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ABSTRACT: Measurements of black carbon (BC) with a high-
sensitivity laser-induced incandescence (HS-LII) instrument and a single
particle soot photometer (SP2) were conducted upwind, downwind, and
while driving on a highway dominated by gasoline vehicles. The results
are used with concurrent CO, measurements to derive fuel-based BC
emission factors for real-world average fleet and heavy-duty diesel
vehicles separately. The derived emission factors from both instruments
are compared, and a low SP2 bias (relative to the HS-LII) is found to be
caused by a BC mass mode diameter less than 75 nm, that is most
prominent with the gasoline fleet but is not present in the heavy-duty
diesel vehicle exhaust on the highway. Results from both the LII and the ) =
SP2 demonstrate that the BC emission factors from gasoline vehicles are S ey |
at least a factor of 2 higher than previous North American measurements,

and a factor of 9 higher than currently used emission inventories in Canada, derived with the MOBILE 6.2C model. Conversely, the
measured BC emission factor for heavy-duty diesel vehicles is in reasonable agreement with previous measurements. The results
suggest that greater attention must be paid to black carbon from gasoline engines to obtain a full understanding of the impact of
black carbon on air quality and climate and to devise appropriate mitigation strategies.

1.0. INTRODUCTION vehicles (HDDV). Studies have shown that emissions of BC
Motor vehicles are known to contribute significantly to the overall from diesel vehicles account for a large fraction of emitted BC
particulate matter burden in metropolitan areas.' These in urban areas.">" In contrast, published BC emission factors
combustion particles consist primarily of solid soot cores (black for light-duty gasoline vehicles (LDGV), derived from n6ear
carbon) as well as a multitude of organic species of varying roadway/tunnel sites'™'> or chassis-dynamometer studies,'®"”
volatility.z’3 Black carbon (BC) particles have been studied indicate LDGYV to be relatively minor sources of BC. However,
extensively with respect to several processes; BC can have a large the relative importance of BC emissions by these vehicle types
impact on visibility,4 has been linked to adverse human health can change, mainly due to changes in BC emission control
outcomes,™ and contributes to poor air quality (e.g, higher PM, ¢ technologies and fuels. . . .

levels). BC is known to contribute to positive radiative forcing in In North America, the vehicle fleet is dominated by LDGVs,
the atmosphere through absorption of radiation, but can while emission regulations for BC and PM have been centered

contribute to indirect negative radiative forcing through the largely on HDDVs [http:// www.epa.gov/oms/cert/hd-cert/
seeding of douds? Tt has been suggested that reducing BC StdS-eng'pdf]' As BC emissions from HDDVs and light-duty

emissions via reductions in BC number concentration will result in diesel vehicles (LDDV) are reduced through stricter emission
a decrease in global cloud radiative forcing.9 Recent evidence also controls, the relative importance of gasoline BC emissions can
suggests that BC deposition in the Arctic is partly responsible for be expected to increase. Consequently, small uncertainties with
arctic climate change_lo'“ To accurately assess the BC impacts on respect to measured LDGV emission factors will have a greater
global atmospheric radiative energy balance, human health, and air
quality, high-quality measurements of BC emissions, particularly Received: September 26, 2011
from anthropogenic sources, have become critically important. Revised:  January 30, 2012

Much of the anthropogenic BC mass emissions have been Accepted: February 6, 2012
attributed to diesel vehicles, particularly heavy-duty diesel Published: February 6, 2012
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potential to significantly impact total vehicular BC emission
estimates. The advent of new technologies capable of definitive
and ultra low level measurements of BC'®'® can help to further
constrain BC emission factors from gasoline vehicles.

In the present study, real-time measurements of BC with laser-
induced incandescence techniques are made upwind, downwind,
and while traveling on a major highway dominated by gasoline
vehicles. The BC measurements are used in conjunction with
CO, measurements to estimate the fleet average, fuel-based BC
emission factors (EF) for LDGV and for HDDV during chase
events on the highway. Fleet average, fuel-based emission factors
measured with laser-induced incandescence techniques have not
previously been reported. The results are compared with the
most recent reported emission factors for BC and with emission
factors in currently used emission inventories in Canada. The
present results suggest that BC emissions from LDGV are
significantly underestimated compared to the currently reported
BC emission factors for LDGV. The implications of this
underestimation of BC emissions is discussed.

2.0. METHODS

The goals of the project were to measure traffic-related
emissions and turbulence on highways and under near-roadway
conditions, in the area surrounding Toronto, Ontario, Canada.
Measurements of BC and other pollutants were made at
stationary ground sites and from a mobile laboratory between
August 16 and September 17, 2010.

