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Abstract Emissions were measured from seven heavy-duty
(HD) on-road vehicles that were operated along six common
route types used for freight transport in California. All vehicles
had engines that were certified to the 0.01 g/bhp-h particulate
matter (PM) and either a 0.2, 0.3, or 2.3 g/bhp-h nitrogen oxide
(NOx) standard. Diesel vehicles had low carbon monoxide (CO)
and total hydrocarbon (THC) emissions below brake-specific
standards, with route averages ranging from 0.24 to 3.35 g CO/
mi and from 0.02 to 0.45 g THC/mi. Diesel vehicles equipped
with selective catalytic reduction (SCR) had route average NOx
emissions ranging from 0.58 to 3.99 g/mi (0.16 to 0.96 g/bhp-h).
NOx emissions were less route-dependent for the one vehicle
with a 12-L compressed natural gas (CNG) engine and three-
way catalyst (TWC), with route averages ranging from 0.16 to
0.46 g/mi (0.06 to 0.13 g/bhp-h). The ranking of certification
NOx emissions for the seven engines reported during engine-
dynamometer-based certification was not maintained during re-
al-world testing; for example, highway driving NOx emissions
were lower than certification values for some engine families and
higher than certification values for others. Route-average gravi-
metric particulatematter (PM) emissions ranged from4 to 12mg/
mi, which on a brake-specific basis were at least two times below

the 0.01 g/bhp-h standard. Ion speciation of PM emissions indi-
cated that the most prevalent species were sulfate (SO4

2−) for the
model year (MY) 2007 diesel vehicle equipped with a diesel
particulate filter (DPF) and no SCR, nitrate (NO3

−) for conven-
tional diesel vehicleswith aDPFandSCR, and sodium (Na+)was
the most abundant species for the CNG vehicle. NOx and PM
emissionswere compared to, and showgenerally goodagreement
with, the latest California mobile source model (EMFAC2014).
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1 Introduction

Extensive human epidemiological and animal exposure studies
have demonstrated short-term and chronic health effects from
exposure to both ozone [1, 2] and fine particulate matter (PM)
[3–6]. Emissions reductions for nitrogen oxides (NOx) and PM
are needed in many areas of California and the USA, especially
in regions that are in nonattainment of the National Ambient Air
Quality Standards (NAAQS) for ozone and fine PM [7–9]. On-
road heavy-duty (HD) trucks are not only responsible for the
largest fraction of freight emissions in California, which state-
wide is responsible for 50 % of diesel PM, 45 % of the nitrogen
oxides (NOx), and 6 % of the greenhouse gas (GHG) emissions
[10] but also are the category of mobile sources with the greatest
fuel consumption in the USA [11]. New HD on-road engines
manufactured to the model year (MY) 2010 standard have 97 %
lower NOx and PM emissions than engines manufactured to the
MY 1987 emission standard; these current limits are 0.2 g NOx/
bhp-h and 0.01 g PM/bhp-h when tested over the Federal Test
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Procedure (FTP) and Supplemental Emission Test (SET) cycles.
However, additional stringency is needed to achieve several air
quality goals in the coming decades, most notably, attainment of
ambient air quality standards for ozone. Near-term strategies to
reduce criteria pollutant emissions in California over the next
5 years include turning over the heavy-duty fleet through imple-
mentation of the Statewide Truck and Bus Regulation, adopting
more stringent certification, in-use compliance, and warranty
reporting requirements [12, 13]. Thereafter, additional in-use reg-
ulations or incentive programs may be needed to accelerate the
adoption of newer technologies and adopting more stringent cer-
tification standards [14].

