissions.
Various methods have been employed to measure emission factors from on-road vehicles and
off-road equipment. For example, remote sensing, tunnel, and roadside measurement studies
have been used to measure emissions from large samples of in-use vehicles (Abu-Allaban et al.,
2003a; Abu-Allaban et al., 2003b; El-Fadel and Hashisho, 2001; Ning et al., 2008, Ropkins et
al., 2009). Emission factors have also been measured for off-road equipment, locomotives, and
marine vessels using remote sensing (Burgard et al., 2011; Popp et al., 1999), plume capture
methods (Williams et al., 2009), and portable emission measurement systems (PEMS)
(Abolhasani et al., 2008; Frey et al., 2008a; Frey et al., 2008b).
To date, the fuel-based approach has been applied in a limited spatial and temporal sense to a
subset of mobile source categories. The most common application has been in the development
of on-road emission inventories for urban areas (Harley et al., 1997; Harley et al., 2001; Pokharel
et al., 2002; Singer and Harley, 1996). The availability of new emissions data now allow for a
unified investigation of emissions from a larger number of mobile source categories over larger
spatial and longer temporal scales.
The objective of this research is to assess trends in mobile source emissions of NOx and PM2.5.
New national emission inventories for mobile sources are developed and compared with
corresponding EPA estimates. This analysis includes emissions from both on-road and off-road
sources for the period 1996-2006, a timeframe over which fuel consumption and emission factors
have changed substantially.
2.2: METHODS AND DATA
Mobile sources were divided into six categories according to engine application and fuel type.
These categories include on-road gasoline, on-road diesel, locomotive, marine diesel, off-road
diesel, and off-road gasoline. Emissions from aircraft are not included in this study. For each
mobile source category, annual fuel use and fleet-average emission factors were quantified and
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used to estimate emissions of NOx and PM2.5. Independent estimates of fuel consumption by offroad gasoline engines were not available, so for completeness, fuel consumption and emissions
from this engine category were estimated using the EPA NONROAD model. Off-road gasoline
engines are a minor source of NOx emissions, but are more important as a source of PM2.5.
2.2.1: Fuel Consumption
On-Road Gasoline and Diesel Fuel Consumption
Taxable fuel sales were used as a measure of fuel consumption by on-road gasoline and diesel
vehicles. Fuel use by on-road vehicles is subject to highway taxes. Tax data reported at the state
level are compiled by the Federal Highway Administration and used to estimate annual
consumption of on-road gasoline and diesel fuel at state and national levels (FHWA, 2007).
Off-Road and Marine Diesel Fuel Consumption
Diesel fuel used by off-road engines is not subject to highway taxes and is thus excluded from
taxable fuel sales reported by FHWA. Tax-free diesel fuel intended for off-road use is dyed red
to distinguish it from taxable fuel; use of red dye diesel is prohibited in on-road vehicles.
Nevertheless, red dye fuel is sometimes used on-road. In this study, no attempt was made to
account for illegal fuel transfers; the effect would be to increase the relative importance of onroad diesel engine emissions at the expense of off-road and stationary source categories. Diesel
fuel use for off-road engine categories was estimated from surveys of fuel wholesalers who
supply petroleum products for off-road use. Such surveys are conducted annually by the Energy
Information Association (EIA, 2007). The EIA survey provides estimates of kerosene, residual
fuel oil, and distillate fuel oil consumption broken down by end use categories. Survey data are
adjusted at the regional level to match refinery fuel production and related data summarizing
total volume of petroleum products supplied (EIA, 2007; Kean et al., 2000a). For this study,
diesel fuel consumption for each off-road end use category was calculated following Kean et al.
(2000a). Briefly, for the farm and military end use categories, where diesel sales are reported
separately from other types of distillate fuels, all diesel fuel sold is assumed to be used in offroad engines. Similarly, in the commercial and industrial end use categories where No. 2
distillate sales are divided by sulfur content, it was assumed that high-sulfur diesel fuel is used in
off-road equipment and low-sulfur fuel is used in on-road applications. For the residential,
electric power, oil company, and off-highway end use categories, where diesel fuel is not
separated from other distillate fuels, off-road mobile source fuel use is calculated as 0, 0, 50 and
100% of reported distillate sales, respectively. Off-road diesel fuel consumption estimates were
smoothed to reduce year-to-year variability in EIA survey data.
Both diesel and residual fuel are used in marine vessels operating in US waters. Residual fuel is
used in the main engines of large ocean-going vessels, while smaller commercial vessels
operating near the coast or on inland waterways typically use diesel fuel. For this study, marine
residual fuel and diesel fuel sales reported by EIA were used to estimate fuel consumption for the
larger marine vessels. Reported sales of residual fuel oil and diesel fuel to the marine sector were
adjusted to exclude fuel consumed outside of US territorial waters. According to DOE estimates,
9% of residual fuel oil and 78% of diesel fuel sales reported by EIA for marine vessels are
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consumed domestically (DOE, 2008). These distributions were used to calculate domestic
marine vessel fuel consumption. The remaining fuel consumption was excluded from the
emission inventory estimates developed here.
Diesel Fuel Use by Locomotive Engines
In the US, locomotives are used primarily in intercity freight operations. In 2005, an estimated
97% of locomotive diesel fuel was used for freight operations, while only 3% was used for
passenger transport (EPA, 2008b). Railroads involved in freight operations are classified
according to annual revenues. Railroads with the largest operating revenues, categorized as Class
I railroads, are involved in national freight transport and account for the majority of goods
movement and fuel use by freight railroads. Class II and III railroads consist of regional and
local railroads with considerably lower operating revenues and fuel use (AAR, 2007). Class I
railroads are required to report financial and operating information. Thus, diesel fuel use by
Class I railroads is well known at the national level and is reported annually (AAR, 2007).
Similar reporting is not required of Class II and III railroads, and fuel consumption by these
locomotives is not regularly published. Estimated fuel consumption by Class II and III railroads
in the US was 814 million liters in 1996 (EPA, 1998). Class II and III railroad diesel fuel use
estimates for subsequent years were made by scaling the 1996 estimate to match annual changes
in fuel consumption by Class I railroads. Diesel fuel use in passenger rail operations is included
based on separate estimates (DOE, 2008).
2.2.2: Emission Factors
Fine particulate matter and NOx emission factors were estimated for each mobile source category
and for each year of interest. Linear fits to measured in-use emission factors as a function of
calendar year were used in this study, in all cases for which appropriate emissions data were
available. For source categories where in-use emissions data were limited, laboratory data and
model estimates were used in addition or instead as noted below. Emission factors for NOx and
PM2.5 used in this study and referenced in following sections are summarized in Figures 2.1 and
2.2, respectively.
On-Road Gasoline Engines
The vast majority (>95%) of on-road gasoline use occurs in LD vehicles (DOE, 2008), so the LD
vehicle results were applied to all on-road gasoline engine emissions. The small fraction of
gasoline used in HD trucks will not significantly impact fleet-average emission factors when
they are expressed per unit of fuel burned. Bishop and Stedman (2008) used remote sensing to
characterize changes in NO emissions from LD vehicles in Los Angeles, CA; Chicago, IL;
Phoenix, AZ; and Denver, CO. Multiyear campaigns at each of these locations have yielded
measurements of NO emissions from many thousands of in-use LD vehicles and allow
characterization of changes in fleet-average emissions over time (see Figure 2.3). A small
fraction of total NOx emitted as NO2 was not measured in these studies. The remote sensingderived emission factors were scaled by 46/30 to express NO emissions in NO2 mass
equivalents, and were used without further adjustment to represent total NOx emission factors.
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Additional emission measurements made at the Caldecott tunnel in Oakland, CA, were used to
help characterize changes in NOx emission factors for LD vehicles over the time period 19942006 (Ban-Weiss et al., 2008a).
In-use PM2.5 emissions from on-road gasoline vehicles have not been characterized as
extensively as NOx emissions. To date, remote sensing techniques have seen limited application
in measuring motor vehicle PM2.5 emissions. As shown in Figure 2.4, most of the on-road
measurements of PM2.5 emission factors have come from tunnel studies (Allen et al., 2001; BanWeiss et al., 2008a; Geller et al., 2005; Gillies et al., 2001; Grieshop et al., 2006; Kirchstetter et
al., 1999a). Roadside measurement and remote sensing techniques have also been applied to
quantify PM2.5 emission factors (Mazzoleni et al., 2004; Ning et al., 2008). PM2.5 emission
factors measured during tunnel and roadside studies represent average emission factors for
thousands of vehicles, and may include contributions from nontailpipe sources such as
resuspended road dust, brake wear, and tire wear. Remote sensing measurements of PM2.5
emission factors, such as those presented by Mazzoleni et al. (2004), assess tailpipe exhaust
emissions for individual vehicles and do not include nontailpipe contributions. In selecting data
to be used for this analysis, we emphasized US studies that reported fuel-normalized emission
factors for LD vehicles. Data from studies that included HD trucks and buses in the mix of fleetaverage exhaust PM emission factors were not used in this study.
In addition to running emissions, there are excess emissions associated with engine starting that
contribute to total emissions of NOx and exhaust PM. These emissions occur following engine
startup while the engine and associated emission control equipment are not yet fully warmed up
(Sawyer et al., 2000), and are included here as an increment of excess emissions superimposed
on running (warmed up) emissions. Emission factors derived from the on-road studies used here
generally do not include cold start emissions. Excess NOx emissions associated with engine starts
were estimated using the MOBILE model and added to the fuel-based inventory estimates
developed here. It was not possible to extract similar information from MOBILE on incremental
emissions associated with cold engine starting for PM2.5. Instead, gram per start PM2.5 emission
factors from passenger cars and trucks measured during a vehicle emissions study that took place
in Kansas City (EPA, 2008c) were used. These emission factors were combined with vehicle
registration data from the MOBILE model to estimate excess PM2.5 emissions associated with
LD vehicle engine starts as of 2005. The ratio of start emissions to running emissions calculated
for 2005 was used to estimate start emissions of PM2.5 for the other years included in this
analysis.
On-Road Diesel Engines
In the US, most of the on-road diesel fuel use (89%) occurs in medium duty (MD) and HD trucks
(DOE, 2008). Diesel fuel is also used in LD vehicles (8% of total diesel fuel) and buses (3%). In
this study, diesel exhaust emission factors were defined using on-road measurements of MD and
HD truck emissions. Diesel truck emissions have been measured at the Caldecott tunnel near
Oakland, CA (Ban-Weiss et al., 2008a; Kirchstetter et al., 1999a). Remote sensing studies have
characterized NOx emission factor trends for HD trucks at Anaheim, CA and Golden, CO
(Bishop et al., 2001; Bishop et al., 2012b; Burgard et al., 2006). In the most recent years of the
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remote sensing studies, NO2 emissions were measured in addition to NO, so total NOx emissions
could be calculated. Burgard et al. (2006) also used remote sensing to characterize diesel NOx
emission trends at Dumont, CO, but these data are not included here due to the high altitude
conditions involved (2530 m). Trucks are not required to meet current emission standards when
operating at such high altitudes; this explains the lack of any downward trend in NOx emissions
measured at this site. Figure 2.5 shows additional on-road emissions data for diesel NOx that
were also included in the trends analysis (Grieshop et al., 2006; Jimenez et al., 2000; Wood et
al., 2005).
Fine particulate matter emission factors for on-road diesel engines were quantified using on-road
measurements (Allen et al., 2001; Ban-Weiss et al., 2008a; Geller et al., 2005; Grieshop et al.,
2006) and a review of HD diesel truck chassis dynamometer test data (Yanowitz et al., 2000). As
is the case with LD gasoline vehicles, measurements of PM2.5 emissions from in-use HD diesel
trucks are sparse compared to the available gas-phase emissions data (see Figure 2.6). A least
squares regression analysis of the available emissions data was used to describe trends in fleetaverage PM2.5 emission factors for on-road diesel engines.
Off-Road Diesel Engines
To date there has been relatively little in-use testing of emissions from off-road diesel
equipment. Currently, NOx and PM2.5 emission factors for off-road equipment are based on
steady-state laboratory testing of new engines (EPA, 1991; EPA, 2004). For this study, NOx and
PM2.5 emission factors were estimated using emission factors derived from the EPA NONROAD
model. Work-specific emission factors (g/kWh) from the NONROAD model were converted to
fuel-specific emission factors (g/kg) using estimates of brake specific fuel consumption (EPA,
2004). Emission factors for the universe of off-road diesel engines were defined using a fuel
consumption-weighted average of emission factors for each class of equipment defined in the
NONROAD model. Recently Frey et al. have conducted emissions testing on in-use construction
equipment (Abolhasani et al., 2008; Frey et al., 2008a; Frey et al., 2008b). Their emission factors
as derived from in-use testing agree well with fleet-average emission factors used in this study
(see Figure 2.1).
Locomotive Engine Emissions
In the diesel-electric propulsion system employed by locomotives, the drive-train is decoupled
from the engine. This allows for steady-state operation in a series of operating modes referred to
as notch settings. Locomotives typically have eight throttle notch settings along with idle and
dynamic brake operating modes. Two duty cycles have been defined to characterize the amount
of time spent in each notch setting for typical in-use locomotive operations. The line-haul duty
cycle is typical of locomotives involved in intercity freight operations, while the switch duty
cycle is used to represent operations of locomotives used to assemble and disassemble trains in
switchyards (EPA, 1998). To quantify overall emissions, notch-specific emissions were
combined by weighting each notch setting by fuel consumption according to these duty cycles.
Prior to 2000, NOx and PM2.5 emissions from locomotives were unregulated. Beginning in 2000,
NOx and PM emission standards were applied to newly manufactured and remanufactured
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locomotive engines. Tier 0 standards apply to locomotive engines originally manufactured from
1973 through 2001. Tier 1 and 2 emission standards apply to locomotive engines manufactured
2002-04 and 2005 and later, respectively (EPA, 1997). Additional more stringent locomotive
emission standards have recently been developed. However, the newer standards had no effect
on locomotive emissions during the period 1996-2006 of interest here. For this study, baseline
line-haul and switch emission factors were calculated for pre-regulatory locomotive engines
using available emissions data (Fritz and Cataldi, 1991; Fritz, 1995; Fritz, 2000; EPA, 1998).
These data include measurements from twenty-four engines typical of those used for line-haul
operations and three engines representative of those used in switching operations. Duty cycle
weighted, fuel-specific NOx and PM2.5 emission factors were calculated for each engine and then
combined to calculate fleet-average line-haul and switch emission factors. Emission data from
2002 and later (including remanufactured engines) are limited. The newer engines were assumed
to comply with applicable emission standards. Fleet-average emission factors were calculated
using the number of locomotive engines in each “emission tier” for a given year, and estimated
fuel consumption in line-haul and switching operations. The number and age/tier distribution of
locomotives in use for each year was estimated from annual data listing the introduction of new
and remanufactured locomotives by the Class I railroads (AAR, 2007).
Marine Vessels
NOx and PM2.5 emission factors for the marine diesel category have been reviewed (Entec,
2002). Emission factors have been reported for five different engine types and three fuels. The
two major data sources are an emission study conducted by Lloyds Register Engineering
Services and emission measurements made by the IVL Swedish Environmental Research
Institute (Entec, 2002). Emission factors were quantified for slow, medium, and high-speed
diesel engines. Work-specific NOx and PM emission factors and estimated specific fuel
consumption rates were used to calculate fleet-average emission factors. For this study, we
assumed that all residual fuel oil is used in slow-speed diesel engines, and diesel fuel is used in
medium and high-speed engines. Marine emission factors were quantified using a weighted
average of slow speed residual fuel oil and medium/high speed diesel fuel emission factors
including only US domestic use of residual fuel oil and diesel fuel by marine vessels.
2.2.3: Uncertainty Analysis
Uncertainty estimates for fuel consumption and emission factors are needed to quantify
uncertainties in the resulting fuel-based NOx and PM2.5 emission inventories. Uncertainty in fuel
consumption was quantified for each source category according to methods employed to estimate
fuel use. Total on-road gasoline and diesel consumption is known with a relatively high degree
of certainty due to federal highway fuel tax reporting requirements. Off-road diesel fuel sales are
quantified using a survey method, resulting in greater uncertainties than taxable highway fuel
sales. For this study, uncertainty in off-road diesel consumption were assumed to be of similar
magnitude to adjustment factors utilized in EIA surveys to match distillate fuel oil sale survey
data to reported distillate fuel oil supplied. Uncertainties in emission factors for on-road gasoline
and diesel engines were derived as part of the same regression analyses used to define the
emission factors. For other source categories, uncertainties in emission factors were based on
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engine-to-engine variability in emission factor data (locomotives), reported uncertainties in
emission factors (marine engines), and a review of off-road diesel engine emissions (Frey and
Bammi, 2003). Relative uncertainties in fuel consumption as well as NOx and PM2.5 emission
factors are summarized in Table 2.1. Note that for source categories where uncertainties in
emission factors were calculated using statistical analysis, the magnitude of uncertainty remains
constant for each year considered. This results in an increase in the relative uncertainty of
emission factors for these source categories as the emission factors decrease from 1996 to 2006
(see Table 2.1).

Table 2.1. Summary of relative uncertainties in fuel consumption and NOx and PM2.5 emission
factor estimates.
NOx Emission Factor
PM2.5 Emission Factor
Source
Fuel Consumption
Uncertainty
Uncertainty
Category
Uncertainty
1996
2006
1996
2006
On-Road
±3%
±12%
±27%
±40%
±45%
Gasoline
On-Road Diesel
±5%
±16%
±22%
±33%
±59%
Off-Road Diesel
±10%
±30%
±30%
±50%
±50%
Locomotive
±10%
±14%
±16%
±15%
±15%
Marine
±20%
±22%
±22%
±23%
±23%
Off-Road
NA
NA
NA
NA
NA
Gasolinea
a
Emissions of NOx and PM2.5 from off-road gasoline engines were not assessed using the fuelbased approach. Thus, fuel consumption and emission factor estimates were not derived for this
source category. Relative uncertainties of EPA estimates of NOx and PM2.5 emissions from offroad gasoline engines used in this study are quantified as ±30% and ±50%, respectively.
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Figure 2.1. Mobile source NOx emission factors. Solid lines show emission factors used in this
study. For the off-road diesel and marine CI categories, additional emission factor data are
plotted for comparison purposes, but were not used to develop inventory estimates in this study
(see text for further discussion). Red diamonds are for off-road construction equipment
(Abolhasani et al., 2008; Frey et al., 2008b). Gray circles are for medium and slow-speed marine
engines (Williams et al., 2009). Additional marine diesel emission factors are shown with a gray
triangle (Burgard et al., 2011). Error bars show 95% confidence interval.
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Figure 2.2. Mobile source exhaust PM2.5 emission factors. Solid lines show emission factors
used in this study. Average emission factors for medium and slow-speed marine vessels are
shown with gray circles (Lack et al., 2009) for comparison purposes, but were not used in this
study. Error bars show 95% confidence interval.
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Figure 2.3. Light-duty vehicle NOx emission factors derived from remote sensing (in blue) and
tunnel (in red) emission studies. The dashed line shows fleet-average on-road gasoline NOx
emission factors used in this study. Error bars show 95% confidence interval.

18

Figure 2.4. Fleet-average LD PM2.5 emission factors derived from remote sensing (in blue),
tunnel (in red), and roadside measurement (in green) studies. The dashed line shows on-road
gasoline PM2.5 emission factors used in this study. Note Allen et al.(2001) report a PM1.9 rather
than PM2.5 emission factor. Error bars show 95% confidence interval.
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Figure 2.5. Fleet-average HD NOx emission factors derived from roadside/remote sensing (in
blue and tunnel (in red) studies. NO emissions are expressed in NO2 equivalents. In cases where
NO2 emissions were not measured, NOx emission factors were calculated assuming that NO
accounts for 92% of total NOx emissions (mol fraction basis). The dashed line is the trend line
for on-road diesel NOx emission factors used in this study. Error bars show 95% confidence
interval.
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Figure 2.6. Fleet-average HD diesel PM2.5 emission factors derived from tunnel studies (in red)
and a review of HD dynamometer test data (in black). The dashed trend line shows on-road
diesel PM2.5 emission factors used in this study. Note Allen et al. report a PM1.9 rather than PM2.5
emission factor. Error bars show 95% confidence interval.
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2.3: RESULTS
2.3.1: Fuel Consumption
Trends in annual fuel consumption for each mobile source category are presented in Figure 2.7.
Note fuel consumption by aviation sources is not included in the analysis presented here. Total
fuel use by mobile sources increased by 18%, from (4.9  0.1) to (5.8  0.1)  1011 kg yr-1
between 1996 and 2006. The majority of fuel consumption occurs in on-road gasoline vehicles,
with this category accounting for greater than 65% of total fuel use shown in Figure 2.7. The
second largest fuel consumer is on-road diesel engines. Together, on-road gasoline and diesel
vehicles account for ~85% of mobile source fuel consumption. Among the remaining source
categories, off-road diesel equipment is the next largest. Off-road gasoline, locomotive, and
marine diesel source categories each account for <5% of fuel consumption. Between 1996 and
2006, the largest relative increase in fuel consumption (+43%) was for on-road diesel engines
(Figure 2.7). On-road gasoline and locomotive fuel use both increased approximately 15% over
the same time period; however, a slight decrease in on-road gasoline use was seen from 2004 to
2006. Fuel use by off-road diesel equipment grew by approximately 20%. Net changes in fuel
consumption by marine vessels and off-road gasoline equipment were <10%.
2.3.2: NOx Emissions
Fleet-average NOx emission factors by source category are summarized in Figure 2.1. In this
figure, three distinct ranges of NOx emission factors for mobile source categories are apparent.
Locomotive and marine diesel source categories have the highest fuel-specific NOx emission
factors of ~70 g kg-1. Emission factors of about 40 g kg-1 apply to both on- and off-road diesel
engine categories. Emission factors for on-road gasoline engines are about an order of magnitude
lower than corresponding emission factors for diesel engines. From 1996 to 2006, emission
factors for on-road gasoline engines decreased by a factor of about 2 (55%). More gradual
decreases were observed for NOx emission factors from both on-road and off-road diesel
engines. For locomotives and marine diesel engines, there was little change in NOx emission
factors during the time period considered here.
Nitrogen oxides emission trends are summarized in Table 2.2; a complete tabulation for all years
is provided in Table 2.3. As of the mid-1990s (see Figure 2.8), on-road gasoline and diesel
vehicles accounted for greater than 70% of total mobile source NOx emissions, split
approximately equally between gasoline and diesel engine contributions (Figure 2.9). Among the
remaining source categories, off-road diesel engines and locomotives were the largest NOx
sources, each accounting for approximately 10% of NOx emissions. From 1996 to 2006, total
mobile source NOx emissions probably decreased slightly; however, the reported decrease was
not statistically significant (see Table 2.2). Over this time period, NOx emissions from on-road
gasoline vehicles decreased by 49 ± 16%, despite increased vehicle travel and fuel consumption.
There was no significant change in NOx emissions from the other mobile source categories.
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By 2006, combined NOx emissions from the off-road diesel, locomotive, and marine diesel
source categories were comparable in magnitude to emissions from on-road gasoline vehicles.
Cold engine starting accounted for approximately 20% of total NOx emissions from on-road
gasoline vehicles. Engine starting is not a significant source of NOx for any of the other engine
categories as catalytic converters are not currently in use on those engines.
2.3.3: PM2.5 Emissions
Fleet-average PM2.5 emission factors by source category are summarized in Figure 2.2. Fine
particulate matter emission factors are greatest for off-road diesel equipment. Emission factors
for on-road diesel, locomotive, and marine diesel source categories are all of similar magnitude.
As of 2006, PM2.5 emission factors for on-road gasoline engines were about an order of
magnitude lower than corresponding emission factors for diesel engines. From 1996 to 2006,
reductions in PM2.5 emission factors for both on-road gasoline and diesel vehicles, as well as offroad diesel equipment, are all of similar magnitude, ranging from 40 to 50%. For locomotives
and marine diesel engines, there was little change in PM2.5 emission factors.
Major mobile sources of primary PM2.5 emissions are on-road diesel vehicles and off-road diesel
equipment (see Figure 2.10). Together, these source categories accounted for 65-70% of total
mobile source PM2.5 emissions during all of the period 1996-2006. Other significant sources
include on- and off-road gasoline engines. Locomotives and diesel-powered marine vessels are
relatively minor sources of PM2.5, each accounting for less than 10% of total mobile source
emissions. There was little change in the relative contributions of the various source categories to
total emissions between 1996 and 2006. While a general downward trend in PM2.5 emissions
from most source categories is apparent in Figure 2.10, the uncertainties in the underlying PM2.5
emission factor data used here are large, so the emission changes are not statistically significant
(see Table 2.2). A complete tabulation of PM2.5 emissions for all years is presented in Table 2.4.
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Table 2.2. Summary of national NOx and exhaust PM2.5 emissions by source category. All
values are given in metric tons per day.
NOx Emissions
Exhaust PM2.5 Emissionsa
Source Category
1996
2006
1996
2006
Gasoline
On-Road
11 700 ± 1 400
5 900 ± 1 300
100 ± 30
100 ± 30
b
Off-Road
440 ± 130
590 ± 180
130 ± 70
150 ± 70
Diesel Fuel
On-Road
Off-Road Equip
Locomotives
Marinec

