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Measurements of black carbon (BC) emissions
with high sensitivity laser induced incandescence (HS-
LII) and a single particle soot photometer (SP2) were
conducted near-road and on-road for a highway domi-
nated by light duty gasoline vehicles during a study
conducted in a rural area north of Toronto, ON, Canada.
HS-LII is a unique instrument recently developed by
NRC, with support from Artium Technologies, which
measures mass concentration to levels as low as 10
ng/m3 for an ensemble of BC particles. It also deter-
mines primary particle diameter and active surface area
for BC particle sizes between 5 and 1000 nm. SP2 is a
commercial instrument which measures the mass con-
centration and size of single BC particles with an effec-
tive diameter larger than 75 nm (the lower limit of de-
tection for the instrument). Details about this study
have been recently published [1].

Mobile Laboratory

Mobile measurements were made with the Canadi-
an Regional and Urban Investigation System for Envi-
ronmental Research (CRUISER) on a side road perpen-
dicular to Highway 400, at a location north of Toronto,
Canada. The site was dominated by agricultural fields
and was not impacted by other primary PM sources.
The mobile lab was used at this site to measure pollu-
tion 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% accura-
cy. CRUISER was also driven on Highway 400 and
401 near Toronto for in-situ measurements behind
HDDV.

I nstrumentation

Black carbon measurements were performed
onboard the mobile laboratory with a modified High
Sensitivity Laser Induced Incandescence (HS-LII) in-
strument (NRC Canada and 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.

HS-LII:
cence

The principle of operation for the HS-LII, the cali-
bration thereof, and its use during ambient studies have
been described previously [2, 3]. Briefly, ambient par-
ticles are sampled at a flow of approximately 5 Lmin™'
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 tem-
perature (approximately 4000 K). The absolute incan-
descence intensity from the BC particles is measured
using collection optics and photomultipliers. Using an
appropriate calibration and analysis of the absolute in-
candescence signal, information on the soot volume
fraction is obtained without the need for a source of
soot particles of known concentration [2].

To convert to a mass concentration, 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 sources of BC [4]. The largest
uncertainty arises from E(m) for the particles (£ 20%)
[4], while the overall measurement of BC concentration
has been determined to be within 25% [5]. In contrast
to the SP2 (below), this instrument does not measure
single BC particles, but rather determines the ensemble

High-Sensitivity Laser-Induced Incandes-
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Figure1. 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. a. Error bars denote the standard deviation of the mean. B. Ratio of measured BC concentration
(SP2:HS-LIN) asfunction 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 [1].

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 7nm [6].

SP2: Single Particle Soot Photometer

The principle of operation of the SP2 and its use in
ambient sampling have been described extensively [7,
8]. Individual BC particles sampled by the SP2 were
irradiated with a continuous laser (1064 nm) resulting
in BC incandescence which was monitored in the visi-
ble band (A= 300-550 nm). The BC mass for each par-
ticle was estimated from the incandescence peak inten-
sity. The BC mass concentration was calibrated with a
mono-disperse aerosol stream selected with a scanning
mobility particle sizer (SMPS, TSI inc.), from an atom-
ized 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 mono-
disperse Aquadag particles used for calibration was
characterized prior to the study by simultaneous mobili-
ty sizing and mass selection using an SMPS and an
Aerosol Particle Mass Analyzer (APM, Kanomax Inc.,
Japan) in a manner described previously [9]. The SP2 is
able to detect single particles with effective diameter
greater than about 90 nm with approximately 100%
transmission efficiency [8]. An experimentally deter-
mined transmission efficiency correction was applied to

the data to account for non-unity transmission of parti-
cles between 70 and 90 nm.

Uncertainties in the measurement of BC by the SP2
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 material (£ ~8%).

Results

The traffic volume and composition over the 17
days of the study are given in Figure 1A as a function
of time of day. At the times of the highest traffic flow
(yellow bars, Figure 1A) the mean HDDV fraction (on
a vehicle count basis) is at a minimum and thus the
flow is dominated by LDGV (light duty gasoline vehi-
cles).

Differences between the HS-LII and SP2 emission
factors [1] suggest a particle driven discrepancy be-
tween 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 differ-
ence could be critical given the size of the particles
associated with gasoline exhaust (which dominate the
LDGYV emissions) and the predominance of these types
of vehicles on the road. To investigate this hypothesis
further Figure 1B shows the ratio of the SP2 to HS-LII
measurements relative to the time of day, for 3 consecu-
tive days (Sept 13"™-16"). The mean and median of Fig
1B indicate that the SP2 is most significantly biased
low relative to the HS-LII at times of peak traffic (6-
8AM and 4-6PM), when the HDDYV fraction is lowest
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Figure 2. Average measured mixed fleet, HDDV and
reconstructed LDGV fuel based BC emission factors
from the present study (mixed fleet — |eft; HDDV —
center; reconstructed LDGV —right,) compared with
recent literature (reported means values), and the MO-
BILE 6.2C derived emission factors. The count based
%HDDYV during other studiesisin brackets[1].

a. Tunnel study, Milwaukee, WI. Converted to fuel based EF in Ning et al., 2008.

b. Dynamometer study reconstructed by Ning et al., 2008 to compare with I-710 highway
(20% HDDV).

c. Highway study (I-710, CA).

d. Dynamometer study; Converted to fuel based EF and reconstructed in Ning et al., 2008 to
compare with 1-710 highway.

e. Tunnel study in Pittsburgh, PA.

f. Tunnel study; Houston TX, 2.0-2.4% HDDV shown only.

g. EF derived from MOBILE6.2C for mixed, HDDV and LDGV; Refer to text for details.

h. Tunnel study, Zurich Switzerland.

i. Tunnel study in CA with 4.2% uphill grade; HDDV EF reconstructed from mixed traffic
tunnel and measured LDGV EF.

j. mean reported value; HDDV vehicle chasing study, Germany.

k. median reported value; HDDV vehicle chasing study, Germany.

|. Dynamometer study for LDGV only as described by Ning et al., 2008.

m. Highway study (CA-110).

n. Tunnel study in CA with 0.25 — 0.54% HDDV assumed to ~100% LDGV and a 4.2% uphill
grade.