2.1. Mobile Laboratory. Mobile measurements were made
with the Canadian Regional and Urban Investigation System for
Environmental Research (CRUISER) on a side road perpen-
dicular to Highway 400, at a location north of Toronto, Canada
(43.994 N, 79.583 W). The site was dominated by agricultural
fields and was not impacted by other primary PM sources. The
highway at this location is 6 lanes wide (25 m across from the
lane edges). The mobile lab was used at this site to measure
pollution concentration gradients along the upwind and
downwind sides of the highway (45 — 1000 m from center);
perpendicular to the north—south lanes of the highway. This
was typically performed for several hours each day, spanning
peak traffic volumes during the morning and/or the evening.
A traffic camera (Miovision, Kitchener, ON, Canada) recorded
traffic counts at the site and classified vehicles as passenger cars,
medium sized, or heavy duty, with >95% accuracy. More than
44 h of transect driving was conducted at this site on 17 days,
comprising 8 morning and 14 evening sessions. The driving
speed of the mobile laboratory during transects was kept
approximately constant at 1—3 km/h.

CRUISER was also driven on Highway 400 and 401 near
Toronto for in situ measurements behind HDDYV. Vehicle
chasing measurements were made on 6 days for a total of approxi-
mately 14 h. To facilitate the sampling of HDDV plumes the
mobile lab was outfitted with two 3D sonic anemometers
(CSAT3, Campbell Scientific, Logan, UT, USA) which were used
in combination with on-board video to ensure that truck plumes
were sampled. The following distance behind trucks was kept
approximately constant. Clear increases in the measured turbulent
kinetic energy (TKE) behind trucks were observed, correspond-
ing to large increases in pollutant concentrations. Details of the
video processing, and turbulence measurements are described
elsewhere.>

2.2. Instrumentation. Black carbon measurements were
performed onboard the mobile laboratory with a modified
high-sensitivity laser-induced incandescence (HS-LII) instru-
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ment (Artium Technologies Inc., CA, USA) and a single-particle
soot photometer (SP2, Droplet Measurement Technologies,
Boulder, CO, USA). These two real-time instruments are based
on the principle of laser-induced incandescence. A brief
description of these instruments is given below.

The principle of operation for the HS-LII, the calibration
thereof, and its use during ambient studies have been described
previously.'®*° Briefly, ambient particles are sampled at a flow of
approximately S L min~' through a sample region with a depth
of 0.2 cm and a cross-sectional area of 6.4 cm”. The ambient
particles containing BC within the sample volume are exposed to
a pulsed laser beam (1064 nm; 7 ns FWHM) resulting in rapid
heating to just below the soot sublimation temperature
(approximately 4000 K). The absolute incandescence intensity
from the BC particles is measured using collection optics and
photomultipliers. Using an appropriate calibration and analysis of
the absolute incandescence signal, information on the soot
volume fraction is obtained without the need for a source of soot
particles of known concentration.'"® To convert to a concen-
tration, the required BC particle dependent parameters are the
absorption function, E(m), and the particle material density.
Values for these parameters are well established and are robust
over a wide range of BC sources.”’ ~>* The largest uncertainty
arises from E(m) for the particles (+20%),”" while the overall
measurement of BC concentration has been determined to be
within 25%.2° In contrast to the SP2 (below), this instrument
does not measure single BC particles, but rather determines the
ensemble properties for all particles in the measurement volume
at the time of the laser pulse. As a result, there are no BC particle
size constraints, provided that sufficient total mass is present in
the detection volume. This method has been used to measure
laboratory generated BC particles smaller than 7 nm.*

Similarly, the principle of operation of the SP2 and its use in
ambient sampling have been described extensively.'**” >’
Individual BC particles sampled by the SP2 were irradiated
with a continuous laser (1064 nm) resulting in BC incandescence
which was monitored in the visible band (1 = 300—550 nm). The
BC mass for each particle was estimated from the incandescence
peak intensity. The BC mass concentration was calibrated with a
monodisperse aerosol stream selected with a scanning mobility
particle sizer (SMPS, TSI Inc.) from an atomized aqueous
solution of graphitic black carbon (Aquadag; Acheson, USA).
Given that the effective density of the BC calibration particle
affects absolute mass measurement, the effective density of
the monodisperse Aquadag particles used for calibration was
characterized prior to the study by simultaneous mobility sizing
and mass selection using an SMPS and an aerosol particle mass
analyzer (APM, Kanomax Inc, Japan) in a manner described
previously.” The effective density was found to be 0.72 + 0.06 g
cm™ which was utilized in subsequent mass calculations.
Variations in the effective density or organic coating thickness
of ambient particles does not affect ambient BC mass
determination for the SP2°**' or HS-LIL The SP2 is able to
detect single particles with effective diameter greater than about
90 nm with approximately 100% transmission efficiency.”® An
experimentally determined transmission efficiency correction
was applied to the data to account for non-unity transmission
of particles between 70 and 90 nm.