11 400 ± 1 900
3 400 ± 900
2 600 ± 500
1 400 ± 400

12 200 ± 2 700
2 900 ± 700
2 700 ± 500
1 500 ± 400

460 ± 160
420 ± 220
60 ± 10
44 ± 14

370 ± 220
280 ± 150
70 ± 20
50 ± 10

Grand Total
31 000 ± 2 600
26 000 ± 3 200
1 200 ± 300
1 000 ± 300
PM2.5 emission factors for on-road source categories are derived mainly from tunnel studies,
where reported emission factors may include contributions from nontailpipe sources such as
resuspended road dust and tire wear. These nontailpipe emissions are likely small relative to
direct tailpipe emissions of PM2.5 (Abu-Allaban et al., 2003b; Fraser et al., 2003). bDoes not
include piston aircraft. cIncludes emissions from oceangoing vessels burning residual fuel
operating in US territorial waters.
a
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Figure 2.7. Mobile source fuel consumption in the United States, 1996-2006 (top). Mobile
source fuel consumption normalized to 1996 levels (bottom).
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Figure 2.8. Mobile source NOx emissions in the United States, 1996-2006.
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Figure 2.9. Mobile source NOx emissions in the United States normalized to 1996 levels (top).
Relative contribution of each source category to total mobile source emissions (bottom).
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Figure 2.10. Mobile source PM2.5 emissions in the United States, 1996-2006.
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2.4: DISCUSSION
These results highlight the increasing importance of diesel engines as a source of NOx emissions.
In the US, on-road gasoline and diesel vehicles accounted for the majority of mobile source NOx
emissions in 1996. Between 1996 and 2006, decreases in on-road gasoline engine NOx emission
factors, accompanied by a smaller rate of increase in the total amount of gasoline consumed,
resulted in decreased NOx emissions from gasoline vehicles. During the same time period, a
relative increase in on-road diesel fuel consumption offset small decreases in fleet-average NOx
emission factors, resulting in little change in NOx emissions from on-road diesel engines over a
10-year period. As a result of these trends, on-road diesel engines were the predominant source
of NOx emissions in 2006, despite the fact that total fuel consumption by on-road gasoline
vehicles was ~5 times larger than the corresponding amount of fuel consumed by on-road diesel
vehicles. Another consequence of the success in controlling NOx emissions from gasoline
engines is the increased importance of off-road diesel equipment, locomotives, and marine diesel
vessels as sources of NOx. There was little absolute change in NOx emissions from these source
categories from 1996-2006. As a result, emissions from off-road diesel engines, locomotives, and
diesel-powered marine vessels together now exceed NOx emissions from on-road gasoline
engines. In total, diesel engines accounted for 75% of mobile source NOx emissions as of 2006.
In addition to being major sources of NOx, diesel engines also were responsible for the majority
of mobile source exhaust PM2.5 emissions nationally. On- and off-road diesel engines together
accounted for greater than 65% of total emissions. Although the amount of fuel consumed by onroad gasoline vehicles is much greater than the combined fuel consumption of on- and off-road
diesel engines, PM2.5 emissions from on-road gasoline vehicles accounted for 10% or less of total
emissions from 1996 to 2006. This stems from having PM2.5 emission factors for on-road
gasoline vehicles that are one to two orders of magnitude smaller than corresponding emission
factors for diesel engines. In contrast, off-road gasoline engines accounted for a small portion
(<5%) of total fuel consumption, yet contributed significantly to total mobile source PM2.5
emissions. This disproportionate contribution is expected because of the known high rate of
lubricating oil consumption (and hence exhaust PM emissions) of the two-stroke engine design
used in many off-road gasoline engine applications (Heywood and Sher, 1999). Emissions and
fuel consumption estimates used here imply PM2.5 emission factors for off-road gasoline engines
(per unit of fuel burned) that are an order of magnitude higher than those for on-road (4-stroke)
gasoline engines. Changes in PM2.5 emissions between 1996 and 2006 had little impact on the
relative contribution of each source category to total PM2.5 emissions. Consequently, the
distribution of PM2.5 emissions between gasoline and diesel engines in 1996 (19% gasoline, 81%
diesel) and 2006 (24% gasoline, 76% diesel) was similar.
Mobile source emission estimates developed in this study are compared to corresponding EPA
national emission inventory (NEI) estimates for the year 2005 in Figure 2.11. For both NOx and
PM2.5, total emissions calculated in this study are similar to EPA estimates; however, the
distribution of emissions among contributing sources differs. EPA estimates that 37% of total
mobile source NOx emissions comes from gasoline engines, whereas fuel-based estimates
suggest this contribution is lower (~27%). In the EPA inventory, off-road diesel engines (off-
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road equipment, locomotives, marine vessels) account for 56% of NOx emissions from diesel
engines (35% of total mobile source NOx). In contrast, on-road diesel engines dominate (63% of
diesel NOx; 46% of total mobile source NOx) in the fuel-based inventory.
The distribution of PM2.5 emissions between gasoline and diesel sources is similar in EPA and
fuel-based inventories. In each inventory, gasoline and diesel engines contribute 25 and 75% of
total mobile source emissions, respectively. However, estimates of the contributions from onroad vs. off-road diesel engines differ in the two inventories. EPA estimates indicate off-road
equipment to be the largest diesel-related source of exhaust PM2.5, whereas on-road diesel
engines dominate PM2.5 emissions in the fuel-based inventory. It should be noted that EPA
estimates of off-road gasoline engine emissions as well as cold start NOx emissions for on-road
gasoline engines were adopted in this study, so no independent evaluation of those emissions
should be inferred. Similarly, the EPA NONROAD model was used in this study to define offroad diesel NOx and PM2.5 emission factors. Thus, emission factors used in EPA NEI and fuelbased inventories are expected to be similar, and any differences in emissions estimated by the
two methods likely arise from different activity estimates. Since NEI estimates of off-road diesel
NOx and PM2.5 emissions are greater than fuel-based estimates, engine activity may be
overestimated in the EPA NEI. Further investigation of the MOBILE model would be helpful to
understand reasons for the differences in emission estimates between the fuel-based and NEI
inventories.
Key sources of uncertainty in the fuel-based emission inventory include PM2.5 emission factors
for all sources, off-road engine NOx emission factors, and cold start emission issues especially
for gasoline engines. Challenges in measuring PM2.5 emissions from on-road vehicles have
limited the availability of in-use emissions data. A synthesis of results from the available field
measurement studies leads to significant (50%) associated uncertainties in PM2.5 emission
factors. Unlike this study, other investigators (Gertler, 2005) find that gasoline engines are of
comparable or greater importance than diesel engines as a source of PM2.5 exhaust emissions.
These differences are further explored in Chapter 5. Nitrogen oxides emission factors for on-road
vehicles are known with greater certainty (10-20%). Emission factors for off-road diesel
equipment were derived from the NONROAD model, which does not quantify uncertainty in its
reported emission factors. For this study, uncertainty was estimated to be 30% for NOx
emission factors and 50% for PM2.5 emission factors, the same as for on-road diesel engines.
Future assessments of off-road equipment emission inventories would benefit from additional
measurements of in-use emissions from these engines. Similarly, locomotive and marine diesel
vessel emission factors used in this analysis are derived from limited data and would benefit
from further measurement efforts.
Results of this analysis indicate that as of 2005, on-road diesel engines are the largest source of
anthropogenic NOx emissions in the United States. Fuel-based NOx emission estimates for
mobile sources were combined with EPA NEI estimates of NOx emissions from other
anthropogenic source categories to compare relative contributions of individual source categories
to total NOx emissions (EPA, 2008a). In 2005, on-road diesel engines accounted for 27% of total
anthropogenic NOx emissions. The next largest source category, electric power generation,
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represented 21% of anthropogenic emissions. Combined, on- and off-road diesel engines
accounted for 42% of total anthropogenic NOx emissions in the US. Whereas NOx emissions
from power generation have been reduced in recent years (Kim et al., 2006), there has been little
change in emissions from on- and off-road diesel engines. This suggests reducing NOx emissions
from mobile sources, specifically diesel engines, should be a main component of strategies
aimed at controlling NOx pollution in the United States.
2.5: SUMMARY
This study investigated decadal trends in mobile source emissions of NOx and PM2.5 in the
United States through the development of a fuel-based emission inventory. This analysis
considered emissions from on-road gasoline, on-road diesel, locomotives, marine diesel, and
other off-road gasoline and diesel mobile sources from 1996 to 2006. In the fuel-based approach
applied here, fuel consumption was used as a measure of activity for each source category and
emission factors were derived from in-use measurements in cases where appropriate data was
available. Results highlight the increasing importance of diesel engines as a source of NOx and
PM2.5 emissions in the United States. During the time period considered here, sales of gasoline
and diesel fuel intended for on-road use increased by 15 and 43%, respectively. This growth in
diesel fuel consumption in the on-road sector offset decreases in fleet-average NOx emission
factors, resulting in no net change in NOx emissions between 1996 and 2006. In contrast,
decreases in the NOx emission factor for on-road gasoline engines were larger than increases in
fuel consumption, such that a significant decrease in NOx emissions from gasoline engines
occurred. As of 2006, on- and off-road diesel engines accounted for 75 and 65% of total mobile
source NOx and PM2.5 emissions, respectively. This analysis suggests on-road diesel engines are
the largest mobile source of primary PM2.5 emissions and the single largest anthropogenic source
of NOx emissions in the United States. Comparing the fuel-based emission estimates with the
U.S. Environmental Protection Agency’s national emission inventory led to the following
conclusions: (1) total emissions of NOx and PM2.5 estimated by the two different methods were
similar, and (2) source contributions to these totals differ significantly, with higher relative
contributions coming from on-road diesel engines in this study.
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Figure 2.11. Contributions to U.S. national mobile source NOx and PM2.5 emissions in 2005.
Total emissions are stated in units of metric tons per day (tpd). EPA National Emission Inventory
(NEI) emissions are shown for comparison, as reported in the 2005 NEI version 2 (EPA, 2008a).
Off-road gasoline engine emissions in this study were adopted verbatim from EPA estimates; no
independent evaluation should be inferred for that source category.
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8.18 х 108
±
2.45 х 108

4.27 х 109
±
7.4 х 108

1.17 х 109
±
2.9 х 108

9.37 х 108
±
1.63 х 108

4.77 х 108
±
1.45 х 108

1.80 х 108
±
5.4 х 107

1.11 х 1010
±
9 х 108

8.53 х 108
±
2.56 х 108

4.14 х 109
±
7.0 х 108

1.24 х 109
±
3.1 х 108

9.36 х 108
±
1.63 х 108

5.20 х 108
±
1.55 х 108

1.61 х 108
±
4.8 х 107

1.13 х 1010
±
9 х 108

On-Road
Gasoline
Start

On-Road
Diesel

Off-Road
Diesel

Locomotive

Marine
Diesel

Off-Road
Gasoline

Total

3.27 х 109
±
3.7 х 108

3.42 х 109
±
4.2 х 108

1997

On-Road
Gasoline
Running

1996
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1.11 х 1010
±
1.0 х 109

1.95 х 108
±
5.8 х 107

4.75 х 108
±
1.45 х 108

9.42 х 108
±
1.64 х 108

1.13 х 109
±
2.8 х 108

4.38 х 109
±
7.8 х 108

7.62 х 108
±
2.29 х 108

3.18 х 109
±
3.3 х 108

1998

1.11 х 1010
±
1.0 х 109

2.06 х 108
±
6.2 х 107

4.96 х 108
±
1.47 х 108

9.77 х 108
±
1.70 х 108

1.12 х 109
±
2.8 х 108

4.52 х 109
±
8.2 х 108

6.80 х 108
±
2.04 х 108

3.08 х 109
±
3.0 х 108

1999

1.09 х 1010
±
1.0 х 109

2.15 х 108
±
6.5 х 107

5.11 х 108
±
1.50 х 108

9.66 х 108
±
1.69 х 108

1.11 х 109
±
2.8 х 108

4.56 х 109
±
8.5 х 108

6.52 х 108
±
1.96 х 108

2.88 х 109
±
2.7 х 108

2000

1.05 х 1010
±
1.0 х 109

2.18 х 108
±
6.6 х 107

4.62 х 108
±
1.42 х 108

9.61 х 108
±
1.69х 108

1.11 х 109
±
2.8 х 108

4.47 х 109
±
8.6 х 108

6.38 х 108
±
1.91 х 108

2.69 х 109
±
2.6 х 108

2001

1.04 х 1010
±
1.0 х 109

2.20 х 108
±
6.6 х 107

4.69 х 108
±
1.42 х 108

9.51 х 108
±
1.69 х 108

1.11 х 109
±
2.8 х 108

4.45 х 109
±
8.8 х 108

6.08 х 108
±
1.82 х 108

2.55 х 109
±
2.8 х 108

2002

1.01 х 1010
±
1.0 х 109

2.21 х 108
±
6.6 х 107

4.65 х 108
±
1.46 х 108

9.62 х 108
±
1.72 х 108

1.10 х 109
±
2.8 х 108

4.43 х 109
±
9.0 х 108

5.78 х 108
±
1.73 х 108

2.36 х 109
±
3.1 х 108

2003

1.00 х 1010
±
1.1 х 109

2.19 х 108
±
6.6 х 107

5.12 х 108
±
1.57 х 108

9.98 х 108
±
1.81 х 108

1.09 х 109
±
2.7 х 108

1.09 х 109
±
2.7 х 108

5.10 х 108
±
1.53 х 108

2.19 х 109
±
3.6 х 108

2004

9.66 х 109
±
1.1 х 109

2.17 х 108
±
6.5 х 107

5.02 х 108
±
1.49 х 108

9.87 х 108
±
1.82 х 108

1.08 х 109
±
2.7 х 108

4.47 х 109
±
9.6 х 108

4.47 х 108
±
1.34 х 108

1.96 х 109
±
4.1 х 108

2005

9.40 х 109
±
1.2 х 109

2.16 х 108
±
6.5 х 107

5.31 х 108
±
1.57 х 108

9.87 х 108
±
1.84 х 108

1.07 х 109
±
2.7 х 108

4.45 х 109
±
9.9 х 108

4.05 х 108
±
1.22 х 108

1.74 х 109
±
4.7 х 108

2006

8-12 %

30 %

29-31 %

17-19 %

25 %

17-22 %

30 %

10-27 %

Uncertainty
Range

Table 2.3. Mobile source NOx emissions in the United States. All values in kg yr-1.

1.17 х 107
±
5.8 х 106

1.71 х 108
±
6.0 х 107

1.43 х 108
±
7.5 х 107

2.31 х 107
±
4.7 х 106

1.44 х 107
±
4.5 х 106

4.76 х 107
±
2.38 х 107

4.37 х 108
±
9.9 х 107

1.17 х 107
±
5.8 х 106

1.69 х 108
±
5.7 х 107

1.55 х 108
±
8.0 х 107

2.31 х 107
±
4.7 х 106

1.61 х 107
±
5.0 х 106

4.72 х 107
±
2.36 х 107

4.48 х 108
±
1.02 х 108

On-Road
Gasoline
Start

On-Road
Diesel

Off-Road
Diesel

Locomotive

Marine
Diesel

Off-Road
Gasoline

Total

2.57 х 107
±
1.03 х 107

2.57 х 107
±
1.02 х 107

1997

On-Road
Gasoline
Running

1996
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4.31 х 108
±
9.8 х 107

4.81 х 107
±
2.41 х 107

1.43 х 107
±
4.5 х 106

2.32 х 107
±
4.7 х 106

1.35 х 108
±
7.0 х 107

1.72 х 108
±
6.3 х 107

1.19 х 107
±
5.9 х 106

2.62 х 107
±
1.07 х 107

1998

4.30 х 108
±
9.9 х 107

4.85 х 107
±
2.43 х 107

1.54 х 107
±
4.7 х 106

2.41 х 107
±
4.9 х 106

1.29 х 108
±
6.7 х 107

1.74 х 108
±
6.7 х 107

1.21 х 107
±
6.1 х 106

2.67 х 107
±
1.10 х 107

1999

4.24 х 108
±
9.9 х 107

4.95 х 107
±
2.47 х 107

1.62 х 107
±
4.9 х 106

2.40 х 107
±
4.9 х 106

1.25 х 108
±
6.5 х 107

1.71 х 108
±
6.9 х 107

1.20 х 107
±
6.0 х 106

2.64 х 107
±
1.10 х 107

2000

4.11 х 108
±
9.8 х 107

5.06 х 107
±
2.53 х 107

1.38 х 107
±
4.4 х 106

2.41 х 107
±
4.9 х 106

1.21 х 108
±
6.3 х 107

1.63 х 108
±
6.9 х 107

1.19 х 107
±
5.9 х 106

2.62 х 107
±
1.11 х 107

2001

4.05 х 108
±
9.9 х 107

5.14 х 107
±
2.57 х 107

1.42 х 107
±
4.4 х 106

2.41 х 107
±
4.9 х 106

1.19 х 108
±
6.2 х 107

1.58 х 108
±
7.1 х 107

1.20 х 107
±
6.0 х 106

2.66 х 107
±
1.14 х 107

2002

3.95 х 108
±
9.9 х 107

5.21 х 107
±
2.61 х 107

1.36 х 107
±
4.4 х 106

2.47 х 107
±
5.0 х 106

1.14 х 108
±
5.9 х 107

1.52 х 108
±
7.3 х 107

1.20 х 107
±
6.0 х 106

2.64 х 107
±
1.15 х 107

2003

3.92 х 108
±
1.00 х 108

5.26 х 107
±
2.63 х 107

1.53 х 107
±
4.8 х 106

2.61 х 107
±
5.3 х 106

1.09 х 108
±
5.7 х 107

1.50 х 108
±
7.6 х 107

1.20 х 107
±
6.0 х 106

2.66 х 107
±
1.14 х 107

2004

3.81 х 108
±
1.00 х 108

5.30 х 107
±
2.65 х 107

1.55 х 107
±
4.8 х 106

2.60 х 107
±
5.3 х 106

1.06 х 108
±
5.5 х 107

1.43 х 108
±
7.8 х 107

1.18 х 107
±
5.9 х 106

2.60 х 107
±
1.16 х 107

2005

3.72 х 108
±
1.01 х 108

5.31 х 107
±
2.65 х 107

1.65 х 107
±
5.1 х 106

2.62 х 107
±
5.4 х 106

1.03 х 108
±
5.3 х 107

1.36 х 108
±
8.0 х 107

1.16 х 107
±
5.8 х 106

2.55 х 107
±
1.15 х 107

2006

23-27 %

50 %

30-32 %

20-21 %

52 %

33-59 %

50 %

40-45 %

Uncertainty
Range

Table 2.4. Mobile source PM2.5 emissions in the United States. All values in kg yr-1.

CHAPTER 3: EFFECTS OF DIESEL PARTICLE FILTER
RETROFITS AND ACCELERATED FLEET TURNOVER ON
DRAYAGE TRUCK EMISSIONS AT THE PORT OF OAKLAND
Reproduced in part with permission from Dallmann, T. R.; Harley, R. A.; Kirchstetter, T. W.
Effects of diesel particle filter retrofits and accelerated fleet turnover on drayage truck emissions
at the Port of Oakland. Environ. Sci. Technol. 2011, 45, 10773-10779, DOI:10.1021/es202609q.
Copyright 2011 American Chemical Society.
3.1: INTRODUCTION
As shown in Chapter 2, heavy-duty (HD) diesel trucks are a significant source of fine particulate
matter (PM2.5) and oxides of nitrogen (NOx) emissions. Diesel trucks also contribute
significantly to black carbon (BC) emissions (Bond et al., 2004). Diesel NOx emissions are a
precursor to secondary air pollutants including ozone, particulate nitrate, and nitric acid.
Exposure to diesel PM has been associated with a variety of adverse health effects (Brook et al.,
2010; Lloyd and Cackette, 2001). This is of particular concern to populations in close proximity
to highly trafficked roadways (Brugge et al., 2007), including communities near major freighthandling facilities such as ports and rail yards (Kozawa et al., 2009). Air quality impacts may be
exacerbated by older trucks with higher pollutant emissions in drayage service at port and rail
yards. For example, as shown in Figure 3.1 for the Port of Oakland as of late 2008, 17% of
drayage trucks had 1993 or older model engines, and only 6% were 2004 or newer (BAAQMD,
2009).
Recognizing the air quality impacts of diesel truck emissions, the California Air Resources
Board (CARB) implemented a drayage truck emission control regulation at ports and intermodal
rail yards statewide that took effect in 2010 and will become increasingly stringent over time
(CARB, 2007). Unlike current national emission standards that require low emission levels from
the new heavy-duty engines sold each year, the drayage truck regulation focuses on achieving
reductions in emissions from older engines and accelerating turnover of the in-use truck fleet.
Key features of CARB’s regulation include: (1) an outright ban on 1993 and older engine model
years which are not suitable for retrofitting, (2) diesel particle filter (DPF) retrofit requirements
for more recent engines, and (3) incentives to replace older trucks with 2007+ model year trucks
that meet the most stringent exhaust PM emission standards currently in force. The retrofit
schedule imposed by the regulation requires installation of DPF systems on trucks with 19942003 engine model years by 2010 and retrofits of 2004-06 truck engines in stages from 2010 to
2013. All drayage trucks are required to meet the 2007 engine emission standard by the end of
2013. This approach is expected to reduce exhaust PM emissions from drayage trucks much
more rapidly than could be achieved by relying on natural fleet-turnover alone. CARB estimates
that by 2014 this program will reduce PM emissions from the state drayage truck fleet 86% from
2007 baseline levels (CARB, 2007).
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Figure 3.1. Port of Oakland drayage truck engine age distributions. The 2008 distribution is
based on survey data collected by the Port of Oakland (BAAQMD, 2009). An analysis of
compliance inspection records for Port trucks (Rudin, 2011) was used to develop the 2010
distribution.
Various methods have been employed to investigate the air quality impact of port related heavyduty diesel truck activity in California, with most research efforts focused on the Ports of Los
Angeles and Long Beach. Minguillon et al. (2008) applied source apportionment techniques to
PM2.5 samples collected in communities surrounding these ports and found that vehicular sources
were the dominant contributor to measured PM2.5 concentrations. High levels of port-related
diesel truck activity have also been linked to elevated diesel-related pollutant concentrations
measured downwind of freeways and arterial roadways in the vicinity of the ports (Kozawa,
2009). Remote sensing of individual diesel trucks operating at the Port of Los Angeles showed a
33% reduction in the fleet-average NOx emission factor between 2008 and 2009 (Bishop et al.,
2012b). This decrease was attributed to the introduction of new trucks into the port fleet in
response to California's drayage truck control rule. A decrease in average plume opacity was also
reported; however, the opacity measurement is difficult to relate to absolute PM mass emission
factors. In contrast to programs at the Ports of Los Angeles and Long Beach, where truck
replacement was the primary approach used to reduce emissions, both diesel particle filter
retrofits and truck replacement were part of the response at the Port of Oakland in the San
Francisco Bay area.
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The objectives of this study were to measure drayage truck emissions at the Port of Oakland and
quantify emission changes due to the retrofit and renewal of the truck fleet in response to
California’s drayage truck rule. The results will inform those involved in California’s drayage
truck rule and elsewhere where measures to clean up port-related air pollution are being
considered. Results are also meaningful in light of California’s plans to extend similar engine
retrofit/replacement requirements to all heavy-duty trucks operating anywhere in the state
(CARB, 2010).
3.2 METHODS
3.2.1 Field Sampling Site
Measurements of exhaust emissions from diesel trucks driving to the Port of Oakland were made
using a mobile laboratory equipped with a suite of pollutant analyzers. The mobile lab was
positioned on the Bay Street overpass above 7th Street in West Oakland, as shown in Figure 3.2.
The roadway below is a 4-lane arterial connecting the Port of Oakland with nearby Interstate 880
and West Oakland and is characterized by high volumes of port-related truck activity. Truck
exhaust was sampled above the westbound lanes of 7th Street, where trucks heading toward the
Port were observed to be cruising at steady speed or accelerating from a traffic light ~50 m to the
east. The roadway grade is level around the location where truck emissions were measured.
Truck emissions were measured on selected weekdays during November 2009 and June 2010,
before and after the implementation of the drayage truck rule. Pre-1994 engines were banned
from the port effective January 1, 2010. Retrofit or replacement of 1994-2003 engines was also
required on the same schedule. However, backlogs in retrofitting trucks with DPFs led to
deadline extensions of several months; the retrofit work was ~95% complete by June 2010
(Edgar, 2010).
3.2.2: Air Pollutant Measurements
From the mobile laboratory parked on the overpass above 7th Street, an air sampling line was
extended over the edge of the bridge. The inlet was positioned directly (~1-3 m) above the
vertical exhaust stacks of trucks driving below. During sampling, air was drawn continuously
through 8 m of flexible aluminum ducting (7.6 cm diameter) to a manifold located inside the
mobile laboratory. A portion of the flow through the manifold was drawn through short (< 1 m)
Teflon and conductive silicone sampling lines to gas and particle-phase pollutant analyzers,
respectively.
Analyzers were operated with 1-second time resolution to measure rapidly changing pollutant
concentrations when trucks passed by. Pollutant measurements included a non-dispersive
infrared gas analyzer for CO2 (LI-COR, Lincoln, NE; model LI-820); a chemiluminescent
analyzer for NOx (ECO Physics, Ann Arbor, MI; model CLD-64); an aethalometer for BC
(Magee Scientific, Berkeley, CA; model AE-16); and an aerosol photometer (TSI, Shoreview,
MN; model DustTrak II 8530) equipped with a size-selective impactor inlet for quantifying
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PM2.5. A condensation particle counter (TSI, Shoreview, MN; model 3007) was included in the
suite of instrumentation deployed during field sampling. However, particle concentrations in the
exhaust plumes of sampled trucks often exceeded the upper limit of the instrument (105 particles
cm-3), preventing the quantification of particle number emissions. Carbon dioxide and NOx
concentrations were logged using a laptop computer, while BC and PM2.5 concentrations were
logged internally by the respective analyzers and downloaded at the end of each sampling day.
Internal clocks for all instruments were synchronized prior to the start of measurements each
day. A video camera was used to record vehicle activity on 7th Street to identify times when
individual trucks passed by the sampling site.