In-use programs that are used to accelerate the adoption of
newer technologies into the long-lived fleet are important be-
cause the median lifetime mileage accrual for a heavy-HD
(HHD, >33,000 lbs gross vehicle weight rating, GVWR) vehi-
cle operating in the USA is nearly 800,000 mi (1,290,000 km)
[12]. Accordingly, the California Air Resources Board (CARB)
adopted the Truck and Bus Regulation in 2008 [15], which
requires phasing-out older equipment and the adoption of MY
2010 or newer engine technology in several regions of the state
by 2023 to accelerate emissions reductions for NOx and PM [9,
16]. More recently, CARB adopted an optional low-NOx stan-
dard where engine manufacturers can certify new engines to
levels 50–90 % below the current standard of 0.2 g NOx/bhp-
h [17]. However, emissions of NOx or other pollutants during
real-world driving activities may exceed levels measured dur-
ing certification under controlled laboratory conditions using an
engine dynamometer [18]. Elevated emissions could result
from poor durability of emission control devices (e.g. selective
catalytic reduction (SCR), or diesel particulate filter (DPF) sys-
tems) [16], the generation of off-cycle NOx emissions when
SCR temperatures are below catalyst light-off temperatures
[19, 20], or emissions generated during infrequent events such
as DPF regeneration that are quantified during certification but
may exhibit different emissions trends during real-world oper-
ation [21, 22]. Improved control of actual in-use emissions,
which include these known types of off-cycle events, begins
with identifying the periods of inefficient emission control dur-
ing real-world driving, especially during the introduction of
new engine and aftertreatment technologies to achieve stringent
emission standards.

To better understand emissions trends, HD on-road vehi-
cles can be tested in the laboratory on a chassis dynamometer,
or over the road using modern portable emissions measure-
ment systems (PEMS), which can also be used to enforce not-
to-exceed (NTE) emission limits [23, 24]. An alternative ap-
proach to using PEMS is to use a full-scale mobile laboratory
compliant to Code of Federal Regulations (CFR) Part 1065 for
emissions measurement, which is housed in a tractor trailer for
operation on the roadway [25, 26]. A recent study using the
full-scale mobile laboratory approach [27] found that brake-
specific NOx emissions were below 0.2 g/bhp-h for a cross-

continental trip across the USA consisting predominately of
high-speed interstate highway driving.

This study includes additional on-road measurements from
HD vehicles and expands upon the cross-continental measure-
ments by including test routes with congested traffic condi-
tions and other low-speed operations that have been shown to
increase NOx emissions from SCR-equippedHD diesel trucks
[19]. Emissions occurring under these operational conditions
will likely impact the South Coast Air Basin’s attainment
strategy for ambient ozone goals in 2023 and 2031 [13]. For
this evaluation, the following six driving routes were selected
that are characteristic of conditions throughout the state: Hill
Climb Highway, Interstate Highway, Regional Highway,
Local Drayage, Near-Dock Drayage, and an Urban Arterial
Route. Testing was repeated using six diesel vehicles (all six
equipped with a DPF, four with SCR), and one stoichiometric
compressed natural gas (CNG) vehicle. Brake-specific and
per-mile emissions are reported for carbon monoxide (CO),
total hydrocarbons (THC), NOx, and PM. Selected filter-
collected PM samples underwent ion chromatography (IC)
to characterize the ion speciation of PM.