Uncertainties in the measurement of BC by the SP2 have
been discussed previously.”® Potential uncertainties during the
current study are primarily associated with the BC response
linearity as determined by the mass calibration (+ ~15%), and
the ability to measure the effective density of the calibration

dx.doi.org/10.1021/es2033845 | Environ. Sci. Technol. 2012, 46, 4819—4828



Environmental Science & Technology

material (+ ~8%). An additional uncertainty may also arise
from the incandescence of metallic species present in exhaust,
resulting in an overestimation of BC mass. However, the ratio
of broadband to narrowband detector signals (as a measure of
sublimation temperature®) in close proximity to the highway is
qualitatively similar to that of the BC calibration material
(Supporting Information), indicating that such an interference
was unlikely.

Carbon dioxide (CO,) was measured simultaneously on board
CRUISER with a nondispersive infrared (NDIR) gas analyzer
based upon a single-path, dual-wavelength, infrared detection
system (Li-COR 840; LI-CORR Environmental, NE, USA).
Calibration was performed with a 0.1% gas standard diluted to
appropriate concentrations. CO, data were averaged to 1 s for
comparison to other instruments.

2.3. Emission Factor Determination. Fuel-based emission
factors (EF) have become increasingly popular as a measure of
emitted pollution per mass of fuel combusted. Determination
of such EFs is advantageous because they are relatively simple
to determine under real world conditions and may vary con-
siderably less than travel-based emission factors for some
emissions as driving modes change.>**> A fuel-based emission
factor can be given as:

J

where EF, is the emission factor for pollutant P (mg kg™ '), A
refers to the above background concentration of pollutant
P (ug m™3) or CO, (ug C m™>), and , refers to the carbon
mass fraction of the considered fuel (kg kg 'p.). Since the
combustion efficiency for vehicles is typically much greater than
90%, (and even higher for diesel vehicles) the contribution of
other carbon -containing species to denominator of eq 1 is
negligible.>> Although a few poorly maintained vehicles could
emit significantly more carbon monoxide (CO), this is unlikely
to affect the average EF calculation during this study. Carbon
mass fractions of gasoline and diesel have been reported
previously**** as 0.85 and 0.87, respectively, and are weighted in
the current study based on the average measured traffic
composition during the measurement period and the average
ethanol fraction of the fuel. Similar fuel-based EF equations
have been applied to measurements from numerous studies,
including those in tunnel, freeway, and roadway environ-
ments, 143235

Fuel-based EFs for BC were calculated during the present
study from upwind and downwind transect driving as well as
during HDDV chase events. BC and CO, data from perpendicular

A[P]

EFp = 100 ——_
A[CO,]

(1)

transects were included in the EF determination based on the
following criteria: (1) Only data downwind of the highway
(defined according to wind direction as 270° + 60°), based on 1
min meteorological data were considered. (2) BC and CO, data
while driving were filtered by 1 Hz wind speed (parallel to mobile
lab component; u > 0.2 m/s) as measured by the onboard 3D-
sonic anemometers to avoid sampling the mobile lab exhaust
plume. (Positive u indicates movement into a headwind). (3)
The downwind data considered were restricted to less than 100
m from the highway. This was done to reduce the uncertainty
caused by dilution of the pollutants downwind of the highway.
Since both BC and CO, are substantial emissions from the
highway (with no other local sources) significant concentrations
of both species above background are ensured within the first
100 m of the highway. (4) Only transect data when reliable
corresponding background concentrations were available were
used (upwind transects were taken every 30—40 min). In total
the EFs were determined for 41 h of transect driving over 17
days, between the hours of approximately 6:00—9:00 a.m. and
4:00—6:30 p.m. (the time windows with the highest traffic
volumes). Applying the above criteria reduced these data to
approximately 23 h.

Fuel-based BC emission factors during HDDV chasing events
were also calculated with eq 1, in a manner similar to that
described elsewhere.>*>” Based on the onboard video, turbulence
measurements, and NO,/CO ratios, distinct HDDV plumes
were identified. These plumes were accompanied by large
increases in BC, CO,, and other pollutants (Supporting
Information). Background levels of BC and CO, were
determined as the average concentration before entering and
after exiting the exhaust plumes, and did not vary substantially in
either case. Truck events were captured while driving on the
highway at speeds between ~60 and 100 km/h, (constant speed
for each truck event) resulting in approximately 4 h of data.
Although
30 HDDV were sampled, it is unclear how representative this
subsample is of the actual HDD truck fleet, since the vehicle
weight of the followed trucks was unknown, and thus not
comparable to the reported distribution of weights for Ontario.