Figure 3.2. Mobile laboratory parked on Bay Street overpass. Air sampling inlet is positioned
above the vertical exhaust stacks of diesel trucks driving westbound on 7th Street toward the Port
of Oakland.
The aethalometer used in this study measures light attenuation through a filter on which particles
deposit. BC mass concentration is calculated from light-attenuation measurements using a massspecific attenuation cross-section specified by the manufacturer. Previous studies have shown
that this attenuation coefficient is not constant with filter loading, and consequently the
aethalometer incorrectly reports lower BC mass concentrations as the filter becomes increasingly
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loaded (Kirchstetter et al., 2007; Weingartner et al., 2003). This effect is especially pronounced
for the highly absorbing aerosols typical of diesel exhaust. A relationship developed by
Kirchstetter and Novakov (2007) to account for this effect was used to adjust raw BC
concentrations:

(

)

(3.1)

where BCadj and BCraw refer to corrected and raw BC concentrations, respectively; and ATN is
the instrument-reported attenuation. This correction has previously been applied to aethalometer
measurements of BC in the exhaust of diesel vehicles, and time-integrated adjusted BC
concentrations were shown to be in agreement with measurements of BC determined by thermaloptical analysis of simultaneously collected PM2.5 samples (Ban-Weiss et al., 2009).
The DustTrak aerosol photometer used to measure PM2.5 concentrations is an optical instrument
in which light scattered by particles is measured and converted to a mass concentration using an
empirical calibration factor. The amount of light scattered by an aerosol is a function of particle
number concentration, size distribution, and chemical composition. The factory calibration for
the DustTrak is derived using a standard test dust, which consists of minerals rather than carbon
particles (Ramachandran et al., 2003). Fine particulate matter mass concentrations based on the
mineral dust-derived calibration factor were measured during this study; this may result in
systematic bias for diesel exhaust PM2.5 emissions that consist mainly of carbon particles and
that often include a high BC mass fraction. Therefore, when presenting PM2.5 emission factors,
the focus is on the relative change in emissions between the November 2009 and June 2010
sampling periods rather than on absolute PM2.5 emission factors.
3.2.3: Data Analysis
The recorded video was analyzed to determine exact times when trucks passed by the air
sampling inlet. Pollutant measurements including CO2 were used to calculate BC, PM2.5, and
NOx emission factors for individual trucks. A peak in measured CO2 concentration with a rise of
at least 7% above baseline levels was used to indicate successful capture of an exhaust plume
from a passing truck. This threshold was selected based on a sensitivity analysis of the baseline
CO2 concentrations (~500 ppm) measured at the sampling location and corresponds to three
times the relative standard deviation (noise) in the baseline CO2 signal. Baseline CO2
concentrations measured at the Port are higher than typical urban background levels due to high
levels of truck and other port activity in the area. Emission factors were not calculated for trucks
with CO2 peaks below this threshold. When multiple trucks passed the sampling inlet in rapid
succession, the emissions from individual trucks were not resolvable. Rather an emission
signature from a combined group of trucks was measured, as described in more detail below.
Corresponding peaks in CO2, BC, PM2.5, and NOx concentration time series indicated the cooccurrence of these species in an exhaust plume. Black carbon, PM2.5, and NOx emission factors
were calculated for individual trucks with valid plume measurements using a carbon balance
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method. Plume measurements were considered to be valid if the peak CO2 concentration was at
least 7% greater than the baseline CO2 concentration measured immediately prior to the truck’s
passage; other species were not considered in the determination of successful plume captures. In
this approach, concentrations of pollutants measured in the exhaust plume are normalized to
concentrations of CO2, the main carbon-containing species present in diesel exhaust. Knowledge
of the weight fraction (wc = 0.87) of carbon in diesel fuel allows for the calculation of fuelspecific emission factors with units of g pollutant emitted per kg of fuel burned (Ban-Weiss et
al., 2009; Hansen and Rosen, 1990).
∫ ([ ]
∫ ([

]

[ ] )
[

] )

(3.2)

Here, EFP is the emission factor for pollutant P. The interval t1 ≤ t ≤ t2 represents the time period
that instruments were sampling the exhaust plume of an individual truck. This time window
characterizes the peak width and is typically 4-10 s. ([P]t – [P]t1) is the baseline-subtracted
concentration (µg m-3) of pollutant P at time t, and similarly for [CO2] (mg C m-3).
In a previous application of this method to characterize BC and particle number emission factors
for heavy-duty diesel trucks, t1 and t2 were determined by identifying inflection points to the left
and right of the CO2 concentration peak, respectively (Ban-Weiss et al., 2009). A similar method
was used here with peak widths determined individually for all species to account for differences
in the time response of individual instruments to the exhaust plume. Concentrations of additional
carbon-containing compounds in exhaust plumes (e.g. carbon monoxide, volatile organic
compounds) were not measured in this study, and are thus excluded from the denominator of Eq.
3.2. These species are typically present in relatively low concentrations relative to CO2 in diesel
exhaust (Yanowitz et al., 2000), therefore only a small positive bias (< 5% for most trucks) in
emission factor calculations is expected due to omission of these species.
3.3: RESULTS AND DISCUSSION
3.3.1: Truck Activity
Truck activity was similar during the November 2009 and June 2010 sampling periods, when
truck volumes averaged 250 and 230 per hour, respectively (Table 3.1). Approximately 85% of
observed trucks consisted of a tractor with an attached trailer or chassis trailer and container. The
remaining trucks consisted of tractors without an attached trailer and tractors with an unloaded
chassis trailer. Other than selection of a Port-focused sampling site, no further attempts were
made as part of this study to identify and separate port trucks from other trucks that are not
subject to the drayage truck emission control rules. However, a recent survey of truck activity on
7th Street indicates the majority (~70%) of trucks passing the sampling location used in this study
are drayage trucks (BAAQMD, 2009).
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Table 3.1. Meteorological and truck sample size data.

a

Sampling
date

Sampling
time

Temperaturea
(°C)

Relative
humiditya
(%)

Wind
speeda
(m s-1)

Total
trucks

11/19/2009
6/15/2010
6/16/2010
6/17/2010

12:00-15:30
12:00-14:45
11:00-15:30
10:00-14:30

13
17
21
20

56
60
44
50

2.4
5.2
5.0
4.2

863
614
953
1120

Individually
resolved truck
plumes
N (%)
172 (20)
131 (21)
157 (16)
132 (12)

Trucks with
combined
plumes
N (%)
384 (44)
115 (19)
151 (16)
360 (32)

Trucks with
no plume
captureb
N (%)
307 (36)
368 (60)
645 (68)
628 (56)

Average values for each sampling period measured at Oakland International Airport, located
~13 km SE of field sampling site.
b
CO2 concentration rise < 7% above baseline levels.
3.3.2 Plume Captures
Figure 3.3 shows three examples of baseline-subtracted pollutant concentration time series
recorded when trucks drove by the sampling location. Note that clear peaks are seen in the
concentrations of all measured species in Figures 3.3a and 3.3c, indicating that the passing trucks
emitted significant quantities of NOx, BC, and PM2.5. In contrast, Figure 3.3b corresponds to the
passage of a truck with low particulate matter emissions, as evidenced by clearly defined peaks
in concentrations of CO2 and NOx but not BC and PM2.5. The relative frequency of successful
truck plume captures with no measurable accompanying PM2.5 and BC emissions increased to 11
and 16%, respectively, in June 2010 from 2 and 5% in November 2009. This increase is
consistent with cleaner trucks in the later sampling period.
The double peaks shown in Figure 3.3c resulted from two trucks passing the sampling inlet in
close succession. During all sampling periods, there were frequent instances of multiple trucks
passing by the sampling site simultaneously (i.e., two trucks driving side-by-side in the
westbound lanes) or in rapid succession. These truck-cluster events resulted from the high levels
of port-related truck activity on 7th Street and the grouping of trucks at nearby traffic lights. In
these cases, plumes for individual trucks were not resolvable and emission factors were instead
calculated for each cluster. Combined emissions from 384 trucks were observed in 100 clustered
events during November (representing 44% of the total truck sample). During June, emissions
from 626 trucks were observed in 181 clustered events (23% of the total truck sample).
As noted above, emission factors were not calculated for trucks when measured CO2
concentrations did not rise clearly above baseline levels. Plume measurements were invalidated
if the CO2 concentration rise corresponding to a truck passage was less than 7% above baseline
levels. The percentage of unsuccessful plume captures was greater during June sampling (61% of
2687 trucks) compared to November (36% of 863 trucks). As shown in Table 3.1, average wind
speeds were approximately two times higher in June than in November. Higher wind speeds
contributed to more rapid dilution of exhaust plumes during June sampling, and this likely
explains the higher percentage of unsuccessful plume captures. Although increased wind speeds
during June sampling led to a lower rate of successful captures, the dilution for successful plume
captures was similar for both sampling periods. This is indicated by a similar mean rise in CO2
peak concentrations above baseline levels for successful captures during each sampling period
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(191 ± 31 ppm and 196 ± 23 ppm for November 2009 and June 2010 sampling, respectively).
The relative difference in temperature and relative humidity between sampling periods (see
Table 3.1) is not expected to significantly impact measured emission factors. Temperature and
humidity effects on the formation of NOx in diesel engines and its measurement using
chemiluminescent techniques were found to be minor (< 3%) and similar for each day of
sampling (ENVIRON, 2004; Matthews et al, 1977).

Figure 3.3. Baseline-subtracted concentrations of PM2.5, BC, NOx, and CO2 in the exhaust
plumes of (a) a representative truck, (b) a truck with low BC and PM emissions, and (c) two
trucks passing the sampling inlet in close succession.
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3.3.3: BC and PM2.5 Emission Factors
Histograms showing BC emission factor distributions for successful individual truck plume
captures are presented in Figure 3.4a. Low-emitting trucks with zero or negative emission factors
calculated using Eq. 3.2 are included in the leftmost (lowest) bin of the BC emission factor
distributions. Black carbon emission factors span a wide range of values; note the use of
logarithmic axes for emission factors in Figure 4a. In November 2009, the distribution of BC
emission factors was lognormal, leaving aside the small fraction of trucks with emission factors
< 0.01 g kg-1. These low-emitting trucks were likely equipped with particle filters.
The BC emission factor distribution for individual trucks measured in June 2010 is shifted
towards lower values relative to November 2009 (see Figure 3.4a). The shift in the BC emission
factor distribution is characterized by a substantial decrease (from 36 to 11%) in the fraction of
trucks with emission factors greater than 1 g kg-1 and a corresponding threefold increase in the
fraction of very low-emitting trucks included in the first bin of the distribution. The changes in
the distribution of BC emissions from November to June corresponds to a decrease of ~50% in
average BC emission factors for trucks at the Port of Oakland (see Table 3.2). As shown in Table
3.2, the decrease in average BC emission factor computed from analysis of exhaust plumes of
individual trucks is consistent with the decrease in the average emission factor calculated based
on combined plume events.
Histograms showing PM2.5 emission factor distributions for successful plume captures are shown
in Figure 3.4b. Note these histograms show emission factors calculated using uncalibrated PM2.5
mass concentration data and should not be interpreted as absolute measurements of PM2.5 mass
emission rates. Similar to BC, the PM2.5 emission factor distribution is shifted towards lower
emitting trucks in June 2010 relative to the November 2009 distribution. Additionally there is a
fivefold increase in the number of trucks with no measurable PM2.5 emissions (leftmost bin of
distribution) between November 2009 and June 2010. This evidence, combined with measured
decreases in the BC emission factor for Port trucks, suggests there was a substantial decrease in
PM2.5 mass emissions from Port trucks between November 2009 and June 2010. However, due to
uncertainties about instrument response to diesel exhaust emissions, the PM2.5 mass emission
decrease cannot be reliably quantified from these data.
Results from this study show significant reductions in BC emissions from Port of Oakland trucks
over a period of only seven months. By comparison, vehicle emissions measured at a nearby
traffic tunnel (Caldecott tunnel on Highway 24) showed a similar reduction in the fleet-average
BC emission factor for diesel trucks of 39 ± 26% over a period of nine years between 1997 and
2006 (Ban-Weiss et al., 2008a). Emission reductions observed in the highway tunnel study were
driven by natural fleet turnover. In contrast, emission changes reported here for trucks at the Port
of Oakland are attributable to the large-scale retrofit of trucks with DPFs, as well as to
accelerated replacement of older trucks with newer and cleaner models. Insight into the factors
contributing to emission reductions observed in this study is gained by comparing truck age
distributions prior to and following the implementation of the drayage truck rule, as shown in
Figure 3.1 (BAAQMD, 2009; Rudin, 2011). BC emission factor reductions resulted from (1)
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removal of trucks with pre-1994 model year engines from the port fleet (17% of total trucks in
2008, 0% in 2010), (2) retrofit of trucks with model year 1994-2003 engines with DPFs (53% of
truck fleet in 2010), and (3) introduction of trucks with 2007 and newer model year engines
already equipped with a particle filter (2% of total trucks in 2008, 14% in 2010). A large increase
in the fraction of 2004-06 model year engines was also observed at the Port, from 4 to 33% of
the fleet. The PM2.5 emission standard for these engines was the same as for 1994-2003 engines.
However, some emissions benefits could still accrue even without retrofit of these engines in
cases when they replaced pre-1994 models.
The results of this study may understate the BC emission reductions due to the drayage truck rule
because (1) further emission reductions were expected after June 2010; in particular the 2004-06
engines must be retrofitted or replaced by 2013 and (2) some DPF retrofits may have occurred
prior to baseline emission measurements in November 2009. On the other hand, DPF systems
were only recently installed in the 1994-2003 truck engines when emissions were measured in
June 2010. The durability and maintenance of these emission control systems will be important
to preserving BC emission reductions in subsequent years. In the absence of the drayage truck
rule requiring replacement or retrofit of older engines, a small reduction in Port truck emissions
would still have been expected due to “natural” or unforced fleet turnover. Based on measured
long-term trends at the Caldecott tunnel, BC emission factors from heavy-duty diesel trucks
decreased at a rate of about 4% per year (Ban-Weiss et al., 2008a). Even assuming no economic
slowdown in more recent years, unforced fleet turnover could not have contributed significantly
to the large (~50%) emission reductions observed at the Port between November 2009 and June
2010.
Table 3.2. Fleet-average emission factors for trucks operating at the Port of Oakland. Emission
factors are reported in units of g pollutant emitted per kg of fuel burned.a
November 2009
June 2010
% Changed
Individual plumes
BC
1.07 ± 0.18 (169)
0.49 ± 0.08 (418)
–54 ± 11
b
NOx
25.9 ± 1.8 (172)
15.4 ± 0.9 (405)
–41 ± 5
Combined plumesc
BC
1.16 ± 0.27 (100)
0.59 ± 0.10 (180)
–49 ± 15
NOxb
25.7 ± 1.8 (100)
16.4 ± 1.0 (178)
–36 ± 6
a
Table entries show mean ± 95% confidence interval with total number of trucks (individual
plumes) or truck cluster events (combined plumes) shown in parentheses.
b
NOx mass emission factors reported as NO2 equivalents.
c
For combined plumes, emission factors were calculated for each truck cluster. Unweighted
average emission factors for all truck cluster events are reported here. The average number of
trucks in each cluster was 3.8 and 3.5 for November 2009 and June 2010, respectively.
d
Statistical significance of the differences in emission factors was evaluated using two-tail t-tests
with significance set at p < 0.05 for NOx emission factor data and log-transformed BC emission
factor data. For all reported changes in fleet-average emission factors, p < 0.0001.
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Figure 3.4. Emission factor distributions for (a) BC, (b) PM2.5, and (c) NOx. Low-emitting trucks
with zero or negative emission factors calculated using Eq. 3.2 are included in the leftmost
(lowest) bin of the emission factor distributions.
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3.3.4: NOx Emission Factors
In addition to changes in BC, the drayage truck rule also appears to have reduced NOx emissions
from trucks operating at the Port of Oakland. As shown in Figure 3.4c, the NOx emission factor
distribution measured in June 2010 shifted towards lower emission levels relative to November
2009. Average NOx emission factors evaluated for both individual trucks and cluster events show
a decrease of approximately 40% between November and June (see Table 3.2). These results
may appear surprising given the emphasis at the Port of Oakland on retrofitting existing trucks
with DPFs.
Whereas the retrofit of DPFs and the replacement of older trucks both contributed to BC
emissions reductions observed at the Port of Oakland, the change in NOx emissions was likely
driven almost entirely by the introduction of trucks with 2004 and newer engines to replace older
trucks allowed at the Port. Prior work shows that DPF systems have little to no impact on total
NOx emissions from diesel engines in the absence of additional NOx-specific exhaust aftertreatment systems (Herner et al., 2009; Liu et al., 2008). Thus, no major changes in NOx
emissions are expected from the extensive retrofit of model year 1994-2003 engines that
occurred at the Port of Oakland. As shown in Figure 3.1, the fraction of trucks with 2004 and
newer engines operating at the Port of Oakland increased from 6 to 47% between 2008 and 2010.
Because allowed NOx emissions for 2004 and newer engines are set at lower levels, NOx
emission reductions are expected from the accelerated replacement of older trucks. In
comparison, a study of NOx emissions from trucks operating at the Port of Los Angeles reported
a 33% reduction in mean NOx emission factor between 2008 and 2009 (Bishop et al., 2012b).
This change was attributed to the introduction of many brand new trucks at the Port of Los
Angeles due to the drayage truck rule.
3.3.5: Air Quality Implications
This study found substantial reductions in exhaust emissions of BC and NOx from trucks
operating in the vicinity of the Port of Oakland as a result of the implementation of a retrofit and
accelerated truck replacement program. The average BC emission factor for this drayage truck
fleet decreased by ~50% while the average NOx emission factor was reduced by ~40%. Emission
reductions for BC were driven by the retrofit of trucks with DPF systems and the replacement of
older model year trucks with newer vehicles; reductions in NOx emissions were mainly the result
of truck replacement. Reductions in the average BC emission factor, a major portion of diesel
PM2.5, and a measured shift in the PM2.5 emission factor distribution together suggest that
exhaust PM2.5 emissions from the Port truck fleet were also reduced. Although these emissions
reductions are likely to improve air quality in communities surrounding the Port of Oakland
where drayage truck activity is high, a more complete understanding of the air quality impacts of
the drayage truck regulation requires measurement of emissions of species not considered here.
Specifically, the possibility of increased emissions of NO2 and ultrafine particles from trucks
equipped with DPF systems should be investigated as part of future work on this issue.
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3.4: SUMMARY
Heavy-duty diesel drayage trucks have a disproportionate impact on the air quality of
communities surrounding major freight-handling facilities. In an attempt to mitigate this impact,
the state of California has mandated new emission control requirements for drayage trucks
accessing ports and rail yards in the state beginning in 2010. This control rule prompted an
accelerated diesel particle filter retrofit and truck replacement program at the Port of Oakland.
The impact of this program was evaluated by measuring emission factor distributions for diesel
trucks operating at the Port of Oakland prior to and following the implementation of the emission
control rule. Emission factors for BC and NOx were quantified in terms of grams of pollutant
emitted per kilogram of fuel burned using a carbon balance method. Concentrations of these
species along with carbon dioxide were measured in the exhaust plumes of individual diesel
trucks as they drove by en route to the Port. A comparison of emissions measured before and
after the implementation of the truck retrofit/replacement rule shows a 54 ± 11% reduction in the
fleet-average BC emission factor, accompanied by a shift to a more highly skewed emission
factor distribution. While only particulate matter mass reductions were required in the first year
of the program, a significant reduction in the fleet-average NOx emission factor (41 ± 5%) was
observed, most likely due to the replacement of older trucks with new ones. These findings
provide direct evidence of the efficacy of the drayage truck emissions control program, and
provide a preview of changes that may be expected from the extension of similar exhaust filter
retrofit/truck replacement requirements to the entire statewide HD truck fleet in California
beginning in 2014.
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CHAPTER 4: ON-ROAD MEASUREMENT OF GAS AND
PARTICLE PHASE POLLUTANT EMISSION FACTORS FOR
INDIVIDUAL HEAVY-DUTY DIESEL TRUCKS
Reproduced in part with permission from Dallmann, T. R.; DeMartini, S. J.; Kirchstetter, T. W.;
Herndon, S. C.; Onasch, T. B.; Wood, E. C.; Harley, R. A. On-road measurement of gas and
particle phase pollutant emission factors for individual heavy-duty diesel trucks. Environ. Sci.
Technol. 2012, 46, 8511-8518, DOI:10.1021/es301936c. Copyright 2012 American Chemical
Society.
4.1: INTRODUCTION
Heavy-duty (HD) diesel trucks have long been recognized as an important source of air pollution
(Lloyd and Cackette, 2001; Sawyer et al., 2000). In Chapter 2, on-road diesel engines were
estimated to be the single largest anthropogenic source of nitrogen oxide (NOx) emissions in the
United States, accounting for 27% of total anthropogenic NOx emissions in 2005. Diesel trucks
also contribute significantly to emissions of fine particulate matter (PM2.5), of which black
carbon (BC) is a major component. Recent emission inventories highlight the importance of
diesel engines as a source of BC (Bond et al., 2004; Chow et al., 2010). Emissions of carbon
monoxide (CO) and volatile organic compounds (VOC), particularly aldehydes, also contribute
to the air pollution impact of diesel exhaust (Ban-Weiss et al., 2008b; Durbin et al., 2003).
Recognizing these impacts, the US Environmental Protection Agency (EPA) implemented
emission standards effective for new engines in 2007 for PM and 2010 for NOx which compel
the use of exhaust after-treatment technologies such as diesel particle filters (DPF) and selective
catalytic reduction (SCR; EPA, 2000). To realize air quality benefits from new control
technologies as quickly as possible, California introduced a rule requiring nearly all on-road HD
diesel trucks to have PM filters installed by 2014, and to meet stringent emission standards for
NOx by 2023 (CARB, 2010). This rule is likely to promote retrofit of pre-2007 model year (MY)
engines with exhaust filters, as well as accelerated replacement of the oldest trucks in the state
fleet. These measures are expected to significantly reduce air pollutant emissions from on-road
diesel trucks.
The objective of this research was to quantify pollutant emission factors from individual on-road
diesel trucks and characterize the distribution of emissions across a large number of trucks.
Remote sensing techniques have been effectively used to measure emissions of gaseous species
from large numbers of individual trucks, but the number of species measured is limited and
particle emissions are not well characterized. In contrast, tunnel studies often include a wider
range of measured species but historically provided only fleet-average emission factors. Plume
capture methods described in Chapter 3 enable the measurement of individual exhaust plumes
and the characterization of distributions of emission factors.
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This study measured a large number of gaseous species, featuring novel fast-response
measurements of ethene (C2H4) and formaldehyde (HCHO), and also includes online analysis of
emitted particles. These measurements are used to characterize distributions of emission factors
for individual pollutants, as well as correlations amongst species in the exhaust of individual
trucks. New data reported here track emission impacts of increased use of particle filters.
Emissions measurements also provide baseline data just prior to the introduction of NOx aftertreatment control technologies such as SCR systems.
4.2: METHODS
4.2.1: Measurement Site
Measurements of exhaust plumes from individual diesel trucks were made at the Caldecott
tunnel. The Caldecott tunnel is located in the San Francisco Bay area on Highway 24, connecting
Oakland with cities further inland to the east. This site has been used for on-road vehicle
emission studies for many years (see Table 4.1). The tunnel is 1 km in length and consists of
three two-lane traffic bores. The two outer bores are reserved exclusively for eastbound and
westbound traffic and accommodate all vehicle types, including trucks. The middle bore handles
westbound traffic in the morning, eastbound traffic in the afternoon, and is reserved for lightduty traffic at all times. Sampling for this study was performed in the eastbound traffic bore
which has a 4% uphill grade. Measurements reported here were made from 1000 to 1800 h on
each of four weekdays in July 2010.
Table 4.1. Motor vehicle emission studies at the Caldecott tunnel.
Year
References
1975
Hallowell et al., 1976
1983
Hering et al., 1984
1989
Venkataraman et al., 1994
1991
Zielinska and Fung, 1994
1994
Kirchstetter et al., 1996a, 1999b, 1999c
1995
Kirchstetter et al., 1996b; 1999b, 1999c
1996
Miguel et al., 1998; Kirchstetter et al., 1999b, 1999c; Marr et al., 1999
1997
Kirchstetter et al., 1999a, 1999b, 1999c; Marr et al., 1999
1997
Allen et al., 2001; Gross et al., 2000
1999
Kean et al., 2000b, 2001
2001
Kean et al., 2002, 2003
2004
Geller et al., 2006; Phuleria et al., 2006
2006
Ban-Weiss et al., 2008, 2009a, 2009b, 2010; Strawa et al., 2010

49

4.2.2: Air Pollutant Measurements
The suite of instrumentation deployed to characterize gaseous pollutants and physical and optical
properties of particles emitted from trucks is listed in Table 4.2. All instruments operated at a
time resolution of 1 second, sufficiently fast to measure pollutant concentration peaks (typically
5 to 20 s in duration) associated with truck exhaust plumes. Instruments were placed in two
locations: in the tunnel ventilation duct directly above the traffic and in the Aerodyne mobile
laboratory parked outside the tunnel (Kolb et al., 2004). In both cases, air was drawn from the
same aperture in the ventilation duct approximately 50 m prior to the tunnel exit. Sampling lines
extended ~0.1 m into the tunnel traffic bore above vertical exhaust stacks of HD trucks passing
on the roadway below. The majority of trucks travel in the right-hand lane, so sampling inlets
were placed above this lane to maximize the capture efficiency of truck exhaust plumes.
Short (2 m) perfluoroalkoxy (PFA) and conductive silicone sampling lines were used to
continuously deliver tunnel air samples to the gas and particle instruments located in the
ventilation duct. A cyclone (URG Corporation, Chapel Hill, NC; model 2000-30EN) with a cutpoint diameter of 2.5 µm was connected in-line upstream of the particle instruments.
Significantly longer (35 m) sampling lines were required to deliver tunnel air to instruments
located in the mobile laboratory. A 0.95 cm inner diameter PFA sampling line was used for
measurements of gas-phase species, with an air flow rate of 10 to 14 liters per minute. This flow
was filtered through a PTFE filter (nominal pore size 1-2 µm) that was changed daily. Aerosol
instruments sampled tunnel air through a 1.6 cm outside diameter copper tube at 16.7 liters per
minute. Particle losses in the copper sampling line were characterized through a combination of
transmission efficiency testing and theoretical calculations. Results suggest significant losses
(> 50%) of particles less than 50 nm in diameter, with minor losses (< 10%) of particles greater
than 100 nm in diameter. The loss of small particles is not expected to significantly affect
measured optical properties, which are dominated by larger particles.
Multi-point calibrations were performed prior to field sampling for all instruments used for
measurement of gas-phase species. During the field study, calibrations were validated with daily
zero and span checks. Uncertainties in CO2 measurements were estimated to be ±1% and ±2%
for the LiCor LI-6262 and LI-820 analyzers, respectively. Raw NO concentrations reported by
the chemiluminescence instrument were multiplied by a factor of 1.06 to account for quenching
of electronically excited NO2 by water vapor (present at ~1% in tunnel air). The uncertainty of
final NO measurements is estimated to be ±10% based on unresolved discrepancies between the
multiple NO calibration sources examined.
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Table 4.2. Measured species and analytical instrumentation
Species

Measurement method

Non-dispersive infrared absorption
(LI-COR, Lincoln, NE; model LI-820)
Non-dispersive infrared absorption
CO2 (2)
(LI-COR, Lincoln, NE; model LI-6262)
Non-dispersive infrared absorption
CO2 (3)
(LI-COR, Lincoln, NE; model LI-6262)
Aethalometer
BC mass
(McGee Scientific, Berkeley, CA; model AE-16)
Light scattering
PM mass (TSI, Shoreview, MN; model DustTrak II 8530;
DustTrak DRX 8534)
PM
Photoacoustic spectrometer and reciprocal
absorption, nephelometer
scattering (Made by Pat Arnott, University of Reno, NV)
(532 nm)
Chemiluminescence
NO
(ThermoFisher Scientific, Waltham, MA; model 42i)
NO2, CO, Pulsed quantum cascade laser tunable infrared
HCHO,
differential absorption spectroscopy
C2H4
(Aerodyne Research, Inc., Billerica, MA)
PM
Multi-angle absorption photometer (MAAP)
absorption (ThermoFisher Scientific, Waltham, MA; model
(630 nm) 5012)
PM
Cavity attenuation phase-shift extinction monitor
extinction (CAPS PMex)
(630 nm) (Aerodyne Research, Inc., Billerica, MA)
CO2 (1)
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Instrument location
(CO2 instrument)
Ventilation duct
Mobile lab
(gas sampling line)
Mobile lab
(particle sampling line)
Ventilation duct (1)
Ventilation duct (1)