2 Methods

2.1 Test Vehicles

Table 1 lists the vehicles, engines, and other information for each
of the seven vehicles in the study. All engines were either
medium- or heavy-HD, all vehicles were classified as class 8
vehicles with aGVWRabove 33,000 lbs, and test vehicle weight
was approximately 68,000±1000 lbs for the combined tractor
and trailer. Vehicles were selected to represent four emission
technology groups prevalent in California today, including (1)
one MY 2007 diesel engine with no SCR and certified to a
2.3 g/bhp-h NOx family emission limit (FEL), (2) four MY
2013 or 2014 diesel engines equipped with SCR, three of which
were certified to a 0.2 g/bhp-h NOx standard and one certified to
a 0.31 g/bhp-h FEL, (3) one hybrid diesel vehicle with a MY
2011 engine with no SCR but certified to a 0.47 g/bhp-h NOx
FEL, and (4) oneMY 2013 compressed natural gas (CNG) 12-L
engine with a three-way catalyst (TWC) certified to the 0.2 g/
bhp-h NOx standard. All subsequent discussion referring to the
MYpertains to the engine rather than the vehicle to alignwith the
engine-based certification program in the USA. All seven en-
gines utilized exhaust gas recirculation (EGR) as part of the
emission control system. All seven engines were certified by
the manufacturers with PM emissions at least three times below
the current standard (0.01 g/bhp-h), and CO and nonmethane
hydrocarbon (NMHC) emissions at least two times below current
standards (15.5 g CO/bhp-h and 0.14 g NMHC/bhp-h).
Although no testing was conducted using compliance proce-
dures, odometer readings indicated that all vehicles were still
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within their useful emissions lifetime of less than 435,000 mi for
heavy-HD engines and 185,000 mi for medium-HD engines.

2.2 Mobile Laboratory, Instrumentation, and Data
Processing

Figure 1 shows the configuration of the mobile laboratory, ex-
haust routing, and instrument configuration. All test vehicles
pulled the mobile laboratory, which was affixed to a flatbed
trailer along with an on-board power generator, and other emis-
sions measurement equipment. The trailer was not equipped
with any aerodynamic drag-reducing equipment, such as trailer
skirts, but most of the tractor cabs included fairings and other
aerodynamic equipment. The mobile lab was equipped with a
constant volume sampler (CVS), whichwas set to approximate-
ly 1800 ft3/min (CFM), fromwhich both gaseous and PMmea-
surements were conducted. For a full description of the mobile
laboratory, refer to citations 26 and 27.

Raw exhaust was routed into the CVS of the mobile lab
using a smooth-walled flexible and insulated 5-in manifold.
Several high-speed raw exhaust flow modules (EFM) were
placed between the flexible tubing and the inlet to the CVS
that were utilized for the various PEMS that were included in
the study but are not reported in this paper.

Modal gaseous measurements were collected from diluted
exhaust in the CVS using a MEXA 7200d (Horiba Ltd., Japan)
laboratory-grade bench analyzer reporting CO and CO2 using
nondispersive infrared (NDIR), THC using a flame ionization
detector (FID), and NOx using a chemiluminescence detector
(CLD). Analyzer signals were post-processed according to
CFR guidelines for performing drift correction (1065.672),
intake-air humidity NOx correction (1065.670), performing
dry-to-wet conversion of analyzers operating downstream of a
chiller (1065.659), and for performing dilution air background
correction (1065.667) CVS background-correction.

PM was measured from the CVS, after cyclonic separation
and secondary dilution by approximately a factor of two, at a

Table 1 HD test engines, emissions information, and vehicle details

Vehicle 1 Vehicle 2 Vehicle 3 Vehicle 4 Vehicle 5 Vehicle 6 Vehicle 7

Manufacturer OEM 1 OEM 1 OEM 1 OEM 2 OEM 3 OEM 4 OEM 4

Engine MY 2007 2013 2013 2014 2014 2011 2013

Model Diesel Diesel CNG Diesel Diesel Hybrid Diesel Diesel

Aftertreatment
configuration

DOC+DPF DOC+DPF+SCR TWC DOC+DPF+SCR DOC+DPF+SCR DOC+DPF DOC+DPF+SCR

Displacement (L) 15.0 15.0 11.9 14.8 12.8 7.6 12.4

Rated power (hp) 550 450 400 505 405 260 475

Tractor GVWR
rating (lbs)

80,000 80,000 80,000 80,000 80,000 61,000 80,000

Odometer (mi) 393,174 123,471 11,142 110,680 40,420 34,260 186,389

FTP Cert. NOx
(g/bhp-h)