3.0. RESULTS AND DISCUSSION

3.1. Emission Ratios and Traffic Conditions. The
background corrected BC to CO, ratios (ABC/ACO,)
measured with the HS-LII and SP2 during this study are
shown in Table 1 and Figure 1, respectively. The frequency
distributions of Figure 1 are relatively skewed (Skewness ~ 2).
The skewness is likely due to the high variability of a mixed

Table 1. BC Emission Ratios and Emission Factors Derived from One Second Data during This Study

instrument and event type mean SD median 25th percentile 75th percentile trimmed mean?
Emission ratio (ABC/ACO,; ugm™ ppm™")
HS-LII (Hwy 400)“ 0.089 0.14 0.035 0.016 0.087 0.04
SP2 (Hwy 400)b 0.043 0.08 0.017 0.007 0.039 0.02
HS-LII (HDDV)¢ 0.29 18 0.09 0.0 0.18 0.094
Emission factor (mg kg™ 'g.o1)
HS-LII (Hwy 400)° 151.8 250.1 59.3 27.0 1484 67.8
SP2 (Hwy 400)b 71.2 135.1 29.4 11.8 66.0 33.8
HS-LII (HDDV)®© 511.6 3149 152.7 87.4 318.1 164.3

“Fleet average, calculated for periods of highest traffic volume flow (yellow bars in Figure 2A) from transects perpendicular to Hwy 400 and within
100 m, using the HS-LII instrument. bSame as (), utilizing the SP2 data. “Emission ratios and factors for HDDV chasing events using the HS-LIL
Instrumental difficulties resulted in insufficient SP2 data during these events for inclusion in Table 1. “Mean between the 25th and 75th percentiles.
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Figure 1. Frequency distributions for the above-background BC/CO,
measurements during perpendicular transect driving using the HS-LII
and SP2. *Measured ratio using HS-LII during heavy-duty diesel
(HDDV) chasing. HS-LII during transect driving. “SP2 during
transect driving.

mobile emission source which depends upon parameters such as
vehicle age, engine type, fuel type, maintenance, and driving
conditions.”” Thus, as expected a relatively few, more-polluting
vehicles (i.e., high particle emitters) are potentially accounting
for a significant fraction of the total emissions,”>*® and in
Table 1 their presence increases the mean and standard
deviation of the results.

There is a clear difference between the measured ratios
based on the two BC instruments, with the SP2 results being
substantially lower than those obtained using the HS-LII

(Table 1 and Figure 1). This is reflected in a relatively poor
correlation (R* = 0.55; slope = 0.55) between instruments
during transect measurements (within 100 m of the highway)
(Supporting Information), with the SP2 biased low by
approximately 45%. The reason for this bias will be discussed
further below. Also shown in Figure 1 is the ABC/ACO,
frequency distribution for the HDDV chasing events. This
distribution is shifted to higher values, consistent with the
expectation that HDDVs emit comparatively more BC than
LDGVs, with the latter making up a large fraction of the total
fleet impacting the transect measurements. Instrumental
difficulties resulted in insufficient SP2 data during HDDV
chasing periods and hence are not included in Table 1 or
Figure 1.

The ABC/ACO, values in Figure 1 are used to compute
fuel-based emission factors (Table 1) for the average fleet at
this location during the transect driving and during HDDV
chasing. Computed emission factors are associated with the
average traffic composition and fuel consumed during the mea-
surements. The traffic volume and composition over the
17 days of the study are given in Figure 2A as a function of the
time of day. The highest traffic flow is observed during morning
and afternoon rush hours (~ 120—130 vehicles min™"). This
peak traffic volume is comparable to or higher than that of
other near-roadway studies where BC emission factors have
been measured,'*** while the fraction of HDDV at peak
volume is generally intermediate to that of others. Although
weekday and weekend values are averaged in Figure 2A, the
subsequent analysis utilizes weekday, high-volume periods only.
Estimated emission factors in Table 1 are computed for times
of the highest traffic flow (yellow bars, Figure 2A). This
corresponds to a mean HDDV fraction (on a vehicle count
basis) during these times of 3.3% =+ 2.1%, which reflects a
highway with a large amount of local commuting traffic.
Generally, increases in the %HDDV occur during off-peak
commuting hours particularly in the late evening and early
morning as well as in the middle of the day (~12 p.m.). The
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Figure 2. (A) Average diurnal traffic flow (vehicles min™") and fraction of the flow which was classified as heavy duty diesel (HDDV) during the 17
days of the study. HDDV fraction based on vehicle counts. Yellow vertical bars denote the times when perpendicular transects were driven,
corresponding to the data utilized for emission factor calculations. *Error bars denote the standard deviation of the mean. (B) Ratio of measured BC
concentration (SP2:HS-LII) as function of hour of day for 3 consecutive days during the study and within 100 m of HWY 400. Only data for
distances less than 100 m from the highway during transects were utilized to be comparable with stationary situations during these days.
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increase in %HDDV is driven primarily by decreases in the
numbers of LDGV, as the HDDV flow remains approximately
constant throughout the day (average of 2.7 + 2.2 min™").