Ventilation duct (1)
Mobile lab (2)
Mobile lab (2)
Mobile lab (3)
Mobile lab (3)

Quantum cascade tunable infrared laser differential absorption spectrometers (QC-TILDAS)
were used to measure CO, NO2, HCHO, and C2H4 at high time resolution (McManus et al.,
2010). Although the QC-TILDAS method is fundamentally an absolute Beers-law absorption
technique that does not require calibration, the non-ideal line shapes of pulsed quantum cascade
lasers (as used for this study) can lead to low readings. Readings for each instrument were
therefore verified with diluted calibration gas standards (from cylinders for CO and C2H4, from a
permeation tube for HCHO, and from ozonation of NO for NO2). The uncertainty of QCTILDAS measurements was estimated as ±6% for CO, ±10% for NO2, ±13% for HCHO, and
±3.5% for C2H4. Losses of gas-phase species through the PTFE filter and 35 m PFA sampling
tube were negligible.
Multiple instruments were used to characterize the light-absorbing component of PM2.5,
including a photoacoustic spectrometer, an aethalometer, and a multi-angle absorption
photometer (MAAP). In addition to these fast-time response measurements, particulate matter
samples were collected for 2-hr periods on quartz filters and subsequently analyzed for BC
content using a thermal-optical method (Kirchstetter and Novakov, 2007). In this method, a
sample is heated in an oxygen atmosphere and evolved carbon and spectral transmission of white
light through the sample are simultaneously measured. Light transmission, Tr, is expressed in
terms of attenuation, ATN = -100 ln(Tr-1). The optical thermogram of each sample exhibited a
single peak that overlapped the highest temperature peak in the carbon thermogram, as illustrated
for one sample in Figure 4.1. Black carbon mass in the sample was determined by integrating the
highest temperature peak in the carbon thermogram.
The aethalometer and photoacoustic spectrometer both respond to light absorbing particulate
matter. In this study of highly absorbing diesel particulate matter, the ratio of absorption
coefficients (babs) measured by the photoacoustic spectrometer and BC concentrations measured
by the aethalometer were found to depend on the particle loading of the aethalometer's filter,
expressed in terms of attenuation (ATN), as shown in Figure 4.2. The reason for this erroneous
behavior is that the aethalometer's response diminishes as its filter loads with BC (Arnott et al.,
2005). The aethalometer BC data was corrected using an equation of the form recommended by
Kirchstetter and Novakov (2007):

[

(

)

]

(4.1)

Photoacoustic spectrometer data were applied to determine the coefficients a=0.73 and b=0.27
specific to this study. These values were chosen to minimize the slope of the trendline fit through
the plot of babs/BC versus ATN, as shown in Figure 4.2. The coefficient c (equal to 1.5 in this
study, see Figure 4.3) minimizes the difference between BC measured with the aethalometer and
BC determined from thermal-optical analysis of particulate matter samples.
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Figure 4.1. Thermograms of carbon, d(Carbon)/dT, and optical attenuation, d(ATN)/dT (shown
at 548 nm) show the temperature evolution of total carbon and light-absorbing carbon in a
particulate matter sample collected in bore 1 of the Caldecott tunnel.
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Figure 4.2. Ratio of absorption coefficient to BC concentration as it depends on the loading,
expressed as ATN, of the aethalometer’s filter: (green dots) using raw BC data and (blue dots)
using corrected BC data.
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Figure 4.3. Comparison of 2-hour average BC concentrations: aethalometer, MAAP, and
photoacoustic spectrometer versus thermal-optical analysis of filter samples.
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The MAAP (Petzold et al., 2005) and photoacoustic spectrometer (Arnott et al., 1999) reported
aerosol absorption coefficients at 630 and 532 nm, respectively, which were converted to BC
concentrations assuming mass absorption cross-sections of 6.6 and 7.5 m2 g-1, respectively (Bond
and Bergstrom, 2005). As shown in Figure 4.3, MAAP and photoacoustic derived BC
concentrations agree to within 10% of filter-based BC measurements. Data from the MAAP,
which explicitly accounts for filter-induced sampling artifacts (Petzold et al., 2005), did not
require any adjustment.
The photoacoustic spectrometer measures in-situ absorption coefficient and is therefore free of
filter-induced artifacts. However, possible bias may result due to absorption by NO2 molecules in
the sample gas stream. The potential for NO2 bias was investigated by operating the
photoacoustic instrument with an upstream HEPA filter for six hours during the field sampling
campaign. One minute average absorption coefficients measured during this period are compared
to corresponding NO2 concentrations from the QC-TILDAS system in Figure 4.4. The measured
response of the photoacoustic instrument to NO2 agrees well with theoretical NO2 absorption
assuming a mass absorption efficiency of 0.172 m2 g-1 for NO2 (Horvath, 1993). Figure 4.5
displays a similar comparison of one minute average absorption coefficients and NO2
concentrations for periods where the photoacoustic instrument was operated without an upstream
filter. The poor correlation between absorption coefficient and NO2 concentration indicates that
although the photoacoustic instrument was responding to NO2, the high levels of absorbing
aerosol in the tunnel dominate the response of the instrument. Therefore NO2 absorption is not
expected to significantly bias measurements of aerosol light absorption by the photoacoustic
spectrometer.
Two DustTrak instruments were used to measure PM2.5 mass concentrations. Due to reported
uncertainties in using the DustTrak for quantitative measurements of PM2.5 mass in motor vehicle
exhaust (Moosmuller et al., 2001; Park et al., 2011), the DustTraks are used in this study only to
make qualitative comparisons between PM2.5 and other pollutants emitted in diesel exhaust.
A reciprocal nephelometer, collocated in the same instrument with the photoacoustic
spectrometer, was used to measure particle scattering coefficients at 532 nm. Absorption and
scattering coefficients together yield particle extinction and enable determination of single
scattering albedo (SSA), the ratio of light scattering to extinction for the sampled particles. An
Aerodyne cavity attenuation phase-shift extinction monitor (CAPS PMex) was used to measure
particle extinction at 630 nm in conjunction with the MAAP instrument’s absorption
measurements (Massoli et al., 2010). The CAPS PMex monitor employed an automatic filtered
baseline technique to account for instrument drift and tunnel background gas phase absorption
(e.g. NO2).
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Figure 4.4. Comparison of one-minute average photoacoustic babs (with HEPA filter installed
upstream of instrument) and QC-TILDAS NO2 concentration.

Figure 4.5. Comparison of one-minute average photoacoustic babs and QC-TILDAS NO2
concentration.
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4.2.3: Emission Factor Calculations
Video recordings of vehicle activity were analyzed to link trucks passing below the air sampling
inlets with the rise and fall (peaks) in measured pollutant concentrations. Peaks in CO2
concentrations that were 3 and 6% above baseline levels measured with the LI-6262 and LI-820
analyzers, respectively, were used to specify successful plume captures. This threshold
corresponds to CO2 rises of 30 and 60 ppm above a baseline of ~1000 ppm measured in the
tunnel. Emission factors were not calculated for trucks where CO2 peaks could not be identified
or did not meet these thresholds. Additionally, emission factors were not calculated in instances
where multiple trucks passed the sampling inlet in close succession such that individual exhaust
profiles could not be discerned.
For successful truck plume captures, pollutant emission factors expressed per unit of fuel burned
were calculated using the same carbon balance method described in Chapter 3:
∫ ([ ]
∫ ([

]

[ ] )
[

] )

(4.2)

Here EFP is the emission factor for pollutant P (g kg-1) and wc = 0.87 is the carbon content of
diesel fuel. For particle optical properties, EFP represents optical cross-section emitted per mass
of fuel burned (m2 kg-1). The interval t1 ≤ t ≤ t2 represents the time period that instruments were
sampling the exhaust plume of an individual truck (typically ~5-20 s), with t1 and t2 determined
separately for each species. ([P]t – [P]t1) is the baseline-subtracted concentration of pollutant P at
time t (expressed in units of µg m-3 or Mm-1=10-6 m-1), and the denominator expresses the carbon
associated with the pollutant peak (estimated from CO2, mg C m-3). As noted above, three
analyzers were used to measure CO2 concentrations in three sampling lines. Eq. 4.2 was applied
using CO2 and pollutant concentrations measured with collocated analyzers. For particle species,
emission factors calculated using Eq. 4.2 represent tailpipe emissions only. Nontailpipe sources
of particulate matter such as resuspended road dust, brake wear, and tire wear are not quantified
through this method.
Although other carbon-containing species were measured in this study, these species are
excluded from the carbon balance in Eq. 4.2 because they are present at low concentrations
relative to CO2 in diesel exhaust (Yanowitz et al, 2000). For example, CO contributed less than
2% of the total carbon measured in the exhaust of the highest (top 10%) CO-emitting trucks.
Concentrations of BC, HCHO, and C2H4 measured in truck exhaust accounted for < 1% of total
carbon.
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4.3: RESULTS AND DISCUSSION
4.3.1: Truck Activity and Plume Captures
Successful plume captures were recorded for 809 out of 1396 HD trucks observed during the
four days of field sampling. Emission factors are not available for all pollutants for every truck
because pollutant analyzers were occasionally offline for calibration. Emission factors were
calculated for 37 to 48% of total trucks for all pollutants considered here, with the exception of
BC and absorption from the MAAP, which was offline for one entire day of sampling.
Figure 4.6 shows species concentrations measured in the exhaust plumes of three diesel trucks.
The peaks in CO2 concentration represent the period of exhaust plume sampling for each truck.
In Figure 4.6a, corresponding peaks are also apparent for NO, NO2, BC, PM2.5, HCHO, and CO
indicating their presence in the exhaust plume. This exhaust profile, with clear peaks for gaseous
and particle pollutants and high NO concentrations relative to NO2, suggests that the plume was
emitted from a truck with no exhaust after-treatment systems. In the exhaust plumes shown in
Figures 4.6b and 4.6c, clear CO2 peaks are apparent; however, there are no discernible increases
in BC or PM2.5 concentrations. Additionally, exhaust NO and NO2 concentrations are
comparable for both of these trucks, suggesting use of exhaust filters to control PM. Smaller
peaks for both NO and NO2 in Figure 4.6b suggest lower total NOx emissions for this truck
relative to the trucks represented by exhaust plumes shown in Figures 4.6a and 4.6c.
Large numbers of light-duty gasoline vehicles in the tunnel resulted in an elevated background
C2H4 concentration, above which small C2H4 increases due to emissions from individual trucks
were difficult to discern. A similar problem was encountered for CO. For other pollutants
considered here, such as HCHO and NOx, emission rates from diesel vehicles are generally much
higher than from gasoline vehicles, and so background levels were not problematic. Ethene
emission factor measurements were further complicated by a relatively low signal to noise ratio.
Consequently, application of Eq. 4.2 to calculate C2H4 emission factors for more dilute truck
plume captures (i.e. small CO2 rise above baseline level) yielded potentially erroneous results.
When grouped according to CO2 peak rise, distributions of emission factors above and below the
median CO2 peak rise were similar for other species. However, a distinct shift was observed in
the C2H4 emission factor distribution for trucks with CO2 peak rises below the median level
relative to the distribution for trucks with CO2 peak rises above the median level. Due to these
complications, only trucks with CO2 peak rises above the median level (230 ppm) are considered
in the C2H4 analysis.
The most common HD truck types observed were tractor and trailer or container chassis
combinations, which accounted for 39% of trucks. Ongoing construction of a fourth traffic bore
at the Caldecott tunnel led to increased numbers of construction vehicles, with dump trucks,
cement mixers, and tractors pulling hoppers accounting for 32% of trucks. Average vehicle
speeds in the tunnel were approximately 65 km hr-1. Thus emissions data presented here are
representative of trucks traveling at relatively constant speeds against a 4% uphill grade and do
not cover the entire spectrum of truck operating modes. Previous researchers have shown
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pollutant emission rates for HD trucks vary by engine load and driving cycle (Clark et al., 2002;
Fujita et al., 2007a; Shah et al., 2006). Larger variability is seen when emission rates are
normalized to distance traveled (e.g. units of g km-1) relative to emission factors normalized to
fuel consumption (e.g. g (kg fuel-1); Clark et al., 2002; Pierson et al., 1996; Yanowitz et al.,
1999). Additionally, variability in emissions due to driving mode is likely small relative to
intervehicle emissions variability (Park et al., 2011). Thus, fuel specific emission factors reported
here and large truck sample sizes should reduce some of the uncertainties inherent in reporting
fleet-average emission factors based on measurements of limited vehicle operating modes at the
tunnel.

Figure 4.6. Species concentrations measured in the exhaust plumes of a (a) representative truck
with measurable emissions of all pollutants, (b) low PM and NOx emitting truck and (c) low PM
emitting truck.
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4.3.2: BC Emissions
Average BC emission factors calculated using data from the aethalometer, photoacoustic
spectrometer, and MAAP are presented in Table 4.3. A full tabulation of distributional aspects of
species emission factors is included in Appendix A. The results were similar for each instrument.
The slightly higher emission factors for the MAAP and photoacoustic spectrometer relative to
the aethalometer are consistent with comparisons with filter-based BC measurements (Figure
4.3). The average BC emission factor measured in this 2010 study is 37 ± 10% lower than the
average emission factor measured at the same location for medium and HD diesel trucks four
years prior in 2006 (Ban-Weiss et al., 2008a). This rate of reduction is comparable to or possibly
larger than the rate of reduction observed between 1997 and 2006 (Ban-Weiss et al., 2008a). The
BC emission factor distribution is shown in the insert plot of Figure 4.7. Trucks with zero or
negative BC emission factors calculated using Eq. 4.2 are included in the leftmost bin of the
distribution and account for 7% of total trucks. With the exception of these very low-emitting
trucks, the emission factor distribution is lognormal with a peak at ~0.3 g kg-1. The distribution
measured at the tunnel is similar to that measured for drayage trucks at the Port of Oakland in
2010, although a higher frequency of low BC emitting trucks was observed at the Port due to
accelerated clean-up efforts (see Chapter 3).
4.3.3: NOx Emissions
The average NOx emission factor for diesel trucks in 2010 decreased by 30 ± 6% relative to the
emission factor measured in 2006 (Ban-Weiss et al., 2008a). While total NOx emissions declined
during this period, the NO2 emission factor increased from 1.47 ± 0.06 g kg-1 in 2006 to 1.97 ±
0.25 g kg-1 in 2010. Consequently, the NO2/NOx mass emission ratio increased from 0.037 ±
0.003 to 0.070 ± 0.010. The increased NO2/NOx ratio is attributed to a greater number of trucks
with catalyzed DPF systems that oxidize NO to NO2 in 2010. Remote sensing of NO and NO2
emission factors from individual trucks in the Los Angeles area show similar NOx emission
trends: Bishop et al. (2012b) report a 10 ± 3% reduction in the fleet-average NOx emission factor
between 2008 and 2010, with no significant change in the NO2 emission factor.
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Table 4.3. Fleet-average emission factors for heavy-duty diesel trucks
High-emitter
contributiona
(%)
BC (aethalometer)
667
0.54 ± 0.07
g kg-1
47
-1
BC (photoacoustic)
521
0.58 ± 0.09
g kg
47
BC (MAAP)b
445
0.59 ± 0.11
g kg-1
52
2
-1
babs (λ=532 nm)
521
4.38 ± 0.69
m kg
47
2
-1
bscat (λ=532 nm)
521
0.68 ± 0.13
m kg
56
babs (λ=630 nm)b
445
3.90 ± 0.69
m2 kg-1
52
c
2
-1
bext (λ=630 nm)
616
4.53 ± 0.68
m kg
52
NOd
612
17.0 ± 0.9
g kg-1
24
d
-1
NO2
567
1.97 ± 0.25
g kg
50
NOxd
557
28.0 ± 1.5
g kg-1
23
-1
CO
553
8.0 ± 1.2
g kg
51
-1
HCHO
558
0.065 ± 0.006
g kg
33
C2H4e
276
0.081 ± 0.009
g kg-1
30
a
Contribution to total emissions from 10% of trucks with the highest measured emission factors
for each pollutant.
b
MAAP instrument offline during one day of sampling (see text).
c
bext concentrations in the exhaust plumes of two trucks exceeded the upper range of the CAPS
instrument. bext emission factors for these trucks were calculated using the corresponding babs
emission factor measured at 630 nm and the SSA measured at 532 nm.
d
NO and NO2 emission factors calculated using molecular weights of 30 and 46 g/mol,
respectively. NOx mass emission factor reported in NO2 equivalents (i.e., NO mass multiplied by
46/30).
e
Due to elevated C2H4 background and instrument sensitivity, only trucks with associated CO2
peak rises greater than the median value (230 ppm) are considered for C2H4 analysis (see text).
Species

Number of
trucks

Mean emission factor ±
95% confidence interval
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Emission
factor units

Figure 4.7. Relationship between NO2/NOx emission ratio and BC emission factor. Each data
point represents a single truck, red points correspond to trucks with BC emission factor
<0.1 g kg−1. Insert plot shows BC emission factor distribution.
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Figure 4.8. NOx emission factor distribution with associated ranges of NO2/NOx emission ratio.
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4.3.4: Effects of DPFs on NO2 Emissions
Figure 4.7 shows a comparison of the NO2/NOx mass emission ratios and BC emission factors
for individual diesel trucks. Red data points are used to represent trucks with BC emission
factors ˂ 0.1 g kg-1 and correspond to the red shaded portion of the insert plot. While the
majority of trucks had much higher emissions of NO than NO2 (NO2/NOx ˂ 0.10), trucks with
the lowest BC emissions had higher NO2/NOx emission ratios. The average (±95% confidence
interval) NO2 emission factor and NO2/NOx ratio for the lowest 7% of BC emitting trucks
(shown in leftmost bin of BC emission factor distribution in Figure 4.7) are 6.00 ± 1.72 g kg-1
and 0.28 ± 0.12, respectively. These values are both much higher than fleet-average values
shown in Table 4.3. The anticorrelation between NO2/NOx emission ratio and BC emissions is
indicative of DPF-equipped trucks in the vehicle fleet sampled at the tunnel. Similar increases in
NO2 emissions relative to NO have been documented for DPF equipped trucks in the Los
Angeles area (Bishop et al., 2012b) and transit buses equipped with continuously regenerating
DPF systems in New York City (Shorter et al., 2005).
High NO2/NOx ratios measured here may be of concern insofar as they lead to higher NO2
emissions for the diesel truck fleet. Figure 4.8 shows the NOx emission factor distribution for
diesel trucks measured at the Caldecott tunnel. The distribution is separated according to
NO2/NOx ratio: greater than 0.30, between 0.10 and 0.30, and less than 0.10. The majority of
trucks with NOx emission factors less than 10 g kg-1 were found to have NO2/NOx ratios greater
than 0.10. For these trucks, the effect of relatively high NO2/NOx ratios is offset by low total
NOx emissions, resulting in only small increases in NO2 emissions. In contrast, increased
NO2/NOx ratios in trucks with higher total NOx emissions have a much more pronounced effect
on NO2 emissions. For example, the subset of trucks with a NOx emission factor greater than
25 g kg-1 and a NO2/NOx ratio greater than 0.10 accounted for 32% of total NO2 emissions.
These high-NO2 emitting trucks are evident in the NO2 emission factor distribution, shown in
Figure 4.9, which has a primary peak of ~1 g kg-1 and a secondary peak at ~10 g kg-1. In light of
current accelerated retrofit and replacement programs underway in California, it will be
important to track changes in primary NO2 emissions from the HD diesel truck fleet as greater
numbers of vehicles are equipped with DPF systems.
4.3.5: HCHO and C2H4 Emissions
Formaldehyde and C2H4 have been identified as two of the most abundant VOC in diesel exhaust
(Ban-Weiss et al., 2008b,Schauer et al., 1999; Siegl et al., 1999). To date, characterization of
emissions of these species from diesel engines has largely been performed through dynamometer
testing (Durbin et al., 2003; Schauer et al., 1999; Tang et al., 2004) and tunnel studies where
emissions are apportioned between gasoline and diesel vehicles (Ban-Weiss et al., 2008b;
Grosjean et al., 2001). While remote sensing systems have proven effective in measuring
concentrations of other gaseous species (e.g. NO, NO2, CO) in exhaust plumes of diesel vehicles,
they are relative insensitive to HCHO and C2H4 (Singer et al., 1998). Vehicle chase studies
enable the measurement of emissions from individual in-use vehicles, but their application thus
far has been limited to the characterization of HCHO emission factors for in-use passenger buses
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(Herndon et al., 2005). Thus, emission factors presented here represent novel measurements of
HCHO and C2H4 emissions from individual in-use HD diesel trucks.
Emission factor distributions for HCHO and C2H4 are shown in Figure 4.9. The distributions
show similar shapes, with moderate frequencies of very low-emitting trucks which are included
in the leftmost bin. For C2H4, these low-emitting trucks account for ~10% of total measurements.
The average C2H4 mass emission factor for diesel trucks measured here is slightly greater than
the value for HCHO. Previous studies report similar or higher emission rates of HCHO than
C2H4 in diesel exhaust (Durbin et al., 2003; Schauer et al., 1999; Siegl et al., 1999). No clear
explanation for these differences is apparent. The average HCHO emission factor measured in
this study is approximately 50% lower than it was at the Caldecott tunnel in 2006 (Ban-Weiss et
al., 2008b). This reduction may be expected given the introduction of diesel particle filters, as
oxidation catalysts typically found in these systems can be effective at lowering VOC emissions
(Herner et al., 2009; Khalek et al., 2011).
4.3.6: Particle Optical Properties
Average optical cross-section emission factors are presented in Table 4.3. Based on these values,
the average SSA for diesel exhaust plumes was 0.14 ± 0.03 and 0.14 ± 0.22 at wavelengths of
532 and 630 nm, respectively. A direct scattering measurement (smallest optical signal) was not
available at 630 nm, and thus the SSA measured at this wavelength has more uncertainty. This
low SSA is similar to previous values reported for measurements of fresh diesel exhaust (Bond
and Bergstrom, 2005; Strawa et al., 2010). The distribution of particle SSA at 532 nm in
individual exhaust plumes is shown in Figure 4.10, as are the emission factor distributions for
absorption and scattering cross-sections. Note that 27 of the 511 trucks considered for this
analysis had negative absorption or scattering cross-section emission factors as calculated by Eq.
4.2, and are thus excluded from the SSA distribution. Most trucks have exhaust SSA values of
less than 0.20, consistent with a high fraction of BC in the emitted PM, although the high tail of
the distribution extends to SSA values up to 0.94, with approximately 4% of truck exhaust
plumes having SSA greater than 0.50. Some of these high SSA values may be sampling artifacts,
particularly in instances where particle extinction emission factors are low. However, several of
the high SSA truck plumes had clear absorption and scattering signals, suggesting that a minority
of trucks have a relatively high PM light-scattering organic carbon to light-absorbing black
carbon emission ratio.
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Figure 4.9. Emission factor distributions for ethene, formaldehyde, and nitrogen dioxide.
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Figure 4.10. Distribution of single scattering albedo for PM emissions from individual trucks,
with underlying emission factors for light-scattering and light-absorbing particles (insert plot).
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4.3.7: Cumulative Distributions and High-Emitter Correlations
Cumulative emissions distributions for selected species considered in this study are presented in
Figure 4.11. These plots show the relative skewness of emissions for each species, with the
vertical axis indicating the fraction of total emissions coming from corresponding fractions of
truck plume measurements plotted on the horizontal axis. A 1 to 1 line on this plot would
indicate all trucks have the same measured emission factor. The distribution for scattering crosssection emissions is the most highly skewed. This distribution was heavily influenced by
measurements of two extremely high-emitting trucks, which accounted for 9% of total emissions.
The cumulative distribution of BC emissions (64% of measured BC was produced by 20% of the
total measurements), which was similar to that of particle mass and absorption and extinction
cross-section emissions, is slightly more skewed than the BC distribution measured in 2006
when 20% of measurements accounted for 60% of total measured BC (Ban-Weiss et al., 2009).
The relative importance of high-emitting trucks is expected to continue to increase in future
years as more trucks are equipped with DPFs. The effect of increased DPF use is also apparent in
the NO2 cumulative emissions distribution, which shows that 50% of the measured NO2 was
produced by just 10% of the total measurements. Remote sensing measurements of diesel truck
exhaust in Colorado prior to the use of DPFs show the top 10% of measurements contributed
37% of total measured NO2 (Burgard et al., 2006). Of the other gaseous species, CO emissions
are the most highly skewed, while NO emissions are the least skewed of all pollutants considered
in this study.
The degree of overlap among high-emitting trucks of pollutants considered in this study is
analyzed in Table 4.4. Each table entry represents the percentage of trucks that are common to
the highest-emitting 10% of trucks for two species. A score of 100 signifies complete
commonality among the highest emitters for two pollutants. A score of 0 signifies no overlap
among the high-emitting truck sub-population. In general there is very high correspondence
among high-emitters of BC, PM2.5, and light-scattering/absorbing particles. Combustion
conditions that maximize formation of NOx (i.e., high temperatures and lean air/fuel ratios) tend
to limit emissions of PM. This is evidenced here by the low degree of overlap (< 20%) among
trucks with the highest emission factors of NO and PM species. A similar lack of correspondence
between high NOx and high BC-emitting trucks was reported for diesel truck fleets in two
Chinese cities (Wang et al., 2012). There is a moderate degree of overlap in the highest emitting
trucks for C2H4 and HCHO. With the exception of NO2, there is some degree of overlap in the
highest-emitting trucks for all pollutant pairs considered here. The highest NO2 emitting trucks
did not rank in the top 10% for any of the other species measured in this study, except for one
truck that was found to have both high NO2 and HCHO emissions. Trucks having the highest
NO2 emissions are likely equipped with DPFs, and these systems can be quite effective in
reducing emissions of CO and organic gases in addition to PM.
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4.4: SUMMARY
Pollutant concentrations in the exhaust plumes of individual diesel trucks were measured at high
time resolution in a highway tunnel in Oakland, CA, during July 2010. Emission factors for
individual trucks were calculated using a carbon balance method, in which pollutants measured
in each exhaust plume were normalized to measured concentrations of carbon dioxide. Pollutants
considered here include NO, NO2, CO, HCHO, C2H4, and BC, as well as optical properties of
emitted particles. Fleet-average emission factors for NOx and BC respectively decreased 30 ± 6
and 37 ± 10% relative to levels measured at the same location in 2006, while a 34 ± 18%
increase in the average NO2 emission factor was observed. Emissions distributions for all species
were skewed with a small fraction of trucks contributing disproportionately to total emissions.
For example, the dirtiest 10% of trucks emitted half of total NO2 and BC emissions. Emission
rates for NO2 were found to be anticorrelated with all other species considered here, likely due to
the use of catalyzed diesel particle filters to help control exhaust emissions. Absorption and
scattering cross-section emission factors were used to calculate the aerosol single scattering
albedo for individual truck exhaust plumes, which averaged 0.14 ± 0.03.