0. Same as (n) but 7 years earlier.

p. Reconstructed median LDGV from current study.

(i.e. gasoline dominated emissions). Conversely the
mean SP2/LII ratio is highest overnight, early morning
and during the middle of the day, when the HDDV frac-
tion is higher.

The black carbon emissions factors from previous
studies, this study, and emissions inventories are shown
in Figure 2. The average LDGV emission factor is ap-
proximately 115 = 80 mg kg™, and is considerably
higher than the LDGV emission factors from previous
chassis-dynamometer or road-way studies which range
from 8 — 30 mg kg (see refs. in [1]). Although our
mean LDGV EF is more directly comparable to other
reported values, which were stated as being mean val-
ues, using the median of our output values as a con-
servative estimate also yields a LDGV EF (~75 mg kg’
'wels Fig 2), which is substantially larger than other re-
ported values. Conversely, as demonstrated in Figure 2
(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

(see refs. in [1]). All of those reported average values
fall between the mean and median of the HDDV values
measured here. The similarity between the HDDV val-
ues 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 2 are the BC emission fac-
tors from the Canadian emissions inventory (Yellow
squares), which are estimated with MOBILE 6.2C for
the mixed fleet of this study, HDDV and LDGV. The
reconstructed mixed fleet MOBILE 6.2C emission fac-
tor in Figure 2 (~19.7 mg kg™ ,q1) is substantially below
the average (152 mg kg 1) and median (59.3 mg kg™
1fuel) of the measured values in this study, while the
MOBILE 6.2C emission factor for HDDV shows
somewhat better agreement with measurements (mid-
dle, Figure 2). This suggests that much of this discrep-
ancy is based in the LDGV emission factor. Consider-
ing the range of LDGV EFs for this study (Figure 2;
Right side), the most conservative estimate for a LDGV
emission factor (~75 mg kg ') is approximately a
factor of two higher than other measurements, and a
factor of nine higher than the LDGV EF derived from
MOBILE 6.2C (~8 mg kg ,)). The MOBILE model
does not include a vehicle speed or engine load input
for BC emissions. A recent emission factor model
(MOVES) accounts for such variables and thus may
slightly increase the emissions factor for LDGV BC.

Summary

Fuel-based BC emission factors for real-world av-
erage light duty gasoline fleet and heavy duty diesel
vehicles were derived separately with the use of simul-
taneous CO2 measurements. 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. This
mode 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 at least a factor of two higher than previous
North American measurements, and a factor of nine
higher than currently used emission inventories in Can-
ada, derived with the MOBILE 6.2C model. Converse-
ly, the measured BC emission factor for heavy duty
diesel vehicles is in reasonable agreement with previous
measurements and the inventories. Greater attention
must be paid to black carbon nanoparticle emissions
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.
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Optical layout of high sensitivity
system (HS-LII)
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Auto-Compensating LII (AC-LII)
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Mobile Platforms
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Study Site

Hwy 400 & side road 18 (43.9936°N, 79.583Z°W)
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Laser-Induced Incandescence (LII)

high selectivity technique for measuring black carbon
 soot, refractory carbon, elemental carbon, carbon black

measures.

* mass concentration, volume concentration, active surface
area, primary particle diameter

broad measurement range
real-time (20 Hz), instantaneous data analysis
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One Month of HS-LII Data
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Time-resolved HS-LII and SP2
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 HS-LIl and SP2 compare well
- best agreement at concentrations below 2.0 ug/m3

- SP2 can’'t measure BC below about 70nm
* may be better for processed than freshly emitted particles
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Time-resolved HS-LII and SP2
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Black Carbon Size Distributions — SP2
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Validating vehicle emission estimates
for Black Carbon

« Using latest BC incandescence technology (LIl & SP2)

* Emissions factors derived from HWY measurements (Heavy
Duty Diesel; HDD) and from perpendicular to HWY transects
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FEVER: BC from Gasoline Vehicles is
Substantial
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FEVER: HDD vs. Gasoline Vehicles
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- suggests BC particles from LDGV are smaller (below SP2 threshold)
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FEVER: BC from Gasoline Vehicles
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Summary

Laser-induced incandescence
« HS-LII has the sensitivity to measure atmospheric levels of BC

The combination of LIl with other techniques used to measure BC
provides additional and valuable insights

» LII+SP2 to assess the source of BC emissions (gasoline vs. diesel)

Black Carbon (BC) Emission Factors

» BC from gasoline vehicles at least a factor of two higher than previous
North American measurements, and a factor of nine higher than
currently used emission inventories in Canada (MOBILE 6.2C)

« BC from heavy duty diesel vehicles is in reasonable agreement with
previous measurements and the current inventory

 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

- increased popularity of GDI engines in the future could further shrink the gap
between gasoline and diesel BC emissions

- significant implications for climate by BC, a short lived climate forcer (SLCF)

fs s
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Atmospheric Black Carbon: HS-LII vs.
Photoacoustic
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Use of Simultaneous LIl and PA to
Determine Specific Absorption Coefficient
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