3.2. HS-LIl and SP2 Comparison. Given the similarity
between the HS-LII and SP2 with respect to the BC detection
method, the observed deviation between emission factors
(Table 1; Figure 1) based on the HS-LII and SP2 at the same
location and time suggests a potential particle driven
discrepancy between the instruments. We hypothesize that a
cause of this discrepancy is a difference in the ability to measure
particles ~<90 nm between instruments. Such a difference
could be critical given the size of the particles associated with
gasoline exhaust (which dominate the LDGV emissions) and
the predominance of these types of vehicles on the road. To
investigate this hypothesis further, Figure 2B shows the ratio of
the SP2 to HS-LII measurements relative to the time of day,
for 3 consecutive days (Sept 13—16). The data included are
from periods when the mobile laboratory drove perpendicular
transects downwind of the highway during the morning and
afternoon, and was stationary (within 70 m of the roadway) at
other times. The diurnal profile of Figure 2B is qualitatively
similar to that of the %HDDV of Figure 2A; the mean and
median of Figure 2B indicate that the SP2 is most significantly
biased low relative to the HS-LII at times of peak traffic
(6—8 a.m. and 4—6 p.m.), when the HDDV fraction is lowest
(ie, gasoline-dominated emissions). Conversely the mean
SP2/LII ratio is highest overnight, early morning, and during
the middle of the day, when the HDDV fraction is higher. This
hypothesis is further supported by the SP2 derived BC mass
distributions during this study described below.

The instrument correlation plots (Supporting Information)
also reveal a similar pattern; with the largest difference between
HS-LII and SP2 (45%) occurring within 100 m of the highway
during the highest LDGV traffic flow, and the best agreement
observed when sampling the mobile lab diesel exhaust plume
(slope = 0.98). The apparent relationship between the LDGV
fraction and the discrepancy between HS-LII and SP2 is further
hypothesized to be due to the fact that the mode diameter of
LDGV exhaust particle number distributions is typically less than
30 nm.*~*" Particles at these small sizes are not detectable with
the SP2, which can detect a BC core above 90 nm with 100%
efficiency.”® Conversely, diesel exhaust particles are known to
be significantly larger with mode diameters in the range of 60—
100 nm,*"** which are more often detected by the SP2.

Because both instruments provide indirect measurements of
BC mass, the mode diameter of the mass distribution of BC will
be indicative of the ability of the SP2 to quantify most of the BC
mass present. Mass distributions during selected periods from
Figure 2B are depicted in Figure 3, normalized by the maximum
measured dm/dLogD to assist in comparison between mass
distributions. To determine a mass distribution, the mass
associated with individual particles was integrated over 20 s,
assuming spherical particles. Discrete 20 s mass distributions
were then averaged over the time periods selected. As shown in
Figure 3, larger BC particles (likely diesel; ~ 150 nm) account
for a relatively larger fraction of the mass distribution shown
during off-peak hours (11 p.m.—12 a.m.). This distribution
corresponds to the period in Figure 2B when there is a relatively
larger HDDV fraction. Also during this time, the SP2-HS-LII
agreement is improved. The BC mass distribution for an HDDV
chase event is also shown in Figure 3 and demonstrates that BC
less than ~90 nm contributes much less to the overall BC mass
detected by the SP2 in diesel plumes. The same is true for the
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Figure 3. SP2 mass distributions for selected periods corresponding to
Figure 2B. *Normalized by the maximum of each distribution [(dM/
dLogD) - PAverage of all transects during this time, using data
within 100 m of the HWY only. “Average mass distribution during this
1 h period when the mobile lab was stationary at approximately 45—
75 m from the HWY (based on wind distance). ‘Heavy-duty diesel
truck chasing event. ‘Interception of mobile laboratory HDD plume
(average of S 20 s distributions).