Table 4.4. Degree of overlap (0=none, 100=maximum) among trucks that were flagged as highemitters of various pollutants
PM2.5

BCa

Abs532

Abs630

Scat532

Ext630

100
78
100
72
88
100
73
86
81
100
81
76
73
67
100
77
82
74
95
74
100
19
12
18
9
18
14
0
0
0
0
0
0
23
26
38
32
32
31
27
27
17
25
35
27
34
25
17
25
23
31
a
BC emission factors calculated using aethalometer data.
PM2.5
BCa
Abs532
Abs630
Scat532
Ext630
NO
NO2
CO
HCHO
C2H4
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NO

NO2

CO

HCHO

C2H4

100
0
11
15
22

100
0
2
0

100
13
22

100
37

100

Figure 4.11. Cumulative emission distributions for pollutants measured in heavy-duty truck
exhaust plumes. Any y value on this plot indicates the fraction of total emissions coming from
the corresponding fraction (x) of measurements of all on-road trucks.
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CHAPTER 5: CHARACTERIZATION OF EXHAUST EMISSION
FACTORS AND RELATIVE ON-ROAD EMISSION
INVENTORY CONTRIBUTIONS FOR LIGHT-DUTY
VEHICLES
5.1: INTRODUCTION
Results from Chapter 2 highlight the importance of on-road gasoline and diesel vehicles as
sources of nitrogen oxides (NOx) and fine particulate matter (PM2.5) emissions. Light-duty (LD)
gasoline vehicles are also likely the largest anthropogenic source of carbon monoxide (CO)
emissions in the United States (EPA, 2008a). Gasoline and diesel engine contributions to total
on-road pollutant emissions are a function of activity patterns and emission rates, which are both
subject to change over time. An accurate understanding of the relative emissions contributions
from these source categories is important to assessing their air quality impact; however,
uncertainties persist in current estimates of on-road emissions, particularly in the case of particlephase species such as black carbon (BC) and organic aerosol (OA).
The fuel-based emission inventory presented in Chapter 2 shows significantly larger
contributions to PM2.5 emissions for on-road diesel engines relative to gasoline vehicles.
Similarly, a recent emissions inventory developed for California estimated 76 and 54% of BC
and particulate organic carbon (OC), respectively, emitted by on-road sources is from diesel
engines (Chow et al., 2010). In contrast with these findings, Gertler (2005) concluded that
gasoline vehicles are the dominant source of on-road PM emissions based on vehicle emission
factors measured in a tunnel study. Likewise, a recent near-roadway study of motor vehicle
emissions reported a significantly higher BC emission factor for LD vehicles than has been
found in other recent field studies, and suggested that current inventories may underestimate BC
emissions from this source category (Liggio et al., 2012). Similar discrepancies exist in the
relative importance of on-road gasoline and diesel vehicles inferred from receptor modeling
studies (Fujita et al., 2007b).
The lack of robust source emissions data contributes to the uncertainty in current assessments of
the relative importance of on-road vehicles to emissions of air pollutants. Dynamometer testing
is limited by small sample sizes and test cycles that do not adequately represent real-world
driving conditions (Ropkins et al., 2009). Remote sensing measurements provide data on NOx
and CO emission factors for thousands of in-use vehicles; however, this method remains limited
in its ability to characterize PM emissions (Bishop and Stedman, 2008; Bishop et al., 2012a;
Bishop et al., 2012b; Mazzoleni et al., 2004). Vehicle chase and plume capture methods have
been applied to quantify BC and OA emission factors for individual heavy-duty diesel vehicles
(see Chapters 3,4,6; Canagaratna et al., 2004; Ban-Weiss et al., 2009), however the application
of these methods to quantify LD vehicle emissions is limited (Park et al., 2011). As noted in
Chapter 2, current in-use PM2.5 (including BC and OA) emissions data for LD vehicles is derived
mainly from tunnel and near-road studies. In these studies, LD vehicle emission factors are
quantified directly through measurements at roadways where HD diesel trucks are not allowed
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(Ban-Weiss et al., 2008a; Ning et al., 2008; Hudda et al., 2013), or through the use of statistical
methods to estimate the LD contribution to emission factors measured at mixed-use roadways
(Grieshop et al., 2006; Liggio et al., 2012). In both cases the presence of diesel trucks, even at
very low numbers, can bias LD vehicle emission factors, particularly for species where pollutant
emission factors for diesel engines are significantly higher than gasoline engines (Fraser et al.,
2003; Fujita et al., 2012).
This study reports results from emissions measurements of in-use vehicles operating in bore 2 of
the Caldecott tunnel, where traffic primarily consists of LD vehicles. In contrast to the individual
plume measurements reported in Chapters 3 and 4, this study focuses on measurements of
aggregate emissions from thousands of vehicles. Methods are applied to quantify the emissions
contributions from small numbers of diesel trucks present in the measured vehicle population,
and fleet-average NOx, CO, PM2.5, OA, and BC emission factors are characterized for LD
gasoline vehicles. Results are used to map relative contributions of gasoline and diesel vehicles
to overall on-road vehicle emissions as a function of fuel sales and emission factor ratios.
5.2: METHODS
5.2.1: Field Measurement Site
Motor vehicle emissions were measured during the same July 2010 field campaign at the
Caldecott tunnel described in Chapter 4. This study focuses on measurements made in the middle
traffic bore (bore 2), which accommodates westbound traffic in the morning and eastbound
traffic in the afternoon. While this bore is nominally reserved for light-duty vehicles, it is
important to note that small numbers of medium- and heavy-duty trucks also use these traffic
lanes. Measurements were made during the commuter peak period from 4-6 PM on eight
weekdays (July 6-9, July 12-15). At these times, traffic in bore 2 was traveling eastbound on an
uphill roadway grade of 4%. Characterization of heavy-duty diesel truck emissions during the
same field campaign are reported in Chapter 4.
5.2.2: Measurement Methods
Gas and particle-phase pollutant concentrations were measured simultaneously in the middle
bore near the tunnel exit, and in ambient air outside of the tunnel. Instruments were positioned
either in the fan building at the east end of the tunnel, or in a tunnel ventilation system duct
located directly above vehicle traffic. The suite of gas-phase instrumentation included
chemiluminescent analyzers for NOx (tunnel: ECO Physics model CLD-64, Ann Arbor, MI;
ambient: Thermo Environmental Instruments (TEI) model 42C, Waltham, MA); nondispersive
infrared gas analyzers for CO2 (LI-COR model LI-820, Lincoln, NE); and gas filter correlation
infrared analyzers for CO (TEI model 48). For tunnel air measurements, sampling inlets
extended through a ventilation aperture directly into the traffic bore approximately 50 m prior to
the tunnel exit at the east end. Carbon dioxide and NOx analyzers were set up in the tunnel
ventilation duct and operated at a data rate of 1 Hz. Because of the proximity of these analyzers
to the traffic below, only short (~2 m) perfluoroalkoxy (PFA) sampling lines were needed.
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Tunnel air samples were delivered to a CO analyzer located in the fan building through a 45 m
aluminum duct (15.2 cm diameter) and a 1 m PFA sampling line. Carbon monoxide
concentration data were averaged to provide 1-hr integrated measurements. For ambient
measurements, gas analyzers were located in the fan building, and ambient air concentrations
were continuously sampled through 5 m PFA sampling lines extending ~0.5 m through an open
window. Ambient data were averaged to provide hourly time resolution. Multipoint calibrations
were performed on all gas analyzers prior to field deployment, and calibrations were validated
twice daily with zero and span checks using NIST-traceable gas mixtures (Scott-Marrin, Inc.,
Riverside, CA). Uncertainties for gas-phase measurements are estimated to be ±2% for LI-COR
CO2 analyzers, ±3% for TEI CO analyzers, ±7% for the ECO Physics NOx analyzer, and ±5% for
the TEI NOx analyzer.
For each 2-hr sampling period, integrated filter samples were collected to characterize PM2.5
mass and particulate carbon concentrations in tunnel and ambient air. Sampling and analysis
methods followed those employed by Ban-Weiss et al. (2008a). In the tandem filter sampling
method used here, a quartz filter (Pall Corp., Port Washington, NY; Pallflex Tissuquartz 2500
QAT-UP) was collected in parallel with a Teflon front filter (Pall Corp.; Teflon membrane, 2.0
µm pore size) and a quartz backup filter in series. The quartz behind Teflon filter is used to
correct for a positive sampling artifact caused by adsorption of gas-phase organics onto quartz
filters (Turpin et al., 2000). Mass flow controllers (Alicat Scientific, Tuscon, AZ; model MC50SLPM-D) were used to maintain a flow rate of 16.7 L min-1 in each filter sampling line, and
sharp-cut cyclones (BGI, Waltham, MA; model VSCCA) were used upstream of the filters to
exclude particles larger than 2.5 µm. Tunnel and ambient air samples were delivered to filters
through 0.5 m and 5 m stainless steel tubes (1.3 cm diameter), respectively. In both cases,
sampling inlets were collocated with those for the gas analyzers.
Pre- and post-sampling Teflon filter weights were measured using a high-precision analytical
balance (Sartorius SE-2, Göttingen, Germany) following, at minimum, 24-hr conditioning in a
chamber maintained at 22-23 ºC and 36-39% relative humidity. The difference between pre- and
post-sampling filter weights together with known air sample volumes were used to quantify
PM2.5 mass concentrations for each 2-hr sampling period. PM2.5 concentrations in the tunnel
include contributions from both tailpipe and nontailpipe sources, such as resuspended road dust,
brake wear, and tire wear. Brake wear emissions are likely low relative to exhaust emissions
from motor vehicles in the tunnel were generally cruising or accelerating. Likewise contributions
of resuspended road dust to PM2.5 measured in the tunnel are expected to be small (Abu-Allaban
et al., 2003b; Fraser et al., 2003; Handler et al., 2008). Mass concentrations of BC and OA were
estimated in a similar fashion to PM2.5. The carbon content of quartz filter samples was
quantified using thermal-optical analysis. Quartz filter samples were heated at a constant rate
from 50 to 750 ºC in a pure oxygen atmosphere. Evolved carbon was oxidized and the resulting
CO2 was measured with a LI-COR model LI-7000 analyzer. The intensity of light transmitted
through the filter was monitored during analysis and used to differentiate between organic
carbon (OC) and light-absorbing BC (Kirchstetter and Novakov, 2007). In previous work, BanWeiss et al. (2008a) did not see any charring of organic carbon present on tunnel filter samples
during analysis, which explained their finding that tunnel BC and OC results were not sensitive
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to the choice of thermal-optical analysis protocol. To account for the mass of unmeasured
species such as hydrogen that are present in OA, OC measurements were multiplied by 1.25 to
estimate OA mass concentrations. Measurements of tunnel PM made with a high-resolution
aerosol mass spectrometer were used to quantify the OA/OC ratio for motor vehicle exhaust.
These measurements and corresponding data analysis are discussed in Chapter 6.
In addition to quartz filter samples, the light-absorbing BC content of tunnel PM was also
measured using an aethalometer (Magee Scientific model AE-16, Berkeley, CA). The
aethalometer was located in the ventilation duct and sampled tunnel air through a 1 m conductive
silicone sampling line with an upstream cyclone (URG Corporation, Chapel Hill, NC; model
2000-30EN) to exclude particles larger than 2.5 µm. The aethalometer provided high time
resolution (1 s) measurements of BC. Aethalometer readings were corrected for a known filterloading artifact using methods described in Chapter 4 (see Figures 4.2-3, Eq. 4.1).
Manual traffic counts were collected to characterize vehicle activity during each 2-hr sampling
period. Vehicles were counted for six minutes of each ten-minute interval every hour, and these
counts were aggregated to arrive at hourly averages. Vehicles were counted according to the
number of axles and the number of tires on the rear axle, resulting in hourly counts for three
separate categories: light-duty (LD; 2-axle/4-tire), medium-duty (MD; 2-axle/6-tire), and heavyduty (HD; 3 or more axles). Light-duty vehicles consist of passenger cars and light-duty trucks
(e.g. pick-up trucks, sport utility vehicles), which, in California, are mostly powered by gasoline
engines. Heavy-duty vehicles encompass trucks used for goods movement (e.g. tractor-trailer
combinations), construction (e.g. cement mixers and dump trucks), and other heavy-duty
applications (e.g. trash hauling), and are almost exclusively powered by diesel engines (Sawyer
et al, 2000). Medium-duty vehicles include both gasoline and diesel-powered trucks. Examples
of MD vehicles observed at the Caldecott tunnel include delivery trucks (i.e. box trucks), flat-bed
trucks, and some large pick-up trucks with four tires on the rear axle. Vehicle counts were
supplemented with video recording of traffic on July 12. The video was analyzed to determine
the times at which individual MD and HD trucks passed beneath tunnel sampling inlets,
supporting efforts (discussed below) to quantify contributions from these vehicles to measured
pollutant concentrations in the middle bore of the tunnel.
5.2.3: Data Analysis
In prior studies at the Caldecott tunnel, fleet-average emission factors for LD vehicles have been
calculated using a carbon-balance method (Ban-Weiss et al., 2008a):

(

[ ]
[

]

[

)

]

(5.1)

where EFP is the fuel-specific emission factor for pollutant P (units of g P kg-1 fuel burned); Δ[P]
(µg m-3), Δ[CO2] (mg C m-3), and Δ[CO] (mg C m-3) are background-subtracted (tunnel minus
ambient) mass concentrations; and wg is the carbon weight fraction of gasoline. Emission factors
calculated using Eq. 5.1 represent average values for large numbers of vehicles passing through
75

the tunnel in a given 2-hr sampling period. Because traffic in the middle bore of the tunnel
consists almost entirely of LD vehicles (>99% of total vehicle counts during the 4-6 PM
commute period), previous studies used results of Eq. 5.1 to arrive at emission factors for LD
vehicles directly using pollutant measurements from the middle bore where heavy-duty trucks
are not allowed. An implicit assumption has been that small numbers of MD and HD trucks
driving through the middle bore did not contribute significantly to measured pollutant
concentrations. If pollutant emission factors for LD vehicles and diesel trucks are comparable,
this assumption is valid and calculated emission factors are representative of the LD fleet.
However, as LD vehicle emissions have become better controlled over time, recent studies have
shown that pollution emission factors for some species (e.g. PM2.5, BC, NOx) are about an order
of magnitude higher for diesel trucks relative to LD gasoline vehicles (Ban-Weiss et al., 2008a).
In this case, the presence of even small numbers of MD and HD trucks in the middle bore of
tunnel may introduce bias in the determination of LD vehicle emission factors.
Results from concurrent measurements of emission factors from individual diesel trucks at the
Caldecott tunnel (see Chapters 4, 6) are needed in this study for the apportionment of measured
pollutant concentrations in bore 2 between contributions from LD gasoline vehicles and MD/HD
diesel trucks. This approach explicitly accounts for the presence of diesel trucks in bore 2, and
more accurately characterizes emission factors for LD vehicles. Data analysis methods applied
here follow previous efforts to apportion emissions between different vehicle types for mixed use
traffic lanes (Ban-Weiss et al., 2008a; Liggio et al., 2012). In past studies at the Caldecott tunnel
(Kirchstetter et al., 1999; Ban-Weiss et al., 2008a), apportionment efforts focused on deducing
the diesel contribution to pollutant emissions in bore 1 of the tunnel, for midday sampling
periods when diesel trucks were abundant. Here the goal is to determine contributions to
pollution in the middle bore of the tunnel, for which MD/HD vehicle contributions were
previously assumed to be negligible. The relative contribution of gasoline vehicles (Δ[CO2]g) to
measured tunnel CO2 concentrations is estimated using traffic count data and fuel and vehicle
properties:
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(5.2)

where ρ and w are fuel density and carbon weight fraction, for gasoline and diesel fuel
(subscripts g and d, respectively); U is the fuel consumption (L/100 km) for each vehicle type;
and F is the fraction of MD trucks powered by diesel engines. Values for these parameters are
summarized in Table 5.1. f represents the fraction of observed vehicles that fall in the LD, MD,
and HD categories; these values vary somewhat from day to day throughout the study.
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The contribution of MD and HD diesel trucks (Δ[CO2]d) to the measured CO2 enhancement is
subsequently calculated as:
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]

(5.3)

The LD gasoline contribution to background-subtracted concentrations of other species measured
in the tunnel (Δ[P]g) is then calculated as:
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(5.4)

Here, the final ratio (in parentheses) represents the emission rate of pollutant P from HD diesel
trucks normalized to CO2 emission rate. With the exception of PM2.5, values for this ratio are
derived from measurements of emission factors for individual HD diesel trucks conducted as part
of this field campaign. Average HD diesel truck BC, CO, and NOx emission factors are reported
in Chapter 4 and the average OA emission factor is reported in Chapter 6. Note, HD diesel truck
OA emission factors are derived from measurements of individual truck exhaust plumes, which
are less dilute than vehicle exhaust measured in bore 2 of the tunnel. The lower dilution of the
individual exhaust plumes may enhance condensed phase partitioning of semivolatile organic
compounds in diesel exhaust, and result in an overestimate of the HD diesel OA emission factor
relative to dilution levels present in bore 2 (Grieshop et al., 2009; Robinson et al., 2007, 2010).
Fine particulate matter emission factors for HD diesel trucks were not measured directly, but
were calculated here as the sum of BC and OA emission factors. Note that HD truck emission
factors are assumed to apply to both MD and HD diesel trucks in Eq. 5.4. Exhaust emission
standards for MD vehicles have historically been set at levels similar to those for HD trucks for
the pollutants considered here, so comparable emission factors are expected (EPA, 2000).
Results from Eqs. 5.2 and 5.4 can then be used to calculate adjusted pollutant emission factors
(EFP,LD) for LD gasoline vehicles:
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(5.5)

Emission factors calculated using Eq. 5.5 explicitly account for the presence of MD and HD
trucks in bore 2 and better represent actual emission factors for LD vehicles. For pollutants that
were measured at high time resolution (i.e., BC, NOx, and CO), 1-hr average data were used in
Eq. 5.5 to provide two discrete emission factor estimates per day, yielding a larger sample size of
sixteen values over the eight-day sampling period. For filter-based measurements of PM2.5 and
OA, only one LD emission factor could be calculated for each of the eight 2-hr sampling periods.
In addition to the apportionment method described above, high time resolution data from one day
of sampling (July 12) was used to investigate further the contribution of MD and HD trucks to
measured pollutant concentrations in bore 2. Times at which individual MD and HD trucks
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passed by were identified from video recordings of tunnel traffic. For each truck a corresponding
exhaust plume was identified, where possible, in the 1 Hz BC, NOx, and CO2 concentration data.
Periods of high diesel exhaust influence were often readily identifiable using BC concentration
data, for which clear increases in BC concentration above tunnel background levels
corresponded to the passage of individual trucks. For each pollutant, the tunnel backgroundsubtracted integrated peak area for truck plume events was compared to the total integrated area
for the 2-hr sampling period to infer the relative emissions contributions from MD and HD
trucks and LD vehicles. The lower time resolution for measurements of other species did not
permit this alternate apportionment method for CO, PM2.5, or OA.
Table 5.1. Vehicle and fuel parameters
Parameter
Units
Value
a
-1
ULD
L (100 km)
10.3
a
-1
UMD,g
L (100 km)
28.4
a
-1
UMD,d
L (100 km)
27.0
a
-1
UHD
L (100 km)
49.5
b
-1
ρg
kg L
0.742
b
-1
ρd
kg L
0.852
b
-1
wg
kg C (kg fuel)
0.824
b
-1
wd
kg C (kg fuel)
0.866
c
F
unitless
0.7
a
Fuel consumption rates from Ban-Weiss et al. (2008).
b
Fuel properties from analysis of gasoline and diesel fuel samples collected in California in
summer 2010 (Gentner et al., 2012).
c
Diesel fraction of MD vehicles estimated using California Air Resources Board EMFAC2011
model data (CARB, 2011) and is calculated as weighted average by fuel consumption of LHDT2
and MHD vehicle categories.
5.3: RESULTS AND DISCUSSION
5.3.1: Vehicle Activity
For the weekday 4-6 PM sampling periods considered here, vehicle traffic in the middle bore of
the tunnel consisted almost entirely of LD vehicles. During these times, LD vehicles accounted
for greater than 99% of total vehicles observed, averaging 3625 veh hr-1. Of the trucks observed
in the middle bore, most were MD vehicles, passing at an average rate of 25 veh hr-1. Heavy-duty
trucks were observed in the middle bore on only four of the eight days of sampling, with a
maximum influence on July 14 when eight HD trucks were identified during the 2-hr sampling
period. These results are not surprising given the time of day (evening commute period) and the
fact that large trucks are in principle prohibited from using the middle bore of the tunnel. These
restrictions on vehicle traffic in the Caldecott tunnel have made it attractive as a field site for past
studies of LD vehicle emissions. However, as discussed below, even the small numbers of MD
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and HD trucks present in bore 2 contribute noticeably to overall concentrations of some
pollutants.
Light-duty vehicle activity in the tunnel was stable from day to day, with little variation in total
vehicle counts observed across 8 days of sampling. Though traffic volumes in the tunnel were
generally high, stop-and-go driving conditions were not typical for the time periods considered
here. Traffic was relatively free-flowing once vehicles entered the tunnel. Emission
measurements reported here represent vehicles running in warmed up, stabilized operating
modes. Excess emissions associated with cold engine starting, which can be an important
contributor to total emissions from LD gasoline vehicles (Singer et al., 1999; Weilenmann et al.,
2009), are not included in this study. LD vehicle emission factors reported here are
representative of vehicles operating at relatively constant speeds against a 4% uphill grade.
5.3.2: Influence of Individual Truck Exhaust Plumes
Time series plots of tunnel BC, NOx, and CO2 concentrations measured on July 12 are shown in
Figure 5.1. For each species, the average ambient background concentration for the 2-hr
sampling period has been subtracted to isolate the emissions signal from vehicles traveling
through the tunnel. Contributions from individual MD and HD trucks to measured pollutant
concentrations are shown in blue, while green shading denotes contributions from much larger
numbers of LD vehicles. During this 2-hr sampling period, 20 MD and 3 HD trucks were noted
driving through the middle bore of the tunnel. Medium-duty truck types included single-unit box
trucks, flat-bed trucks, and small buses used in paratransit applications, while all of the HD
trucks were tractor-trailer combinations. Although MD and HD trucks accounted for less than
1% of the vehicles in the tunnel, their contributions to pollutant concentrations are noticeable in
Figure 5.1.
The emissions impact of diesel trucks is most clearly illustrated by the response to a HD truck
driving through the tunnel at 16:46. Sharp increases in pollutant concentrations above typical
tunnel levels apparent in Figure 5.1 correspond to the time period when the exhaust plume from
this truck was being sampled. The peak BC concentration was nearly 100 times higher than
typical tunnel concentrations, while smaller increases (factors of 6 and 2) were observed for NOx
and CO2, respectively. This single truck accounted for 19% of the total BC measured during the
entire 2-hr sampling period and 2% of the total NOx signal. When normalized to fuel
consumption, BC and NOx emission factors for this truck are similar to fleet-average values for
HD trucks reported in Chapter 4. Thus, this truck was not an especially high emitter relative to
the HD truck population at large. Rather, the disproportionate contribution of this truck to
measured BC and NOx is indicative of the large difference in emission factors for these
pollutants from HD diesel trucks when compared to LD gasoline vehicles. Another contributing
factor appears to be preferential sampling of emissions from trucks with elevated exhaust stacks,
given the location of air sampling inlets in the tunnel ventilation system above the traffic lanes.
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In general, the presence of diesel trucks in bore 2 had the most pronounced effect on BC
concentrations, with these vehicles accounting for 40% of the total BC measured during the 2-hr
sampling period (Figure 5.1). A similar response to MD and HD trucks was observed for NOx,
though concentration increases observed for truck exhaust plume events were not as large as
those for BC. For this sampling period, diesel trucks were estimated to contribute 11% of total
NOx emissions. In contrast to BC and NOx, CO2 concentrations in exhaust plumes for most
trucks were not noticeably different from the baseline tunnel concentrations. Light-duty vehicles
accounted for nearly all of the CO2 measured in the tunnel, with minor (2%) contributions from
MD and HD trucks. In this case, the attributed CO2 concentration was approximately
proportional to the relative fraction of each vehicle type present in the tunnel.
These results demonstrate the substantial impact that relatively small numbers of MD and HD
trucks can have on time-averaged concentrations of air pollutants measured for a mixed use
roadway. That diesel engines have considerably higher NOx and BC emission factors than
gasoline engines is not surprising and has been documented extensively elsewhere (Kirchstetter,
1999; Ban-Weiss et al., 2008a; Grieshop et al., 2006; Park et al., 2011). However, data reported
here indicate that these emission differences are of such a magnitude that even small numbers of
diesel trucks can contribute substantially to overall emissions of these pollutants even in cases
that appear to be heavily dominated by LD vehicle traffic.
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Figure 5.1. Ambient background-subtracted tunnel concentrations of CO2 (bottom), NOx
(middle), and BC (top) during 7/12/2010 sampling period apportioned between LD vehicles
(green) and MD and HD trucks (blue). Insert pie charts show relative contributions of each
vehicle type to measured pollutant concentrations for the 2-hr sampling period. Average ambient
concentrations of CO2, NOx, and BC were 394 ppm, 0.024 ppm, and 0.7 µg m-3, respectively.
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5.3.3: LD Vehicle Emission Factors
The relative contribution of diesel trucks to measured species concentrations in bore 2 was
assessed over each of the eight sampling days using Eqs. 5.2-4. Here, the apportionment of
measured species concentrations in the tunnel is based on vehicle count data and measured fleetaverage pollutant emission factors for HD trucks. Background-subtracted tunnel concentrations
for each sampling period are shown in Figure 5.2, with calculated contributions from MD and
HD trucks shown in blue and LD vehicle contributions in green. Particle-phase emissions were
the most sensitive to diesel trucks traveling through bore 2 of the tunnel. The mean (± 95%
confidence interval) diesel contribution to measured PM2.5, OA, and BC concentrations was 24 ±
4, 22 ± 5, and 44 ± 8%, respectively. The two days with the highest levels of diesel truck
activity, July 8 and July 14, also had the highest tunnel concentrations of OA and PM2.5
measured during the field campaign. Similarly, relatively high levels of NOx were also measured
on these days, again indicating that small numbers of diesel trucks can be an important source of
these species in the tunnel. The average diesel contribution to NOx concentrations was 18 ± 3%.
Emissions of CO and CO2 were dominated by LD vehicles, with diesel contributions of less than
2%. A comparison of the two apportionment methods for July 12 shows generally good
agreement in the apportionment of emissions between vehicle types. Both methods attribute 3740% of BC and 1-2% of CO2 emissions to diesel trucks. The exhaust plume analysis estimated a
lower NOx contribution from trucks (11%) relative to the vehicle count apportionment method
(17%), possibly because the HD truck-derived emission factor may overestimate actual NOx
emission factors for MD trucks.
Once vehicle contributions to tunnel pollutant concentrations were quantified, fleet-average LD
vehicle emission factors were calculated using Eq. 5.5. Resulting emission factors are
summarized in Table 5.2, and compared with baseline emission factors that were calculated
without accounting for diesel truck contributions. With the exception of CO, LD vehicle
emission factors are lower than baseline values calculated using unapportioned pollutant data.
The largest relative change was seen for the BC emission factor, which was reduced 43 ± 13%
after accounting for diesel truck contributions. Likewise, adjusted PM2.5 and OA emission factors
decreased relative to baseline values, though these changes have larger associated uncertainties.
The reduction in the NOx emission factor for LD vehicles was smaller, though still statistically
significant. Diesel trucks were an insignificant source of CO when compared to emissions from
the large numbers of gasoline vehicles in the tunnel, and the adjusted CO emission factor is
similar to the baseline value.
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Figure 5.2. Measured increase in species concentration above ambient levels apportioned to LD
gasoline vehicles (green) and HD and MD trucks (blue). Hourly time resolved data were not
available for OA and PM2.5, therefore 2-hr average values for these species are presented here.
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Table 5.2. Baseline and LD specific emission factors
Baseline
LD specific
Relative
emission factor
emission factor
changea
Pollutant
N
a
a
(EFP)
(EFp,LD)
(g kg-1)
(g kg-1)
(%)
b
NOx
16
2.29 ± 0.12
1.90 ± 0.08
-17 ± 5
CO
16
14.2 ± 0.7
14.3 ± 0.7
1±7
PM2.5
8
0.048 ± 0.012
0.038 ± 0.010
-21 ± 28
c
BC
16
0.018 ± 0.002
0.010 ± 0.002
-43 ± 13
OA
8
0.021 ± 0.006
0.017 ± 0.005
-20 ± 34
a
Uncertainty estimates are 95% confidence interval
b
NOx emission factors reported as NO2 equivalents
c
BC emission factors calculated using Aethalometer BC concentration data for tunnel
measurements and filter-derived BC concentration data for ambient background subtractions.
For all species considered here, LD vehicle emission factors are reduced relative to levels
measured at the same location in 2006 (Ban-Weiss et al., 2008a; Ban-Weiss et al., 2009). These
reductions result from both continued long-term downward trends in emissions from the LD
vehicle fleet as new, lower-emitting vehicles replace older vehicles, and new emission factor
calculation methods used here that address a positive bias in previous estimates of LD NOx,
PM2.5, BC, and OA emission factors. Light-duty NOx and CO emission factors reported here are
comparable to, though slightly lower than mean emission factors measured in a 2010 remote
sensing study of LD vehicles in Los Angeles, CA (Bishop et al., 2012a). For NOx, this relation is
consistent with previous comparisons of LD emission factors measured at the Caldecott tunnel
and remote sensing measurements, with differences in emission factors likely influenced by
vehicle fleet age and operating mode differences (McDonald et al., 2012; Bishop et al., 2012a).
After adjustments to account for diesel engine contributions to tunnel concentrations measured in
this study, there are large differences in resulting BC emission factors when compared to
emission factors from other North American cities. The BC emission factor for LD vehicles
estimated here is 7 times lower than the mean BC emission factor derived from on-road
measurements in Los Angeles (Hudda et al., 2013), and 11 times lower than the LD vehicle
emission factor inferred from near-road measurements along a highway running north of Toronto
(Liggio et al., 2012). In both of these studies, emissions measurements were made for vehicles
traveling on highways, and operating modes for the sampled vehicle population likely did not
differ substantially from those in the Caldecott tunnel. Vehicle age distributions are not reported
for either of these studies and similarly were not characterized at the Caldecott tunnel, though it
is unlikely that differences in vehicle age distributions amongst the three studies cause such large
differences in reported LD BC emission factors. Rather, these differences are more likely
representative of the difficulties inherent in characterizing BC emission factors for LD vehicles
based on measurements on or near mixed use roadways. In the Los Angeles study, LD emission
factors were estimated directly based on measurements made on a highway with < 1% truck
activity, while the Toronto study used a method similar to that used here to apportion BC
concentrations measured downwind of a highway with 3.3% HD truck activity between HD and
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LD vehicles. Results from the Caldecott tunnel indicate that, due to the large disparity in BC
emission factors, even very low levels of diesel truck activity relative to gasoline vehicles can
heavily influence on and near-road BC concentrations. Thus, uncertainties in the definition of a
LD specific emission factor based on mixed use roadway measurements are expected to increase
as the fraction of diesel trucks increases. Tunnel, on-road, and near-road measurement studies are
attractive in that emissions from large numbers of vehicles operating in real-world conditions can
be measured in an efficient manner. However, results presented here suggest that caution should
be exercised when interpreting results and calculating emission factors for specific vehicle types,
particularly for cases where pollutant emission factors for diesel trucks are much greater than
those for gasoline vehicles.
5.3.4: Emission Inventory Contributions from On-Road Gasoline and Diesel Engines
Total exhaust emissions estimates can be estimated as the product of a fuel-based emission factor
and the total amount of fuel burned (see Chapter 2). This approach was applied using Caldecott
tunnel-derived emission factors for 2010 to map out the relative importance of gasoline versus
diesel sources to overall emissions from on-road motor vehicles. In this case, the relative
contribution of diesel trucks to on-road emissions of a given pollutant (Ed,P) can be described by
two parameters: (1) the ratio of diesel to gasoline emission factor for the pollutant (ERP), and (2)
the diesel mass fraction of total taxable fuel use by on-road motor vehicles (FCd):