distribution when intercepting the mobile lab HDD exhaust
plume (Figure 3). Both of these are consistent with previous BC
mass distributions for HDDV particles measured with filter-
based approaches.*’ In contrast, when gasoline engine emissions
increase relative to diesel, the relative proportion of larger BC
particles (relative to <90 nm BC) is less, while smaller BC
particles (<90 nm) become increasingly important. This is
shown in the distribution corresponding to the 2:30—3:30 p.m.
time period and especially during the periods of peak morning
and afternoon traffic volume (6—8 am. and 4—6 p.m.). The
relative shifts in the distribution corresponding to changes in the
%HDDV imply that the dominant BC particles in gasoline
engine emissions are smaller (<90 nm). However, the actual
mass mode diameter associated with these periods when gasoline
BC in Figure 3 dominates cannot be determined accurately (due
to the size cutoff of the SP2). These smaller BC particles clearly
contribute substantially to the overall BC mass during these
times and the inability of the SP2 to detect them thus explains
much of the discrepancy between instruments (HS-LII does
not have particle size constraints—see Methods). Furthermore,
although instrumental issues precluded the use of the SP2 during
the majority of the HDDV chasing, comparison of instruments
for periods when the HDD plume of the mobile lab was sampled
also demonstrates improved agreement between instruments
(Supporting Information).

3.3. Emission Factor Estimates and Comparisons. The
fuel-based emission factors measured during this study (mixed
fleet and HDDV) are plotted in Figure 4, together with the
values from other recent field and dynamometer studies. In
Figure 4, the tops of the gray shaded bars (left, mixed fleet;
middle, HDDV) represent the mean EF computed with the
measured parameters of eq 1 using the HS-LIL Black horizontal
lines represent the associated median value from eq 1, while the
blue line is the equivalent mean value utilizing the SP2. Values
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Figure 4. Average measured mixed fleet, HDDV, and reconstructed LDGV fuel-based BC emission factors from the present study (mixed fleet, left;
HDDV, center; reconstructed LDGV, right,) compared with recent literature (reported means values), and the MOBILE 6.2C derived emission
factors. The count-based %HDDYV during other studies is in brackets. *Tunnel study, Milwaukee, WI. Converted to fuel-based EF in Ning et al,,
2008. *Dynamometer study reconstructed by Ning et al, 2008 to compare with 1-710 highway (20% HDDV). “Highway study (I-710, CA).
4Dynamometer study; converted to fuel-based EF and reconstructed in Ning et al, 2008 to compare with I-710 highway. “Tunnel study in
Pittsburgh, PA. Tunnel study; Houston TX, 2.0—2.4% HDDYV shown only. 8EF derived from MOBILE6.2C for mixed, HDDV, and LDGYV; refer to
text for details. "Tunnel study, Zurich Switzerland. ‘Tunnel study in CA with 4.2% uphill grade; HDDV EF reconstructed from mixed traffic tunnel
and measured LDGV EF. 'Mean reported value; HDDV vehicle chasing study, Germany. “Median reported value; HDDV vehicle chasing study,
Germany. 'Dynamometer study for LDGV only as described by Ning et al., 2008. Highway study (CA-110). "Tunnel study in CA with 0.25—0.54%
HDDV assumed to ~100% LDGV and a 4.2% uphill grade. °Same as (n) but 7 years earlier. PReconstructed median LDGV from current study.

from other recent studies are shown as reported individual
mean values (data points). Few studies quantifying BC EFs for
mixed vehicle highways have been performed on roadways with
an HDDV fraction similar to that reported here (3.3%; count
basis). In recent studies,***° the average BC fuel-based EFs in
tunnels with similar HDDV fractions (2.0—3.4%; count basis)
were approximately a factor of 2 or more lower than the
average reported here using the HS-LII (Figure 4; left bar).
Other reported mean BC EFs tend to be for a somewhat lower
count based HDDV fraction (<1%)."*'%3* Results from that
work fall well below even our median values of Figure 4.

Mixed-fleet emission factors derived from tunnels or highways
with a substantially higher HDDV fraction'**® are within the
25th—75th percentiles of the present study, but still below the
mean (Figure 4; left bar), despite a count-based HDDV fraction
which was a factor of 6 higher (~20%) than the present study.
BC EFs have also been reconstructed from chassis-dynamom-
eter experiments'®'” to compare with previously reported high
HDDV fraction roadways.'* Although reconstructed values
(at 20% HDDV) are in relative agreement with those measured
values, both remain considerably below the average reported
here for 3.3% HDDV.