(

)

(5.6)

Here, increasing ERP or FCd results in a larger relative contribution to overall emissions of
pollutant P from the diesel truck fleet. While ERP extends over a wide range of values and
depends on pollutant, FCd is constrained to values between 0 and 1 and increases with the
prevalence and relative magnitude of diesel fuel use in the region of interest.
Eq. 5.6 was applied to estimate contributions from diesel vehicles to total on-road vehicle
exhaust emissions of various pollutants as summarized in Figure 5.3. The shaded, horizontal
bands shown in Figure 5.3 show 95% confidence intervals for the mean emission factor ratio
(ERP) estimated for each pollutant. The labeled curves indicate diesel contributions as
percentages of total on-road vehicle emissions. In general, the upper right corner of the diagram
is diesel-dominated due to heavy reliance on diesel fuel and a choice of pollutant for which the
diesel to gasoline emission factor ratio is also high. The converse is true in the lower left corner
of the diagram where gasoline engine contributions dominate. It is important to note emission
factors measured at the Caldecott tunnel and used in this analysis do not represent the entire
spectrum of operating modes typical of motor vehicles and important components of total
vehicle emissions may be underestimated here. The influence of cold start effects on gasoline
engine emission contributions is not shown, but will lead to higher relative contributions from
gasoline engines. Including cold start effects will not have much impact on the outcome in cases
where the diesel contribution is already above ~70%. In contrast, including start emissions
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further strengthens the conclusion in cases where gasoline engine emissions are already the
dominant source of running emissions for a given pollutant. Also, there is evidence that BC
emissions from gasoline vehicles may be magnified during start and hard acceleration operating
modes, when the engine fuel/air ratio is enriched (Fujita et al., 2007a), though, a recent on-road
plume capture study of individual LD gasoline vehicles found variation in BC emissions due to
engine operating mode to be minor relative to intervehicle variability (Park et al., 2011).
Fuel-specific emission factors for LD gasoline and HD diesel vehicles presented here and in
Chapters 4 and 6 were used to define mean ERP values and associated 95% confidence intervals,
for a suite of pollutants as shown in Figure 5.3. For CO2, ERCO2 was calculated using carbon
weight fractions for gasoline and diesel fuel reported in Table 5.1, assuming complete oxidation
of fuel carbon to CO2. Formaldehyde (HCHO) emission factors were not available for LD
vehicles from the present study, so ERHCHO was estimated using the LD vehicle emission factor
reported by Ban-Weiss et al. (2008b). Also note for organic aerosol, only primary emissions are
considered here. Motor vehicles are also important sources of volatile organic compound (VOC)
emissions that can lead to atmospheric formation of secondary organic aerosol (Bahreini et al.,
2012; Gentner et al., 2012).
A main feature of Figure 3 is the wide range of values of ERP, which span several orders of
magnitude, and the resulting implications for the distribution of emissions from the on-road
motor vehicle fleet. For CO2 and VOC, where fuel-specific emission factors for gasoline and
diesel vehicles are similar (ERP ~ 1), the exhaust emissions contribution of diesel trucks is
approximately proportional to fuel consumption. Because gasoline use tends to be much higher
than corresponding diesel fuel sales in most parts of North America, gasoline engines also tend
to dominate emissions of these species. For CO2, the diesel contribution to total on-road motor
vehicle emissions follows diesel fuel consumption and ranges from approximately 10% in the
San Francisco Bay Area to 25% in the United States as a whole. Of the pollutants considered,
only CO was found to have a higher emission factor for gasoline vehicles relative to diesel
vehicles. When combined with relative fuel consumption estimates, this finding is consistent
with other studies indicating that diesel trucks are a minor source of CO emissions (Parrish,
2006).
Diesel engines are considerably more important as a source of other pollutants considered here.
Emission factors of NOx and OA measured at the Caldecott tunnel were an order of magnitude
higher for diesel trucks than for LD gasoline vehicles, and BC emission factors were
approximately a factor of 50 higher for diesel engines. These differences in emission factors
offset the lower relative amounts of diesel fuel consumed at regional, state, and national scales.
As a result, diesel engines appear to be the dominant on-road source of BC, OA, and NOx and
are a significant source of primary HCHO emissions.
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Figure 5.3. Contribution of diesel vehicles to total on-road motor vehicle exhaust emissions for
varying levels of diesel consumption. Isopleth lines show percentage of on-road exhaust
emissions attributable to diesel engines. Fuel use data from McDonald et al. (2012; CA, USA)
and Gentner et al. (2012; SF Bay). SF Bay weekday (WD) and weekend (WE) diesel fuel
fraction calculated following methods of Marr et al. (2002).
This study indicates that on-road diesel trucks are heavily dominant as a source of BC emissions
relative to gasoline vehicles. Figure 5.3 shows that diesel engines contribute greater than 50% of
total on-road BC emissions, even at very low levels of diesel fuel consumption. In urban areas,
reduced ambient concentrations of BC on weekends relative to weekdays have been attributed to
lower levels of diesel truck activity on weekends (Kirchstetter et al., 2008; Pollack et al., 2012).
As shown in Figure 5.3, at an estimated diesel fraction of total on-road fuel consumption of 3.5%
on weekends in the San Francisco Bay area, diesel engines still contribute ~60% of total BC
emissions. Thus, though total emissions of BC from motor vehicles are reduced on weekends due
to lower levels of fuel consumption, diesel engines are still the dominant source of BC
emissions. This dynamic is similar to the emissions profile measured at bore 2 of the Caldecott
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tunnel, where MD and HD trucks, present at very low levels relative to LD gasoline vehicles,
accounted for a large fraction of total BC emissions. In general, these results suggest gasoline
vehicles are an insignificant source of BC emissions relative to diesel trucks.
Future reductions in pollutant emissions from the on-road vehicle fleet will likely be driven
primarily by the introduction of aftertreatment control technologies to the diesel truck fleet. New
exhaust emission standards promulgated by the US EPA have led to the use of technologies such
as diesel particle filters (DPFs) and selective catalytic reduction (SCR) systems in new diesel
trucks. These systems are designed to reduce particle mass and NOx emissions and often
incorporate an oxidation catalyst which can also be effective in reducing emissions of CO and
VOCs (Herner et al., 2009; Heeb et al., 2010; Bishop et al., 2012b). In California, national
emission standards for new trucks are augmented with statewide regulations requiring the retrofit
of older trucks with DPFs. As a result of these programs, most large HD trucks in California are
expected to have DPF systems installed by 2014 (CARB, 2000). The introduction of these
control technologies to the diesel truck fleet will likely accelerate reductions in fleet-average
emission factors for many species, in particular particle-phase pollutants, from this source
category. As a result, EFP values presented here are expected to decrease in future years.
5.4: SUMMARY
This chapter reports results from measurements of vehicle emissions made in bore 2 of the
Caldecott tunnel, where LD vehicles account for >99% of total traffic. Measured pollutant
concentrations were apportioned between LD gasoline vehicles and diesel trucks. Fleet-average
emission factors were then calculated for LD vehicles using a carbon balance method. Diesel
trucks, while accounting for <1% of total vehicles, were responsible for 24 ± 4, 22 ± 5, and 45 ±
8% of the measured PM2.5, OA, and BC concentrations, respectively. These disproportionate
emissions contributions from diesel trucks can result in significant bias in the on-road evaluation
of LD vehicle emission factors unless analysts explicitly account for their presence. Fleetaverage OA and BC emission factors for light-duty vehicles reported here are 10 and 50 times
lower, respectively, than average heavy-duty diesel truck emission factors measured during the
same field campaign. Emission factors and overall fuel consumption for gasoline and diesel
engines were used to map out the relative importance of these sources to overall on-road vehicle
emissions. Gasoline engines were found to be the dominant source of CO, an insignificant source
of BC, and a relatively minor source of OA emissions at urban, state, and national scales.
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CHAPTER 6: CHEMICAL CHARACTERIZATION OF
PARTICULATE MATTER EMISSIONS FROM IN-USE MOTOR
VEHICLES
6.1: INTRODUCTION
On-road motor vehicles, especially diesel engines, are important sources of fine particulate
matter (PM2.5) emissions. Exposure to PM2.5 has been linked to various negative health effects
(Brook et al., 2010; Pope and Dockery, 2006). PM2.5 emissions from motor vehicles are of
particular importance in urban areas where emissions occur in close proximity to exposed
populations (Brugge et al., 2007; Jerrett et al., 2005). For example, the fraction of primary
emissions that are inhaled by people (i.e. intake fraction) is approximately an order of magnitude
greater for vehicles in urban areas than for coal-fired power plants (Evans et al., 2002; Marshall
et al., 2005). Exhaust PM2.5 emitted by motor vehicles is primarily composed of carbonaceous
species, including black carbon (BC) and organic aerosol (OA). The BC fraction of total
carbonaceous particle emissions depends on various factors, including engine type, engine
operating conditions, and the presence of emissions control equipment (Chow et al., 2011). In
general, diesel engines tend to have higher BC emission rates relative to OA, and conversely for
gasoline engines (Ban-Weiss et al., 2008a; Chow et al., 2011).
Exhaust OA emissions consist of low volatility organic compounds derived from fuel and engine
lubricating oil. Recent studies of emissions from combustion sources have shown that exhaust
OA is primarily semi-volatile, and is thus subject to gas-particle phase partitioning (Grieshop et
al., 2009; May et al., 2013; Robinson et al., 2007, 2010). Partitioning of semi-volatile organic
compounds (SVOC) between the condensed and gas phases is thought to be governed by
absorptive partitioning in the atmosphere and is therefore dependent on temperature,
concentrations of sorptive material, and the volatility distribution of SVOC (Donahue et al.,
2006; Robinson et al., 2007, 2010). In the case of motor vehicle emissions, where OA/BC ratios
are typically larger than atmospheric levels, sorption of organic compounds to BC particle
surfaces may also influence gas-particle partitioning (Roth et al., 2005). Upon emission, rapid
cooling of motor vehicle exhaust promotes condensation of condensable organic vapors and
partitioning is shifted towards the particle phase. As exhaust is further diluted to ambient
conditions, concentrations of SVOC are reduced leading to the evaporation of SVOC to maintain
phase equilibrium (Robinson et al., 2010). Measurements of OA emission factors for motor
vehicles are thus dependent on dilution and temperature conditions of sampled exhaust (Lipsky
and Robinson, Grieshop et al., 2009; May et al., 2013).
The relative contribution of diesel fuel and lubricating oil to OA emissions depends on fuel and
lubricating oil properties, temperature, engine operating speed, and engine load (Brandenberger
et al., 2005; Kweon et al., 2003; Lapuerta et al., 2003; Maricq, 2007; Sakurai et al., 2003).
Several laboratory and on-road investigations of diesel exhaust using aerosol mass spectrometers
and similar instruments have concluded that lubricating oil is the dominant source of exhaust OA
based on comparisons of OA mass spectra for diesel exhaust and pure diesel fuel and lubricating
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oil (Canagaratna et al., 2004; Sakurai et al., 2003; Tobias et al., 2001). Other researchers
employing apportionment methods utilizing molecular markers to distinguish between fuel and
lubricant-derived OA report large contributions from gasoline and diesel fuel (Kleeman et al.,
2008; Sonntag et al., 2012). Significant uncertainties remain in the characterization of OA
emissions from motor vehicles.
Other components of motor vehicle exhaust PM include inorganic species such as sulfate and
trace elements (Kittleson et al., 2006; Maricq, 2007). Sulfate is present as an impurity in fuel and
as an additive in engine lubricating oil, while trace elements, including zinc, phosphorus,
calcium, and magnesium are commonly used lubricating oil additives (Cadle, 1997; Maricq,
2007; Spikes, 2004). Emission rates of these trace elements are low relative to carbonaceous
species. However, for diesel engines, emissions of lubricant-derived elements are the focus of
increasing scrutiny due to their potential negative impacts on new emissions control technologies
(Sappok and Wong, 2011; Cross et al., 2012).
The primary objective of this study was to characterize the chemical composition of motor
vehicle exhaust particulate matter using a new soot particle aerosol mass spectrometer.
Quantitative measurements of individual chemical components of exhaust PM emitted by in-use
motor vehicles were made to study the composition of PM emitted by gasoline and diesel
vehicles and to investigate the origins of OA in diesel exhaust PM. This study also features novel
high-time response measurements of lubricant-derived trace elements in the exhaust of
individual diesel trucks.
6.2: METHODS
6.2.1: Field Measurement Site
Motor vehicle exhaust emissions were measured during the July 2010 Caldecott tunnel field
study described in Chapters 4 and 5. Measurements of the chemical composition of exhaust
particles were made in bore 1 of the tunnel, which carries a mix of gasoline-powered passenger
vehicles as well as medium-duty (MD) and HD diesel trucks. Sampling was conducted on four
weekdays (July 22, 23, 26, 27) and two weekend days (July 24, 25) in 2010, with analytical
instrumentation operating from ~10 AM – 6 PM each day. As described in Chapter 4,
measurements of individual diesel exhaust plumes were made throughout the day on each of the
four weekdays. In addition, 2-hr intensive operating periods (IOPs) were specified for each day
of sampling, during which detailed vehicle counting was performed and filter samples of
particulate matter were collected. Sampling dates and times were chosen to study the impact of
varying levels of diesel truck traffic on tunnel pollutant concentrations and emission factors. Two
IOPs were conducted on each weekday, from 12-2 PM and 4-6 PM. On the weekend, there was
only one IOP per day, from 2-4 PM. The midday (12-2 PM) IOPs on weekdays corresponded to
the highest levels of diesel truck traffic in bore 1, both by absolute number and as a fraction of
total vehicle counts. Light-duty vehicle activity was highest during the weekday late afternoon
(4-6 PM) IOPs, which coincided with a relatively low diesel truck fraction. While LD vehicle
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traffic volumes during the weekend IOPs were similar to weekday levels, diesel truck traffic
decreased considerably on the weekend.
6.2.2: Measurement Methods
A new soot particle aerosol mass spectrometer (SP-AMS) was used in this study to provide
detailed measurements of PM mass concentrations and chemical composition. A detailed
description of this instrument, including operating principles and calibration procedures, is
presented by Onasch et al. (2012). The SP-AMS adds a 1064 nm continuous wave intra-cavity
laser vaporizer to an existing Aerodyne high resolution aerosol mass spectrometer (HR-AMS). In
the standard HR-AMS configuration, sampled particles are focused into a narrow beam using an
aerodynamic lens. This particle beam is transmitted through a vacuum system to a resistively
heated tungsten vaporizer at 600°C, on which particles impact and vaporize. Neutral molecules
formed by the vaporization of non-refractory particle components (e.g. organic compounds,
ammonium, sulfate, nitrate) are subsequently ionized by 70 eV electron impact ionization and
detected by high resolution time-of-flight mass spectrometry (DeCarlo et al., 2006; Jayne et al.,
2000). In the standard HR-AMS, lower volatility refractory materials such as black carbon (BC)
are not vaporized at the operational temperatures of the tungsten vaporizer and, thus, are not
detected by the instrument.
The inclusion of a laser vaporization source in the SP-AMS enables the characterization of
refractory particles in addition to the standard components (e.g., organics, sulfate, nitrate,
ammonium). The laser cavity is incorporated into the AMS vacuum chamber (10-5 Torr). In this
alignment, the laser beam is perpendicular to the incident particle beam. As particles cross the
laser beam, absorbing BC particles heat up to several thousand degrees Kelvin before vaporizing
into neutral carbon clusters (Onasch et al., 2012). As the BC component of sampled particles is
heated by IR absorption, both BC and any coatings associated with these particles are vaporized.
Coating species may include organics, inorganics, and refractory metals. Transit times for
particles passing through the laser beam are on the order of 5-20 µs. Due to the high vacuum in
the ionizer chamber and short time scales for vaporization, the likelihood of significant oxidation
of BC particles (rather than vaporization) is low. Particles that either do not intersect with the
laser beam or that pass through the laser beam without vaporizing impact on the tungsten
vaporizer, where nonrefractory components are vaporized. Ionization and detection of vapor
molecules in the SP-AMS follows standard HR-AMS methods.
For the measurements presented here, both the tungsten and laser vaporizer of the SP-AMS were
turned on, enabling the characterization of nonrefractory PM species and refractory BC along
with associated coatings. A focus of this project was to characterize the chemical composition of
particles in individual diesel truck exhaust plumes. These truck plume events occur over short
(typically < 30 s) time intervals and thus, fast sampling modes for the SP-AMS were prioritized.
In general, the SP-AMS was operated in the mass spectrum (MS) data acquisition mode,
whereby the particle beam is alternatively transmitted and blocked using a chopper wheel. Mass
spectra measured while the particle beam is blocked correspond to the instrument background
and are subtracted from the mass spectra measured while the particle beam is transmitted to
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isolate the signal for each ensemble of sampled particles (DeCarlo et al., 2006; Kimmel et al.,
2011). This operating mode enabled the characterization of particle mass spectra with a nominal
time resolution of 1 s. The time-of-flight mass spectrometer was operated with ion optics in the
V-mode setting, which provided a mass resolving power of 2500 at 200 amu. This resolution
enabled the separation of individual chemical ions at the same nominal mass-to-charge (m/z)
ratio in particle mass spectra.
The SP-AMS was set up in the Aerodyne mobile laboratory, which was parked outside of a fan
building at the east end of the tunnel. As described in Chapter 4, additional instruments to
characterize gas and particle-phase pollutants were set up in the mobile lab and in a ventilation
duct directly above the tunnel traffic. Tunnel air samples were delivered continuously to
instruments set up in the mobile lab through 35 m of 1.6 cm outside diameter copper tubing at a
flow rate of 16.7 l min-1. A URG (Chapel Hill, NC) cyclone was installed upstream of the aerosol
instrumentation to remove particles with aerodynamic diameters larger than 2.5 µm. Tunnel air
was sampled directly by extending the inlet of the copper sampling line ~0.1 m through a
ventilation plenum into bore 1 of the tunnel below, sampling pollutant concentrations
approximately 50 m prior to the tunnel exit.
Site constraints necessitated the use of a long sampling line to deliver tunnel air samples to
instruments located in the mobile lab, leading to significant losses of small particles due to
diffusive losses. The particle transmission efficiency as a function of particle diameter for the
extractive sampling technique used here was quantified using a combination of experimental
measurements and theoretical calculations (see Appendix C). Results indicated that there was
50% particle transmission through the sampling line for 50 nm diameter particles; nuclei mode
particles were not efficiently transported through the sampling line. Sampling losses of larger
particles (>100 nm in diameter) are estimated to be less than 10%. Previous measurements of
particle size distributions at the Caldecott tunnel show that while sub-50 nm particles account for
the majority (>75%) of total particle number emissions in motor vehicle exhaust, the contribution
of these ultrafine particles to total particle volume and mass is relatively minor (< 10%) (BanWeiss et al., 2010). Thus, while the long sampling line used here is not well suited for describing
total particle number concentrations or ultrafine particle size distributions, characterization of
particle mass concentrations and chemical composition is not expected to be significantly
impacted by sampling line losses.
Additional instrumentation deployed at the Caldecott tunnel provided supporting data for the
interpretation and analysis of the SP-AMS data. A full description of gas and particle phase
species measured at the tunnel and corresponding instrumentation is presented in Chapters 4 and
5. Supporting data utilized in this study include non-dispersive infrared absorption measurements
of CO2 concentration (LI-COR model LI-6262, Lincoln, NE), and BC mass concentration
measurements made with a multi-angle absorption photometer (MAAP, ThermoFisher Scientific
model 5012, Waltham, MA). Additionally, average mass concentrations of organic aerosol (OA),
BC, and PM2.5 were quantified for each 2-hr sampling period using thermal-optical and
gravimetric analyses of collected quartz and Teflon filter samples, respectively.

92

6.2.3: Data Analysis
The SP-AMS data were processed using standard HR-AMS software toolkits SQUIRREL
(Sequential Igor Data Retrieval, version 1.52C) and PIKA (Peak Integration by Key Analysis,
version 1.11C). The direct measurement provided by the SP-AMS is a summed ion rate for
individual chemical species (Is, units of Hz = ions s-1). This ion rate can be converted into a mass
concentration (Cs, µg m-3) utilizing instrument calibrations and known sample flow rate (Q = 1.4
cm3 s-1) (Allan et al., 2004; Jimenez et al., 2003; Onasch et al., 2012):
∑

(6.1)

where mIENO3 is the mass specific ionization efficiency for nitrate (ions measured per picogram
of nitrate sampled) and RIEs is the relative ionization efficiency of species S, and is defined as
the ratio of the mass specific ionization efficiency of species S to mIENO3. mIENO3 was estimated
as 600 ± 120 ions picogram-1 based on standard AMS ammonium nitrate instrument calibrations
performed during the field sampling campaign. RIEs values for nonrefractory species typically
measured by HR-AMS instruments have been characterized though laboratory calibrations
(Alfarra et al., 2004; Canagaratna et al., 2007). Similarly, RIEBC was experimentally determined
to be 0.2 ± 0.1 based on laboratory calibrations using aerosolized Regal black particles (Onasch
et al., 2012). The laser vaporization source utilized in the SP-AMS extends the range of chemical
species detected by the instrument to include refractory species associated with BC containing
particles, such as metals derived from lubricating oil additives. Experimentally derived RIEs
values are not available for these species, thus mass concentrations are calculated using RIEs = 1
and are reported as nitrate-equivalent concentrations.
6.2.4: Diesel Truck Exhaust Plume Analysis
The fast time response SP-AMS operating mode used for this project enabled the
characterization of average mass spectra and chemical species emission factors for individual
diesel truck exhaust plumes. Video recordings of vehicle activity at the tunnel on each day of
sampling (weekdays only; 10 AM-6 PM) were analyzed to determine the times at which
individual HD trucks passed beneath air sampling inlets. Instances where an individual truck
passage resulted in a rise and fall (peak) in the measured CO2 concentration discernible above
background tunnel levels were identified in Chapter 4, and are used as the basis for further data
analysis including SP-AMS results presented here. Observed CO2 concentration peaks were used
to delineate the time period of exhaust plume capture for each passing truck. Corresponding
peaks in measured concentrations of other pollutants are indicative of their presence in the
exhaust plume, and provide information on the emission profile of each truck. In this study, mass
spectra for individual trucks were obtained by subtracting the tunnel background mass spectrum
measured immediately prior to sampling of a truck plume from the average mass spectrum
measured during the truck plume event. Fuel-based emission factors for particulate species were
calculated following the carbon balance method presented in Chapters 3 and 4:
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where EFP is the emission factor for species S (g kg fuel-1) and wc = 0.87 is the weight fraction of
carbon in diesel fuel. The period of exhaust plume measurement is represented by the time
interval t1 ≤ t ≤ t2. ([S]t – [S]t1) is the tunnel background-subtracted concentration of species S at
time t (µg m-3), and similarly for [CO2] (mg C m-3). Carbon dioxide concentrations are typically
much larger than those of other carbon-containing species in diesel exhaust and thus, CO2 is used
here to estimate total fuel-derived carbon associated with the exhaust plume.
6.3: RESULTS AND DISCUSSION
6.3.1: Instrument Intercomparisons and IOP Average Concentrations
The ability of the SP-AMS to measure BC emitted by motor vehicles was evaluated through a
comparison with a collocated MAAP absorption photometer. Black carbon concentrations
measured with the MAAP were in good agreement with other approaches (e.g. aethalometer,
photoacoustic spectrometer, thermal-optical analysis of quartz filters) used to characterize BC
during this field campaign (see Figure 4.3). Figure 6.1 shows a comparison of 1 s time resolution
BC concentrations measured by SP-AMS and MAAP for four of the six days of sampling
considered here. This comparison does not include July 23 or 24, as the MAAP was offline on
those days. In general, BC concentrations measured by the two instruments are well correlated,
with a correlation coefficient R2 = 0.90 based on a linear least squares fit of the data. The
observed scatter in the data is largest at high BC concentrations. These data represent
contributions from high emitting diesel trucks, and the scatter in the measured BC concentrations
is likely due to slight differences in the time response of the two instruments to truck plume
events and resulting difficulties in data alignment for this comparison of 1 Hz BC data. On
average, MAAP BC concentrations are approximately four times larger than SP-AMS BC
concentrations. In a previous application of the SP-AMS to measure particulate matter emitted
by motor vehicles, Massoli et al. (2012) report a factor of nine underestimate in BC
concentrations measured by SP-AMS relative to the MAAP. The authors attribute this disparity
to particle losses within the SP-AMS resulting from sub-optimal alignment of the laser vaporizer
and particle beams. In cases where regions of the particle beam do not overlap with the laser
beam, BC particles are not vaporized and thus are not detected (Onasch et al., 2012). The slope
of the linear fit to the data shown in Figure 6.1 therefore defines the effective collection
efficiency of the SP-AMS with respect to the BC component of sampled PM, CE = 0.27. Based
on this analysis, SP-AMS BC mass concentrations presented here are further multiplied by a
factor of 3.7. The CE for non-refractory species is governed by particle losses due to particle
bounce effects at the tungsten vaporizer, and is assumed to be equal to 1 for the motor vehicle
exhaust emissions considered here (Matthew et al., 2008; Onasch et al., 2012).
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Figure 6.1. Comparison of tunnel BC concentrations measured by SP-AMS and MAAP
instruments. Slope of linear fit describes CE for BC as 0.27.
SP-AMS measurements of carbonaceous aerosol mass concentrations for each IOP are shown in
Figure 6.2, together with corresponding measurements of BC and OA derived from thermaloptical analysis of quartz filter samples, and PM2.5 mass concentrations from gravimetric
analysis of Teflon filter samples. In this figure, tunnel OA and BC mass concentrations are
shown in green and black, respectively, and PM2.5 mass is shown in blue. Fine particulate matter
measured in the tunnel is composed primarily of carbonaceous species. The sum of OA and BC
contributions estimated from quartz filter samples and the SP-AMS respectively accounting for
87 ± 8 and 99 ± 8% of Teflon filter-derived PM2.5 mass. This finding is consistent with the motor
vehicle exhaust emission source expected in a roadway tunnel environment. PM2.5 emissions
from gasoline and diesel engines are mainly composed of carbonaceous species, with minor
contributions from inorganic species such as sulfate and metallic ash (Ban-Weiss et al., 2008a;
Fujita et al., 2007a; Maricq, 2007). The largest difference between PM2.5 and carbonaceous
aerosol mass concentrations was observed for the July 22, 12-2 PM sampling period shown at the
left of Figure 6.2. During this time period, tunnel maintenance staff carried out street sweeping
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of the traffic lanes, which is expected to have enhanced contributions to PM2.5 from non-tailpipe
sources (e.g., resuspended road dust) during this period.
For quartz filter OA measurements presented Figure 6.2 back quartz filters located downstream
of teflon filters (QBT) were used to correct for a positive sampling artifact in determining tunnel
OA concentrations from front quartz filters. The positive artifact results from the adsorption of
low volatility organic vapors to the quartz filters. Volatilization of collected OA from the front
quartz filter may result in a negative sampling artifact, though this effect is expected to be small
relative to the adsorption of organic vapors (May et al., 2013; Subramanian et al., 2004). Tunnel
OA concentrations were estimated by subtracting OA measured on QBT filters from bare quartz
filters collected in parallel. Resulting OA concentrations for each IOP are shown in Figure 6.2 as
solid green bars (Q-QBT). The measured OA on QBT filter samples (corresponding to adsorbed
organic vapors) is shown in as unshaded bars above the corrected front quartz filter OA
estimates. Organic carbon mass loadings determined from the quartz filters were converted to
equivalent OA mass by multiplying by a factor of 1.25 (this factor accounts for additional mass,
mainly hydrogen, associated with organic carbon present in the particle phase). Throughout the
field study, SP-AMS OA concentrations were approximately 40% higher than OA concentrations
derived from quartz filter samples. Uncertainties in the quantification of these sampling artifacts
likely contribute to the discrepancies observed in filter and SP-AMS OA measurements. For
example if the volatilization of particulate organic compounds collected on front quartz filters is
non-negligible, treatment of the back quartz filter OA measurements followed here may
underestimate actual tunnel OA concentrations.
Total PM2.5 mass measurements provided by the SP-AMS, including carbonaceous species and
inorganic ions (e.g. sulfate, nitrate, ammonium, chloride), are further compared with Teflon filter
derived PM2.5 mass concentrations in Figure 6.3. Excluding anomalous data from one sampling
period with street sweeping activity, PM2.5 mass concentrations determined by the two methods
are generally in good agreement, with a slope near one and a correlation coefficient of 0.82.
Inorganic ions accounted for less than 5% of total particle mass measured by the SP-AMS during
weekday IOPs, and 8 and 14% of total mass on Saturday and Sunday sampling periods,
respectively, when tunnel concentrations were lower. Ammonium concentrations were well
correlated with the sum of the nitrate molar concentration and the sulfate molar concentration
multiplied by a factor of two (R2=0.98), suggesting the main source of these species was likely
ammonium nitrate and ammonium sulfate present in the ambient background contribution to
PM2.5 concentrations measured inside the tunnel. Motor vehicle contributions to inorganic ions
measured in the tunnel may also result from the presence of trace impurities and additives in fuel
and lubricating oil, particularly in the case of sulfate (Maricq, 2007).
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Figure 6.2. Comparison of average PM2.5 concentrations and composition measured during each
2-hr sampling period. Three measures of PM2.5 mass are shown for each period, derived (reading
left to right) from analysis of Teflon filters, quartz filters, and SP-AMS data. Sampling periods
are identified using codes of the form ddhh, where dd indicates the date during July 2010, and hh
is the starting hour of sampling. July 24-25 were weekend days with lower diesel truck traffic
volumes. Q-QBT OA concentrations correspond to quartz filter-derived OA measurements
adjusted to account for OA measured on separate quartz-behind-Teflon (QBT) filter samples
collected in parallel. QBT OA concentrations are also shown here as unshaded green bars.
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Figure 6.3. Comparison of PM2.5 and carbonaceous aerosol mass concentrations. SP-AMS total
mass includes carbonaceous species (OA, BC) as well as inorganic ions (sulfate, nitrate,
ammonium, chloride).
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6.3.2: Chemical Composition of Diesel Exhaust PM
Fast time-response data provided by the SP-AMS were used to investigate the chemical
composition of PM emitted by individual HD diesel trucks. Figure 6.4 shows the response of the
instrument to a passing truck. A clear peak in the measured CO2 concentration above background
levels is visible and defines the period of exhaust plume measurement (~15 s). Corresponding
peaks in the measured OA and BC concentrations are similarly well-defined, indicating the
presence of these species in the exhaust plume. The use of a laser vaporization source in the SPAMS also enables characterization of other refractory trace elements in the exhaust plumes of inuse diesel trucks. Figure 6.4 shows clear increases in the measured concentration of several trace
elements associated with diesel fuel and lubricating oil additives (Cross et al., 2012).
Analysis presented in Chapter 4 identified 809 candidate HD trucks for which individual truck
exhaust plume contributions of CO2 were discernible above background levels inside the tunnel.
Due to a lower duty cycle relative to CO2 analyzers and more frequent instrument calibrations,
SP-AMS data were only available for 293 of the 809 successful plume captures. As discussed
below, this sub-sample was used to calculate emission factor distributions for OA, BC, and
various trace elements from individual trucks. For the mass spectral analysis discussed here,
additional and more rigid criteria were defined to identify trucks for which exhaust plume PM
mass spectra were sufficiently distinct from tunnel background mass spectra. In this case only
trucks with OA and BC emission factors greater than 0.05 g kg-1 as calculated using Eq. 6.2, and
peak exhaust plume CO2 concentrations at minimum 100 ppm higher than tunnel background
levels (corresponding to an ~10% increase for typical tunnel CO2 concentrations of 1000 ppm)
were considered for mass spectral analysis. These criteria exclude trucks with low particle mass
emission rates, as well as trucks with more dilute exhaust plumes. Of the 293 trucks for which
SP-AMS data was available, 145 met the acceptance criteria outlined above.
The average SP-AMS mass spectrum for this sub-population of trucks is shown in Figure 6.5,
with mass spectra for carbon and organic ions shown in the lower panel, and ions associated with
trace elements shown in the top panel. Mass spectra for each truck were normalized to total ion
signal and then averaged to obtain the results shown in Figure 6.5. In the average diesel PM mass
spectrum, the height of each bar indicates the relative percent of the total ion signal for a given
mass-to-charge ratio (m/z), and uncertainty bars show the 95% confidence interval. The use of a
high-resolution mass spectrometer enabled identification of individual chemical ion
contributions at the same nominal m/z, and the separation of spectra according to chemical
families. Ion fragments of the family Cx+ indicate clusters of carbon atoms and represent the BC
signal, shown in black in Figure 6.5. On average, the BC signal accounted for approximately 9%
of the total ion signal measured for diesel exhaust PM. The largest carbon ion signals are from
the fragments C1+ (m/z=12) and C3+ (m/z=36), which together account for 77% of the total
carbon ion signal for m/z in the range 10-360. Likewise, small carbon clusters of 1-5 carbon
atoms (C1+-C5+) account for greater than 97% of the total carbon ion signal in this mass range.
These findings are consistent with previous measurements of BC mass spectra for individual
diesel buses in New York City (Massoli et al., 2012). The average diesel truck BC mass
spectrum, normalized to total carbon ion signal, is shown in Figure 6.6. A key feature of this
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figure is the low variability in the distribution of carbon ion signals across the sampled truck
population, as evidenced by the relatively small uncertainty in contributions to the total signal
associated with each carbon ion. This low variability suggests that the distribution shown in
Figure 6.6 could define a BC emissions source “fingerprint” for in-use diesel trucks that may be
useful in future applications of the SP-AMS to source apportionment of ambient BC (Onasch et
al., 2012).

Figure 6.4. Species concentrations measured during individual diesel truck plume event. Clear
peaks are visible for trace elements, indicating presence in truck exhaust plume.
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Figure 6.5. Average relative ion signal for 145 diesel truck exhaust plumes. Only trucks with
CO2 peak rise > 100 ppm and OA and BC emission factors > 0.05 g kg-1 are included here in
order to ensure adequate signal above tunnel background levels. Error bars show 95%
confidence interval. Legend includes correlation of signal from each ion group with the total OA
signal.
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Figure 6.6. Average BC mass spectra for 145 diesel truck plumes. Ion signals for each carbon
ion (Cx+) are normalized to total carbon ion signal. Note 13C isotopes are excluded here for sake
of visual clarity.
The OA component of the diesel truck mass spectrum is dominated by hydrocarbon ion
fragments of the CxHy+ family. The largest observed signals in the OA mass spectrum are from
the ion fragments C3H5+ (m/z = 41), C3H7+ (m/z = 43), C4H7+ (m/z = 55), and C4H9+ (m/z = 57),
which together account for 27 and 30% of the total ion and OA ion signals, respectively. In sum,
ions of the CxHy+ family contributed 91% of the measured OA signal and 79% of the total ion
signal. The predominance of the CxHy+ family in the OA mass spectrum is expected for primary
exhaust OA from diesel engines and is consistent with previous characterizations of the chemical
composition of PM emitted by in-use vehicles (Canagaratna et al., 2004; Chirico et al., 2011;
Massoli et al., 2012). Organic aerosol emitted by diesel trucks is largely unoxidized, with
oxidized organic ion fragments of the families CHO and CHO>1 contributing less than 10% of
the total organic signal. Atomic ratios (O/C, H/C) and the organic aerosol mass to organic carbon
ratio (OA/OC) of the diesel truck OA were evaluated following methods developed by Aiken et
al. (2007, 2008). Average values of O/C, H/C, and OA/OC for the diesel trucks considered here
are 0.06 ± 0.02, 1.90 ± 0.05, and 1.24 ± 0.03, respectively. These values agree with other ratios
measured in laboratory investigations of diesel engine exhaust (Mohr et al., 2009; Chirico et al.,
2010).
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Sources of OA in diesel exhaust include unburned fuel and lubricating oil and their partially
oxidized products (Maricq, 2007). Though both fuel and oil are derived from petroleum sources,
different processing techniques lead to large differences in the molecular weights and chemical
structures characteristic of diesel fuel and lubricating oil. For example, diesel fuel is typically
composed of hydrocarbons with carbon numbers ranging from C10-C25, while lubricating oils
consist of less volatile hydrocarbons with carbon numbers ranging from C14-C45 (Isaacman et al.,
2012; Kweon et al., 2003; Tobias et al., 2001). Additionally, while diesel fuels have high
concentrations of n-alkanes, lubricating oils tend to be dominated by cycloalkanes, due to the
deliberate removal of n-alkanes during a dewaxing process (Isaacman et al., 2012; Tobias et al.,
2001).
Previous studies of diesel PM using AMS and similar instruments have investigated the relative
contributions of fuel and lubricating oil through analysis of diesel exhaust OA mass spectra and
comparison with mass spectra measured for pure diesel fuel and lubricating oil (Canagaratna et
al., 2004; Sakurai et al., 2003; Tobias et al., 2001). Main hydrocarbon ion series identified in
both fuel and lubricating oil include Cn H2n 1 (m/z 29, 43, 57, 71, 85, 99…) typical of saturated
alkyl compounds (n-alkanes, branched alkanes), Cn H2n-1 (m/z 27, 41, 55, 69, 83, 97…) typical of
slightly unsaturated aliphatic compounds (cycloalkanes, alkenes) and Cn H2n-3 (m/z 67, 81, 95,
109…) ion fragments derived from bicycloalkanes (Canagaratna et al., 2004; McLafferty and
Turecek, 1993; Tobias et al., 2001). Previous investigations have noted that saturated alkane ion
signals are larger than neighboring cycloalkane-derived ion signals in the ranges m/z = 67-71 and
81-85 for diesel fuel, while the opposite is true for lubricating oil (Canagaratna et al., 2004;
Sakurai et al., 2003; Tobias et al., 2001). In each of these prior studies, the predominance of m/z
= 69 versus 71, and m/z = 83 versus 85, in diesel OA mass spectra indicates that the lubricating
oil contribution to diesel OA dominates over contributions attributable to diesel fuel. For the
diesel truck plume measurements reported here, all three of the main hydrocarbon series noted
above are apparent in the OA mass spectrum shown in Figure 6.5. Average diesel PM ion signal
ratios at m/z = 69 to 71, and m/z = 83 to 85 were 1.51 ± 0.08 and 1.66 ± 0.08. Sakurai et al.
(2003) measured particle mass spectra for mixtures of varying relative volumes of pure
lubricating oil and diesel fuel. Results from these experiments show ion signals at m/z 71 and 85
were larger than signals at m/z 69 and 83, respectively, for mixtures containing 20% fuel: 80%
oil and 10% fuel: 90% oil. Cycloalkane signals in these mass ranges were only clearly dominant
over saturated alkane signals for a mixture of 5% fuel: 95% oil. Based on these results, the
authors conclude that measured diesel exhaust particles are comprised of at least 95% unburned
lubricating oil. While the lack of measurements of pure fuel and lubricating oil samples preclude
a similar analysis here, ratios at m/z = 69 to 71, and m/z = 83 to 85 greater than unity support a
similar conclusion that lubricating oil was the predominant source of OA measured in the
exhaust of diesel trucks operating in the Caldecott tunnel.
Further information concerning the origin of OA in the exhaust of the 145 HD diesel trucks
considered here is derived through an analysis of other trace elements measured in individual
exhaust plumes. Trace elements included in this analysis were selected based on their prior
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identification in diesel exhaust PM in a laboratory study that used the SP-AMS (Cross et al.,
2012). These trace species are typically present as additives or impurities in diesel fuel and
lubricating oil. For example, zinc and phosphorus are present in zinc dialkyl dithiophosphate
(ZDDP), a widely used lubricating oil additive that enhances antiwear and antioxidant properties
of the oil (Spikes, 2004). Similarly, calcium and magnesium are components of detergent
additives in lubricating oils (Cadle et al., 1997). Lubricating oil additives such as calcium, zinc,
and phosphorus are typically not present at detectable levels in diesel fuel, and can thus be used
as tracers for lubricant-derived OA in diesel exhaust (Shields et al., 2007; Spencer et al., 2006).
Sulfur is present both as a trace species in diesel fuel, as well as in lubricating oil additives.
Other species considered here include potassium and sodium associated with diesel fuel, and lead
associated with engine wear (Cross et al., 2012). While these trace elements typically account for
a small fraction of the total PM mass emitted by diesel engines, mineral ash emissions may
accumulate over time and negatively impact the performance of diesel particle filters, as the ash
is not readily removed from exhaust filters by oxidative regeneration schemes that are used to
remove accumulated BC and OA (Maricq, 2007; Sappok and Wong, 2011).
The top panel of Figure 6.5 shows the average relative ion signal measured for trace elements in
the exhaust of diesel trucks operating at the Caldecott tunnel. The mass resolving power of the
high resolution time-of-flight mass spectrometer used in the SP-AMS enabled the simultaneous
identification of these trace elements and hydrocarbon fragments at the same nominal m/z.
Included in the legend are the correlation coefficients for a comparison of the summed ion signal
for each ion group with the total OA signal across the sampled population of trucks. The highest
correlation with OA was observed for lubricant-derived species, including phosphorus
containing ions (phosphorus/phosphate), zinc, and magnesium. Figure 6.4 shows an example of a
truck plume where signals for these species were particularly strong and readily discernible
above both background signals and SP-AMS instrument noise. Emission mechanisms for
lubricating oil include volatilization of oil components at high temperatures and liquid oil
emissions (Tornehed and Olofsson, 2011). In Figure 6.4, the correspondingly large BC signal
suggests these elements were likely associated with BC particles and vaporized as a result of the
heating of laser-light absorbing BC particles. Across the sampled truck population, the
identification of lubricant-derived species in exhaust PM is further supported by a positive
correlation in the average plume phosphorus/phosphate and zinc signals, as shown in Figure 6.7.
This correlation suggests a common source for both of these trace elements. The presence of
lubricant-derived trace metal species in diesel exhaust plumes and their positive correlation with
OA further suggests lubricating oil as a major contributor to diesel OA emissions.
In Figure 6.5, a clear signal for calcium, another common lubricating oil additive, is visible at
m/z = 40, though the correlation with OA is weaker than for other lubricant-derived elements.
Uncertainties arose in the definition of the exhaust plume calcium (40Ca) signals due to
interferences from a significant argon (Ar) signal at the same m/z. The mass resolving power of
the SP-AMS was not sufficient to differentiate 40Ca from 40Ar. Argon levels in tunnel air are
expected to be relatively stable, thus for this analysis signals for 40Ca and 40Ar were summed and
any increase in the combined signal above baseline levels was assumed to represent a
contribution from 40Ca. Uncertainties due to the higher baseline signal in this approach may
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explain the larger diesel truck exhaust signal for calcium relative to other lubricant-derived
species, as well as the weaker correlation with OA.