The LDGV EF (EF;pgy) in the current study can similarly
be reconstructed from

EFneas = ﬂHDDV EFgppv + ﬁLDGVEFLDGV 2)

where EF,, is the measured mixed fleet emission factor, ff is
the fuel use fraction on the roadway (diesel or gasoline), and

EFyppy is the emission factor for HDDV. The portion of fuel
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used by HDDV during this study was computed based on the
measured vehicle counts*™

fHDDV U”DDV

fupp =

Suppv UapDV + (1 = fuppyv)ULDGV — (3)

where f is the measured count-based vehicle fraction (HDDV
or LDGV) and U is the average fuel consumption for HDDV
and LDGYV, respectively. Fuel consumption values were
obtained from the most recent Canadian Vehicle Survey.*’
The average consumption values for LDGV and HDDV in
Ontario, under highway driving conditions were estimated to
be 10.4 and 33.9 L/100 km.

To reconstruct the LDGV EF from our measurements, a
Monte Carlo simulation was performed, whereby the param-
eters in eq 2 and 3 were randomly varied and the results were
used as input to eq 2 (Supporting Information). The resultant
mean EF| gy from the simulation is shown in Figure 4 (right
shaded bar), with the error bars representing the final average
deviation of EF, gy from the simulation. The average LDGV
emission factor reconstructed in this manner is approximately
115 + 80 mg kg™'4 and is not significantly different from the
average EF; gy derived utilizing the direct individual means of
the parameters in eq 2. Both values are considerably higher than
the LDGV emission factors from previous chassis-dynamometer
or roadway studies which range from 8 to 30 mg kg g
Although our mean LDGV EF should be directly comparable to
other reported mean values, which were stated as being mean
values, using the median of our output values as a conservative
estimate yields a LDGV EF (~75 mg kg4, Figure 4), which is
also substantially larger than other reported values. The LDGV
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EFs here most closely resemble those recently reported for
LDGV during on-road measurements in China.*® Although
implicitly assumed to be fully gasoline in the current study, a
small fraction of the LD fleet operates on diesel fuel (ff
~1.3%""). Accounting for this in eq 2 results in a negligible
LDGV EF correction (Supporting Information).

Conversely, as demonstrated in Figure 4 (middle), BC EFs
during HDDV chase events of the present study are similar to
those reported in recent literature during other chase, tunnel, or
roadway studies.>***~>! All of those reported average values fall
between the mean and median of the HDDV values measured
here. Some high EFs for HDDV have been reported in the past
(1300—1440 mg kgflfue]).ls’s2 However, continued HDDV EF
measurements at the same location over the subsequent decade
demonstrated a significant reduction in the HDDV EF**%! 5o
that most are now consistent with those measured here. The
similarity between the HDDV values during these chase events
and during other studies lends confidence to the mixed fleet
values measured in the present study and to the inferred LDGV
values.

Also shown in Figure 4 are the BC emission factors from the
Canadian emissions inventory (yellow squares), which are used
in the Canadian regional air quality model, AURAMS,* and the
Canadian Air Quality forecasting model. The emission factors
are estimated with MOBILE 6.2C for the mixed fleet of this
study, HDDV, and LDGV (Supporting Information). The CO,
emission factors (g km™) required to convert the MOBILE6.2C
travel based BC EFs into fuel-based EFs were generated from a
mobile greenhouse gas emissions model (MGEM>*) (Support-
ing Information). There are uncertainties associated with
attempting to derive fuel-based BC EFs (g kg ') equivalent
to the travel-based EFs (g km™") from inventories, which are
used as model inputs. The uncertainty is mainly due to
assumptions of fleet fuel efficiency and the associated CO,
emission rates. Although the MOBILE6.2C derived fuel-based
BC EFs should hence be interpreted with caution, the model
CO, EFs (g km™) are within 15% of the measured CO,
emissions factors (g km™") during this study.55

The reconstructed mixed fleet MOBILE 6.2C emission factor
in Figure 4 (~ 19.7 mg kg '4.) is substantially below the
average (152 mg kg™'4,) and median (59.3 mg kg™ '¢.;) of the
measured values in this study, while the MOBILE 6.2C emission
factor for HDDV shows somewhat better agreement with
measurements (middle, Figure 4). This suggests that much of
this discrepancy is based in the LDGV emission factor.
Considering the range of LDGV EFs calculated via eq 2 for
this study (Figure 4; right side), the most conservative estimate
for a LDGV emission factor (~75 mg kg ') is approximately
a factor of 2 higher than other measurements, and a factor of
9 higher than the LDGV EF derived from MOBILE 6.2C
(~8 mg kg 'gq). The MOBILE model does not include a
vehicle speed or engine load input for BC emissions. It is
unclear what effects increased highway speeds (relative to the
Ontario average) would have on these modeled emission
factors, although it has been suggested that increased load
increases BC emission factors for LDGV and HDDV.*® A recent
emission factor model (MOVES; http://www.epa.gov/otaq/
models/moves/indexhtm) accounts for such variables and thus
may slightly increase the emissions factor for LDGV BC.

Further confidence in the measured fuel-based BC emission
factors is gained by comparing with travel-based EFs for BC
(EF7) at this site, derived from a model of pollutant gradients
which are not dependent upon CO, estimates. This approach
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and results are described elsewhere,>® but likewise results in BC
emission factors significantly higher than current inventory
estimates, while other pollutants are in good agreement with
those derived from MOBILE 6.2C.

3.4. Discussion and Implications. Fleet-average, fuel-
based emission factors measured with incandescence techniques
(HS-LII and SP2) have not been previously reported. These
measurements have the advantage of higher sensitivity and time
resolution compared to traditional BC measurement techniques,
resulting in improved BC concentration measurements on and
near a typical North American highway. Subsequent BC EF
estimates under these real-world conditions should provide
an improved estimate of the BC emitted from the on-road
transportation sector.

The present results also have implications for BC measure-
ments, modeling, and emission regulations. All of the BC
measurements used to quantify BC EFs to this point have
utilized traditional techniques based on the thermal and/or
optical properties of BC. These specifically include instruments
based on thermal—optical transmittance, thermal conversion to
CO,, BC absorption (i.e, PSAP, Aethalometer), and photo-
acoustic spectrometry. A detailed description of many of these
instruments is given elsewhere (31 and references therein). The
large BC emission factors for LDGV reported here, relative to
other measurements and the inventory, implies that in using
other measurement methods, BC from gasoline vehicles may
have been underestimated. Although uncertainties exist with
respect to BC measurement with incandescence techniques
(Section 2.2), overestimates of BC in this study due to false
positive signals is not likely (Supporting Information).

Comparisons between the SP2, which we have shown here is
biased low compared to the HS-LII when there is a significant
amount of mass in small particle sizes, and many of the traditional
BC measurement methods have been performed>"”* In
general there has been agreement among those measurements,
with the exception of a recent study”™ which showed a 30—40%
low bias for thermal—optical techniques relative to the SP2.
However, none of those comparisons utilized BC particles from
gasoline engines, or they were performed in areas dominated by
diesel emissions, away from direct sources, and with observed
ambient mass mode diameters >150 nm.>’ Furthermore, the
laboratory-generated BC particles used for comparison in those
studies were also relatively large, typically ranging from 130 to
460 nm with varying degrees of organic coating. Although the
organic coating of those studies had a relatively small effect on BC
mass measurements, it is unclear how such methods would agree
under the conditions utilized here; with the amount and nature of
the organics associated with gasoline exhaust particles.

The mass mode diameter for BC particles (using thermal—
optical detection of MOUDI samples) from gasoline engines
during chassis-dynamometer studies has been reported to be
>150 nm,® which is also consistent with measurements 18—37
m downwind of a gasoline dominated highway'* (using the same
method). This is in contrast to the BC mass mode diameter
observed in this study for LDGV (Figure 3; <75 nm), although
the BC core size in those studies is not clear. This difference may
be in part due to large pressure drops in the final stages of the
MOUDI which may result in negative artifacts such as
evaporation of organic coatings and/or positive organic artifacts.
Such artifacts may complicate accurate determination of BC
depending on the thermal—optical method chosen.®’ A
dominant BC mass mode <75 nm for LDGV here suggests
that further study is warranted, particularly in light of the known
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interferences associated with other methods®®~®* and the potential

for uncertainty caused by different operational definitions of BC
and OC.>%

An underestimate in BC emissions from gasoline engines
subsequently effects modeled BC emissions and concentrations,
particularly when utilizing the emission factors in the current
inventory (Figure 4). Relative to the LDGV reconstructed from
our measurements, the MOBILE 6.2C derived emission factor
for LDGV is at least a factor of 8—9 lower (HS-LII). Although
there is uncertainty in estimating EFs with MOBILE 6.2C, it is
unlikely that inclusion of speed or load inputs for BC, or more
accurate CO, estimates, for example, will bridge this large gap.

The gap between BC mass emissions of HDDV and LDGV is
likely to shrink further as regulations for HDDV continue to
take effect and alternate technologies for fuel delivery in gasoline
vehicles (i.e, gasoline direct injection; GDI) become more
popular. BC emissions from GDI engines have been observed to
be significantly higher than those from conventional engines.®’
The present results suggest that further dynamometer and on-
road measurements of BC from gasoline vehicles are required in
order to corroborate our findings and to improve emissions
inventories in support of modeling, national and international
policies, and estimates of impacts on health, the environment,
and climate.
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