Figure 6.7. Comparison of phosphorus/phosphate and zinc ion signals in 145 HD truck exhaust
plume events. Each data point represents a measurement for an individual truck plume event.
6.3.3: HD Diesel Truck Emission Factors
Emission factors for individual chemical components of PM emitted by diesel trucks were
evaluated for the entire population of trucks for which SP-AMS data were available, including
low-emitting trucks not included in the mass spectral analysis presented above. Emission factors
were calculated using Eq. 6.2, and species considered here include OA, BC and the main
lubricant-derived trace elements. Fleet-average emission factors for a sample of 293 HD diesel
trucks are presented in Table 6.1, and emission factor distributions for selected species are shown
in Figure 6.8. The fleet-average BC emission factor from the SP-AMS is similar to BC emission
factors derived previously using other instrumentation (see Chapter 4), and approximately 2.6
times the value of the corresponding OA emission factor. Resulting OA to BC (OA/BC) and OC
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to BC (OC/BC) mass emission ratios for diesel trucks are 0.38 ± 0.12 and 0.31 ± 0.10,
respectively. A prior vehicle emission study at the Caldecott tunnel estimated an OC/BC ratio for
diesel trucks of 0.34, which is in good agreement with the ratio reported here. (Ban-Weiss et al.,
2008a). Because diesel PM is predominantly carbonaceous, the sum of the OA and BC emission
factors, 0.86 ± 0.17 g kg-1, provides a reasonable estimate of the PM2.5 emission factor for HD
diesel trucks. Note OA emission factors reported here are representative of dilution conditions of
individual exhaust plumes. Further dilution of exhaust to atmospheric levels may lead to
volatilization of SVOC and a reduction in primary OA emissions (Lipsky and Robinson, 2006;
Robinson et al., 2007). OA and BC emission factor distributions are shown in Figure 6.8. Note
trucks with zero or negative emission factors calculated using Eq. 6.2 are not included in this
Figure. For each of the emitted species considered here, between 5 and 11% of the total
measurements were for trucks with no detectable emissions. Both the OA and BC distributions
are lognormal, though the BC distribution is more skewed than OA. The highest 10% of BC and
OA measurements accounted for 56 and 42% of total emissions of the respective pollutants.
The ability of the SP-AMS to detect refractory PM components enabled the quantification of
lubricant-derived trace element emission factors for individual HD trucks. Fleet-average
emission factors for zinc, phosphorus/phosphate, calcium, and magnesium are reported in Table
6.1. Empirical calibrations to determine the CE and RIES for these species are not available, thus
values in Table 6.1 are reported as nitrate-equivalent mass emission factors. Fleet-average
emission factors for lubricant-derived elements are on the order of 0.1-1 mg kg-1 and are nearly
three orders of magnitude lower than OA and BC emission factors. Emission factors reported
here agree to within a factor of 4 with comparable emission factors derived from a near-roadway
study at a freeway in Los Angeles with high HD diesel truck activity (Ning et al., 2008).
Emission factor distributions for zinc and phosphorus/phosphate, shown in Figure 6.8, were
lognormal and similar to OA in their degree of skewness.
The ratio of each trace element emission factor to the fleet-average OA emission factor is
presented in Table 6.1, along with the weight fraction of each element in a CJ-4 diesel engine oil
as reported by Sappok and Wong (2011). Ratios define the emission factor for a given species to
the emission factor for OA, and reported units of mg kg-1 are equivalent to units of ppm used for
bulk lubricating oil weight fractions. In general, the measured emission factors for these
elements, when normalized to the OA emission factor, correspond well with their bulk oil
concentrations. The calcium/OA ratio is higher than what would be expected from oil
composition. As previously described, poor separation of signals for 40Ca and 40Ar may have
resulted in an overestimate of the calcium signal in truck plumes. For other elements, OA
normalized emissions are within a factor of 2 of lubricant concentrations. Furthermore, the
relative magnitudes of emission factors for trace species generally follow their abundances in
lubricating oil. These findings further support the conclusion that lubricating oil, rather than
diesel fuel, was the dominant source of exhaust OA emissions for trucks operating in the
Caldecott tunnel. If a large fraction of OA emissions were derived from unburned or partially
oxidized fuel, emission factors for these trace elements would be expected to be significantly
lower when normalized to OA emissions.
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Table 6.1. Fleet-average emission factors for HD diesel trucks (N=293).
Emission factor Lubricating oil
Emission factor ± 95%
Emission
ratio to OA
elemental
Species
confidence interval
factor units emission factor weight fraction
(mg kg-1)
(ppm)a
BC
0.62 ± 0.17
g kg-1
OA
0.24 ± 0.04
g kg-1
b
Zinc
0.26 ± 0.04
mg kg-1
1100 ± 250
1226
Phosphorus/
b
-1
0.18 ± 0.02
mg kg
760 ± 160
985
phosphate
Calcium
1.17 ± 0.25b
mg kg-1
4900 ± 1400
1388
b
-1
Magnesium
0.14 ± 0.02
mg kg
600 ± 140
355
a
Lubricating oil elemental composition reported for a SAE 15W-40 CJ-4 diesel engine oil
(Sappok and Wong, 2011).
b
Trace element emission factors reported as nitrate-equivalent mass, assuming RIES = 1 for each
species.
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Figure 6.8. Emission factor lognormal probability plots (top) and distributions (bottom) for OA,
BC, zinc, and phosphorus/phosphate.
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6.3.4: Comparison of Diesel and Gasoline Exhaust PM
The composition of PM emitted by gasoline and diesel motor vehicles was investigated through a
comparison of the chemical composition of carbonaceous aerosols measured in the tunnel during
periods of varying diesel truck influence. Figure 6.9 shows the average BC and OA mass spectra
and relative mass concentrations for six different sampling periods/vehicle emission event types:
individual diesel exhaust plume measurements (sample of 145 trucks considered for mass
spectral analysis, top panel); four weekday 12-2 PM and 4-6 PM IOPs (middle-top panels); the
Saturday and Sunday 2-4 PM IOPs (middle-bottom panels); and a high PM-emitting gasoline
vehicle (bottom panel). The panels are thus arranged from top to bottom in order of decreasing
diesel engine influence. The relative contribution of diesel engines to vehicle derived carbon for
each IOP was calculated using measured CO2 concentrations and vehicle count data, and are
included in the label for each IOP period in Figure 6.9. In general, PM contributions from
individual gasoline vehicles were not discernible above tunnel background levels, and the direct
characterization of the PM composition in a representative sample of individual gasoline vehicle
exhaust plumes was not possible. In the case of the gasoline vehicle plume event shown in
Figure 6.9, a clear OA signal was associated with the passing of a small truck. Concurrent timeresolved measurements of carbon monoxide, benzene, and toluene also support the conclusion
that this high-emitting vehicle was equipped with a gasoline engine.
A main feature of Figure 6.9 is the increasing trend in the OA to BC (OA/BC) mass ratio with
decreasing diesel influence. On average, diesel trucks were found to emit approximately 2.6
times more BC than OA, with the corresponding OA/BC ratio calculated to be 0.38 ± 0.12. For
weekday 12-2 PM and 2-4 PM sampling periods, where diesel trucks accounted for between 7
and 18% of total vehicle-derived carbon, concentrations of OA and BC were similar (OA/BC =
1.1). The OA/BC ratio further increased to 2.3 during the Sunday afternoon sampling period,
when diesel trucks accounted for only than 2% of vehicle-derived carbon. For the high-emitting
gasoline vehicle, PM emissions consisted primarily of OA. Fleet-average OA and BC emission
factors for light-duty vehicles have been evaluated separately for this field campaign, and the
corresponding OA/BC emission ratio was 1.7 ± 0.6 (see Chapter 5). Thus, the increasing
influence of gasoline vehicles on the measured OA/BC ratio is observed for weekend sampling
periods when the influence of diesel trucks is reduced.
Though relative contributions of BC and OA varied significantly, there was very little difference
in the corresponding mass spectra among sampling periods as shown in Figure 6.9. Here, the
diesel truck BC and OA mass spectra are selected as reference mass spectra. Black carbon mass
spectra shown in Figure 6.9 all have similar distributions of carbon ions, with the BC signal
dominated by C1+-C3+ carbon ions in each case. Black carbon mass spectra across all sampling
periods were highly correlated (R2 > 0.99 in all cases) with the reference diesel truck spectrum
shown in the top panel of Figure 6.9. Results presented in Chapter 5 indicate that fuel-specific
BC emission factors for diesel trucks are approximately 50 times greater than for LD gasoline
vehicles. Consequently, diesel trucks contributed the majority of BC measured during the
weekday 12-2 and 4-6 PM sampling periods, though HD trucks accounted for 7-18% of vehiclederived carbon. Thus, the high degree of correlation seen between the weekday IOPs and diesel
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truck BC mass spectra is expected. Even small numbers of diesel trucks observed in the tunnel
during the Sunday IOP still may have contributed significantly to measured BC, though in this
case light-duty vehicles are expected to be the dominant source of BC in the tunnel. The
correspondence of the BC mass spectra for the Sunday sampling period and high-emitting
gasoline vehicle with the diesel truck mass spectrum therefore suggests carbon ion distributions
measured with the SP-AMS are similar for gasoline and diesel vehicle-derived BC. This suggests
that apportionment of gasoline versus diesel contributions to BC using SP-AMS carbon ion
spectra may be difficult to achieve due to the similarity of the source profiles.

Figure 6.9. OA and BC mass spectra for high (top panel) to low (bottom panel) levels of diesel
truck influence.
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Similar to what was found for BC, varying levels of diesel truck traffic did not produce
discernible differences in OA mass spectra measured with the SP-AMS. All OA spectra are
dominated by ion fragments of the CxHy+ family, with prominent peaks at m/z = 41, 43, 55, and
57. Organic aerosol mass spectra for the 2-hr weekday and weekend sampling periods and the
high-emitting gasoline vehicle were all well-correlated (R2 > 0.98) with the diesel truck OA mass
spectrum. Figure 6.10 shows the diesel truck OA mass spectrum is also well-correlated with the
mass spectrum of the hydrocarbon-like OA (HOA) component of urban ambient OA. The HOA
mass spectrum is derived from positive matrix factorization analysis of OA measured with
aerosol mass spectrometers and is associated with anthropogenic combustion sources (Ng et al.,
2011). This comparison provides a direct link between the composition of primary OA emissions
measured from motor vehicles and the statistically derived HOA component. The similarity of
OA mass spectra for gasoline and diesel vehicles shown here also clarifies the consistency in
HOA mass spectra observed across numerous urban sampling sites (Ng et al., 2011).
Average O/C, H/C, and OA/OC ratios are reported in Table 6.2, and were generally in good
agreement across sampling periods considered here. The OA/OC and O/C ratios were slightly
higher during the Sunday IOP, possibly due to a higher relative contribution from more oxidized
ambient PM during this sampling period. However, these differences were not significant and
values are in line with prior characterizations of motor vehicle OA (Aiken et al., 2008). These
results show, for the fleet of in-use vehicles measured at the Caldecott tunnel, OA emitted by
gasoline and diesel vehicles produces similar mass spectra when characterized using the SPAMS. As discussed previously, several lines of evidence indicate that lubricating oil was the
dominant source of OA emitted by diesel trucks operating in the tunnel. Although there are slight
differences in lubricating oil formulations used in gasoline and diesel engines, the chemical
composition is similar and distinct from gasoline and diesel fuel (Fujita et al., 2007a; Rogge et
al., 1993). The similarity of OA mass spectra for gasoline vehicle-dominated sampling periods
therefore suggests that a large fraction of OA omitted by gasoline vehicles is lubricant-derived as
well. The high degree of similarity in the chemical composition of OA from both gasoline and
diesel engines again makes it difficult to conduct ambient source apportionment studies to
determine contributions to air pollution from these two important sources.
6.4: SUMMARY
This chapter reports detailed measurements of the chemical composition of particulate matter
emitted by motor vehicles made at the Caldecott tunnel in July, 2010. Measurements were made
utilizing a new soot particle aerosol mass spectrometer, which enabled characterization of both
refractory and nonrefractory components of emitted particles. Results provide insight into the
sources of OA in motor vehicle exhaust and represent the first high time resolution
measurements of lubricant-derived trace elements in the exhaust plumes of in-use vehicles. A
comparison of OA and BC mass spectra for sampling periods with varying levels of diesel
influence found a high degree of similarity in the chemical composition of PM emitted by
gasoline and diesel engines. Measurements of the composition of PM in the exhaust of individual
HD trucks showed a predominance of cyclyoalkane-derived ion signals relative to saturated
alkane ion signals in the truck exhaust OA spectra, indicating lubricating oil, rather than diesel
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fuel, was the dominant source of OA emitted by diesel trucks operating in the tunnel. This
conclusion is supported by the presence of lubricant-derived trace elements in truck exhaust at
levels relative to OA mass roughly corresponding to their bulk oil weight fractions. BC emission
factor distributions for HD trucks were more skewed than OA distributions, with the highest
10% of measurements accounting for 56 and 42% of total measured BC and OA, respectively.
Emission factor distributions for zinc and phosphorous containing species were also
characterized. Mass emissions of these species are nearly three orders of magnitude lower than
OA and BC emissions, though due to the tendency of these lubricant-derived elements to form
incombustible ash on DPFs, emissions of these species can impact the performance and
durability of these new control technologies.
Table 6.2. Atomic ratios and OA/OC mass ratios.
Sampling period
O/C
HD Diesel truck plume average
0.06 ± 0.02
(N=145)
Weekday 12-2 PM average
0.07 ± 0.04
(N=4)
Weekday 4-6 PM average
0.06 ± 0.03
(N=4)
Saturday 2-4 PM
0.09 ± 0.04
Sunday 2-4 PM
0.10 ± 0.05
High-emission gasoline vehicle
0.020 ± 0.003
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H/C
1.90 ± 0.05

OA/OC
1.24 ± 0.03

1.89 ± 0.05

1.25 ± 0.05

1.91 ± 0.04

1.24 ± 0.03

1.87 ± 0.07
1.86 ± 0.08
1.99 ± 0.01

1.28 ± 0.06
1.30 ± 0.07
1.192 ± 0.004

Figure 6.10. Comparison of average truck plume mass spectrum and HOS mass spectrum
derived from positive matrix factorization analysis of ambient OA measured with aerosol mass
spectrometers.
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CHAPTER 7: CONCLUSIONS
7.1: SUMMARY OF MAJOR FINDINGS
Mobile sources contribute significantly to air pollution problems. Mobile source emissions are of
concern due to their impacts on human health, ecosystems, and climate. Accurate knowledge of
air pollutant emissions from mobile sources is critical to understanding these impacts and to the
development of effective air quality management strategies. However, the characterization of
emissions from mobile sources is inherently complex due to a large, diverse population of
vehicle and engine types from which emissions are variable and subject to change over time.
Consequently, there have been longstanding and persistent concerns about uncertainties in
mobile source emission inventories. The inability to understand past and present-day emissions
accurately, as well as lack of clarity in trends of these emissions over time, have undermined
confidence in future emission forecasts needed for air quality planning. This dissertation
improves the characterization of mobile source emissions and trends, and will help to describe
better the role of mobile sources in air quality problems.
As reported in Chapter 2, long-term trends in mobile source emissions were investigated through
the development of a fuel-based emission inventory. This research highlighted the growing
importance of diesel engines as a source of NOx and PM2.5 emissions, and provided an
independent assessment of current national emission inventories. A fuel-based approach was
used to estimate exhaust emissions of NOx and PM2.5 from on-road and off-road gasoline and
diesel engines in the United States for the years 1996–2006. Trends in emissions for each mobile
source category were influenced by both activity changes and changes in emission factors.
Between 1996 and 2006, sales of gasoline and diesel fuel intended for on‐road use increased by
15 and 43%, respectively. Diesel fuel use by off‐road equipment increased by ∼20% over the
same time period. Growth in fuel consumption offset some of the reductions in pollutant
emission factors that occurred during this period. For NOx, there were dramatic (factor of 2)
decreases in emission factors for on‐road gasoline engines between 1996 and 2006. Diesel NOx
emission factors decreased more gradually. Results indicate on-road diesel engines are the
largest mobile source of primary PM2.5 emissions and likely the single largest anthropogenic
source of NOx emissions in the United States. In general, the diesel share of total mobile source
NOx emissions has increased over time as gasoline engine emissions have declined. Comparing
fuel‐based emission estimates with U.S. Environmental Protection Agency’s national emission
inventory led to the following conclusions: (1) total emissions of NOx and PM2.5 estimated by the
two different methods were similar, (2) source contributions to these totals differ significantly,
with higher relative contributions coming from on‐road diesel engines in this study.
As shown in Chapter 2, the importance of on-road diesel engines as a source of NOx and PM2.5
emissions relative to gasoline vehicles stems largely from order of magnitude differences in
emission factors for these engine types. Fundamental differences in the ways in which fuel is
combusted in gasoline and diesel engines drive these disparities, though the widespread
application of aftertreatment control systems in gasoline vehicles has also contributed to the
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increasing gap in emission factors, particularly in the case of NOx. Aftertreatment devices such
as diesel particle filters (DPFs) and selective catalytic reduction (SCR) have only recently been
adopted for use in on-road diesel vehicles. This dissertation examined current emissions from
heavy-duty (HD) diesel trucks, and the effect of increased use of advanced emission control
technologies. In particular, field measurements of emissions from in-use HD trucks at the Port of
Oakland and at the Caldecott tunnel showed the effects of increasing use of DPF to control diesel
PM emissions. An important feature of this research was the enhancement and application of a
plume capture method to quantify emission factors for individual HD diesel trucks. This method
allowed for study of new pollutants such as ethene, HCHO, and constituents of exhaust PM
emissions that had not been reported previously from large on-road samples of individual
engines. In this method, pollutant concentrations in the exhaust plumes of individual trucks are
measured at high time resolution and normalized to simultaneously measured carbon dioxide
concentrations to provide emission factors that are expressed on a per unit of fuel burned basis.
This measurement technique enabled the characterization of emission factor distributions, as well
as investigations of correlations among pollutants present in exhaust plumes from large numbers
of individual engines. Many past studies of diesel emissions, especially those including PM
emissions, report results for very small samples (sometimes just one, and often less than ten
trucks). In contrast, this research probes emission factor distributions for samples that include
hundreds of trucks.
Chapter 3 describes the application of the plume capture sampling method to investigate the
impact of an aggressive new diesel engine emission control program targeting major freight
handling facilities in California. This program mandated use of advanced emission control
equipment for drayage trucks accessing ports and rail yards statewide beginning in 2010, and led
to DPF retrofits and modernization of the drayage truck fleet operating at the Port of Oakland.
Black carbon and NOx emissions from drayage trucks were measured before and after the
implementation of this emissions control rule. The accelerated truck retrofit and replacement
program resulted in a 54 ± 11% reduction in the fleet-average BC emission factor, with an
associated shift to a more highly skewed emission factor distribution. Although only particulate
matter mass reductions were required in the first phase of the program, a significant (41 ± 5%)
reduction in the fleet-average NOx emission factor was also observed, most likely due to the
replacement of old trucks with newer ones. These findings provide direct evidence of the
efficacy of the drayage truck emissions control program, and provide a preview of emissions
changes that may be expected from the extension of similar exhaust filter retrofit/truck
replacement requirements to the entire statewide HD truck fleet beginning in 2014.
Current pollutant emissions from a population of HD trucks more representative of the statewide
fleet were investigated at the Caldecott tunnel. Application of the plume capture method enabled
characterization of emission factor distributions for many gas and particle phase pollutants.
Results reported in Chapter 4 highlight the emission impacts of increased use of DPF systems in
the HD truck fleet and provide baseline data prior to the introduction of NOx aftertreatment
control technologies. Emission factorss for NO2 were found to be anticorrelated with most other
species, including BC, CO, ethene and formaldehyde. Additionally, the fleet-average NO2
emission factor increased by 34 ± 18% relative to the level measured at the same location in
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2006. This increase indicates that catalyzed DPF systems, while effective at reducing emissions
of particle mass, CO, and organic gases, also led to increased primary NO2 emissions. This can
be of particular concern in cases of DPF retrofits on trucks with high baseline NOx emissions.
Emission factor distributions for all species were skewed, with a small fraction of measurements
contributing disproportionately to total emissions. For example, half of the total measured NO2
and BC were produced by only 10% of the total measurements. The contribution to total
emissions from high-emitting trucks is expected to increase in future years, as more trucks are
equipped with advanced emission control systems.
An additional focus of emissions measurements at the Caldecott tunnel was the quantification of
fleet-average emission factors for LD vehicles, with further investigation of the relative
importance of gasoline and diesel vehicles as contributors to total on-road pollutant emissions.
Chapter 5 reports results from vehicle emissions measurements performed in the middle bore of
the tunnel, where LD vehicles account for >99% of total traffic. Measured pollutant
concentrations were apportioned between LD gasoline vehicles and diesel trucks, and fleetaverage emission factors were then calculated for LD vehicles using a carbon balance method.
Diesel trucks, while accounting for <1% of total vehicles, were nevertheless responsible for
18 ± 3, 22 ± 5, 44 ± 8% of measured NOx, OA, and BC concentrations in the middle bore. These
disproportionate emissions contributions from relatively small numbers of diesel trucks must be
accounted for to avoid significant bias in on-road evaluations of LD vehicle emission factors.
Other analysts have assumed that the near absence of heavy-duty trucks means that they are
measuring only gasoline-powered vehicle emissions. Results presented here indicate that
medium-duty diesel trucks, and occasional HD trucks, can bias the characterization of LD
gasoline vehicle emissions, especially for BC, if emissions from even small numbers of diesel
vehicles are not accounted for explicitly. Fleet-average OA and BC emission factors for lightduty vehicles are respectively 10 and 50 times lower than average heavy-duty diesel truck
emission factors reported in Chapter 4. Emission factors and overall fuel consumption for
gasoline and diesel engines were used to map out the relative importance of these sources to
overall on-road vehicle emissions. Gasoline engines were found to be the dominant source of
CO, an insignificant source of BC, and a relatively minor source of OA emissions at urban, state,
and national scales.
Vehicle emission measurements at the Caldecott tunnel also featured a new soot particle aerosol
mass spectrometer (SP-AMS) that was used to measure the chemical composition of particulate
matter emitted by gasoline and diesel vehicles at high time resolution. Chapter 6 provides new
insights into the sources leading to OA emissions in motor vehicle exhaust, and represents the
first high time resolution measurements of lubricant-derived trace elements in the exhaust
plumes of individual in-use vehicles. A comparison of OA and BC mass spectra for sampling
periods with varying levels of diesel influence found a high degree of similarity in the chemical
composition of PM emitted by gasoline and diesel engines. Measurements of PM in the exhaust
of individual HD trucks show a predominance of cyclyoalkane-derived ion signals relative to
saturated alkane ion signals in the truck exhaust OA spectra, indicating that lubricating oil, rather
than diesel fuel, was the dominant source of OA emitted by diesel trucks. This conclusion is
supported by the presence of lubricant-derived trace elements in truck exhaust, emitted relative
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to total OA at levels that correspond to their weight fractions in bulk oil. BC emission factor
distributions for HD trucks were more skewed than OA distributions, with the highest 10% of
measurements accounting for 56 and 42% of total measured BC and OA, respectively. Emission
factor distributions for zinc and phosphorous were also characterized. Mass emissions of these
species are nearly three orders of magnitude lower than OA and BC emissions. In addition to
confirming the dominant role of lubricating oil as the source of OA emissions, trace elements in
lubricating oil can lead to mineral ash deposits on diesel particle filters. Whereas OA and BC are
removed from DPF via oxidative processes to regenerate the filter, ash deposits can accumulate
over time and may lead to performance problems and servicing issues for engines equipped with
these new emission control systems. Such issues may only become apparent after a period of
several years as engines age and ash deposits build up on the exhaust filter systems.
7.2: RECOMMENDATIONS FOR FUTURE RESEARCH
This dissertation provides new insights into trends in emissions of NOx and PM2.5 from mobile
sources, and current emissions of a wide spectrum of gas- and particle-phase pollutants from onroad motor vehicles. While this information contributes to the current understanding of these
important source categories, evolution of the in-use vehicle fleet will require ongoing efforts to
understand future emission changes. For example, as detailed in this work, the application of
advanced aftertreatment technologies to control emissions from diesel engines will likely result
in significant changes in emissions from both the on- and off-road diesel sources. Additionally,
the increased use of alternative fuels and engine types such as hybrid electric vehicles in lightduty applications and natural gas as a fuel for heavy-duty trucks, will influence both fuel
consumption and emissions. Methods and results presented in this dissertation provide baseline
data and a framework for future work to assess emissions and air quality impacts of mobile
sources.
Results from Chapter 2 show a large degree of uncertainty in fleet-average PM2.5 emission
factors used to quantify emissions from mobile sources. NOx emission factors for off-road diesel
engines had a similarly high degree of uncertainty. These uncertainties largely result from the
lack of robust emissions data from measurements of in-use vehicles and engines, particularly for
off-road diesel engines, where emissions data are generally limited to results from laboratory
testing of small numbers of engines. The relative importance of off-road diesel engines as
sources of air pollutant emissions will likely grow as emissions from on-road vehicles are
controlled. Thus, future assessments of mobile source emissions would benefit from increased
efforts to characterize emissions for off-road equipment, locomotives, and marine vessels. Plume
capture methods have been shown here to be an effective way to measure emissions and quantify
emission factors for large numbers of HD diesel trucks. Similar methods could be applied to
measure emissions from off-road diesel engines, contingent on the identification of sampling
locations with suitable sample populations.
This dissertation provides initial information on the impacts of new aftertreatment control
technologies on emissions from HD diesel trucks. Future work is needed to continue to assess the
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effects of the widespread introduction of DPF and SCR systems into the on-road diesel fleet.
Diesel particle filter systems effectively control particle mass emissions, though their ability to
reduce particle number emissions is not well understood. The possibility of increased emissions
of ultrafine particles from trucks equipped with DPF systems should be investigated as part of
future work on this issue. Emissions reductions offered by these control devices are dependent
on the durability of the equipment and its proper maintenance over time. For example, the
accumulation of incombustible ash on filter media can affect engine performance and DPF
efficiency. Future measurements of emissions from individual diesel trucks that can link
emissions data to information on emissions control devices through registration data would be
useful in investigations of the durability of control equipment.
This work documented benefits of DPF systems, especially the lower resulting BC emission
factors for DPF-equipped diesel trucks. A disbenefit was an associated increase in primary NO2
emissions. A similar assessment is recommended of the effects of widespread deployment of
SCR systems on diesel trucks, expected soon in California. Use of SCR should greatly reduce
NOx emissions, and mitigate the increased NO2 emissions due to use of DPF systems.
Unintended side-effects that should be included when assessing the effects of urea-based SCR
systems may include increased emissions of pollutants such as ammonia (NH3), nitrous oxide
(N2O), and isocyanic acid (HNCO).
The SP-AMS instrument used in this research represents a new approach for highly timeresolved measurements of exhaust PM emissions, including refractory components such as BC
and trace metals. This research demonstrated the utility of this instrument for characterizing the
chemical composition of vehicle PM emissions, including the measurement of lubricant-derived
trace elements. Future applications of the SP-AMS would benefit from efforts to determine
calibration factors for trace elements, thereby improving the quantitative capabilities of the
instrument when applied to measurement of these elements. While BC mass spectra for gasoline
and diesel vehicles were found to be similar, initial applications of the SP-AMS instrument
indicate mass spectra for other combustion sources of BC may differ markedly (Fortner et al.,
2012). Thus, further measurements should be carried out to measure mass spectra for other
combustion sources of BC. These efforts could support future applications of BC mass spectra
from various sources in source apportionment studies of ambient BC. Characterization of OA
and BC emission factor distributions for light-duty vehicles would be of great interest as well.
This research succeeded with plume captures for hundreds of individual HD diesel trucks,
whereas LD vehicle emissions were characterized only on a fleet-average basis.
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APPENDIX A: HD diesel truck emission factor distributional data

Table A1. Distribution of average HD truck emission factors measured at the Caldecott tunnel.
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APPENDIX B: Caldecott tunnel 2-hour average data
Table B1. Two hour average pollutant concentrations measured at the Caldecott tunnel in July,
2010
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Table B1. (continued)

List of abbreviations used in Table B1:
IOPxxyy = 2-hour intensive operating period during which sampling was conducted. Sampling
periods are identified using codes of the form ddhh, where dd indicates the date during July
2010, and hh is the starting hour of sampling. Sampling was conducted in bore 2 of the Caldecott
tunnel from July 6-15, 2010 and in bore 1 from July19-27, 2010.
Aeth BC = BC concentration measured with aethalometer
DT PM2.5 = PM2.5 concentration measured with DustTrak
Filter BC = BC concentration estimated form thermal optical analysis of quartz filter samples
Q-OC = Front quartz filter derived particulate organic carbon concentration (units of µg C m-3)
QBT-OC = Particulate organic carbon concentration (units of µg C m-3) from back quartz filters
located downstream of teflon filters
T-PM2.5 = PM2.5 concentration from gravimetric analysis of teflon filter samples
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APPENDIX C: Assessment of particle transmission efficiency for sampling line used at the
Caldecott tunnel
The copper sampling line used to transport tunnel aerosol samples to instruments in the
Aerodyne mobile laboratory at the Caldecott tunnel was tested for particle losses prior to
sampling by generating a polydisperse ammonium sulfate aerosol and sampling the distribution
prior to and after passing through the copper sampling tubing. Particle losses, due to surface
impaction and gravitational settling, were determined as a function of particle size by taking the
ratio of the two size distributions. It was not feasible to test the full 35 m length of tubing. 17 m
of the external 1.6 cm outside diameter copper sampling line tubing was tested in addition to the
split sampling lines inside the mobile laboratory. Finally, theoretical calculations were used to
estimate particle losses due to the additional 18 m of copper sampling line. Figure C1 shows the
generated ammonium sulfate distribution before and after transiting the sampling line and the
measured size-dependent particle loss (i.e. transmission efficiency) for 17 m of 1.6 cm copper
tubing and the mobile laboratory lines, theoretical calculations for additional 18 m of 1.6 cm
copper tubing, and the combined particle transmission efficiency. The theoretical calculations
assume a straight smooth bore tube without bends (reasonable approximation for the 1.6 cm
sampling line).
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Figure C1. Ammonium sulfate polydisperse size distribution before and after transiting through
the sampling line (top). Transmission efficiency of particles through the sampling line as a
function of particle size (bottom).
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