2.0 0.22 0.15 0.09 0.06 0.46 0.20

Fig. 1 Setup used for on-road testing. This study included a
comprehensive suite of PEMS and real-time particulate instruments;
however, this paper presents the criteria pollutants measured using the
gas bench and gravimetric PM analyzers illustrated within the dotted

orange box on the right-hand side of the figure. The combined weight
of the tractor and trailer was approximately 68,000 lbs (color figure
online)

158 Emiss. Control Sci. Technol. (2016) 2:156–172



filter face velocity below 100 cm/s and temperature controlled
to within 47 ± 5 °C, and using polytetrafluoroethylene
(PTFE)-coated quartz filter media (TX40 Emfab™, Pall
Corporation, New York, NY, USA). Media were transported
to a weigh-room compliant to CFR specifications at the Center
for Alternative Fuels Engines and Emissions (CAFEE) in
Morgantown, WV, for final gravimetric determination.
Selected filter media were transported to the ARB Haagen-
Smit Laboratory (HSL) in El Monte, CA, for chemical char-
acterization by ion chromatography (IC) using ARB Standard
Operation Procedure (SOP) MV-AEROSOL-142 [28]. Ion
concentrations were reported for sulfate (SO4

2−), sodium
(Na+), nitrate (NO3

−), calcium (Ca2+), potassium (K+), ammo-
nium (NH4

+), magnesium (Mg2+), and chloride (Cl−).
Engine control unit (ECU) data were recorded using the

SAE J1939 protocol over the controller area network. All
vehicles broadcasted engine torques, engine speed, tempera-
tures at various locations of the engine and aftertreatment sys-
tem, and other information that allowed for quantification of
brake-specific emissions during on-road operation. Some ac-
quired data channels were not standardized and may be incon-
sistent among vehicles because HD on-board diagnostic
(OBD) requirements were phased in between engine MY
2010 and MY 2016. For example, engine parasitic losses
should be broadcast under suspect parameter number (SPN)
2978 and not included with frictional torque reported in SPN
514; however, some engines report these together, and there-
fore, total engine work calculated may be slightly
underestimated if parasitic losses were combined with fric-
tional losses and were both subtracted from the nominal en-
gine torque reported in SPN 513. Other data such as
aftertreatment temperatures were available from most engines
but were not available for all engines. All J1939 data, emis-
sions information, and geographical position data were logged
centrally using an in-house software package.

This paper reports the emission rates and analyzes
trends of CO, CO2, THC, NOx, and PM using data re-
ported by the laboratory-grade analyzers that sampled di-
rectly from the CVS. Several additional gaseous and par-
ticulate measurements were made, including an evaluation
of commercially available PEMS systems for criteria gas
measurement, the evaluation of portable Fourier-transform
infrared (FTIR) spectroscopy systems for measurement of
noncriteria gases such as nitrous oxide and ammonia, and
measurement of several real-time suspended particulate
metrics such as particle number using condensation parti-
cle counters and size distribution using electrometer-based
mobility spectrometers. Only criteria pollutants are report-
ed in this paper using the laboratory-grade analyzers to
facilitate a comparison among routes, engine technolo-
gies, and engine manufacturers. The instruments used to
generate data described in this paper are bounded by the
orange dotted line in Fig. 1.

2.3 Routes

Figure 2 shows a map of the six distinct routes that were
driven over at least 5 days and spanned 1500 mi along some
of the major freight corridors in California. Each day, trips
were made lasting typically between 1 and 2 h, and stops were
generally made at the same locations for each truck. Thus,
identical or similar trips were made across all vehicles in the
study. When possible, trips over the Near-Dock Drayage,
Local Drayage, Regional Highway, and Urban Arterial
Routes were scheduled to occur during periods during normal
business hours (09:00 to 19:00 local time) in order to capture
emissions associated with commercial freight movement and
capture emissions associated with any congested traffic con-
ditions. The number of trips and mileage for each vehicle
varied; some vehicles had limited range such as Vehicle 3 that
operated on CNG and therefore some trips were omitted, and
other trips were excluded from evaluation due to incomplete
data reporting from emissions analyzers or the data acquisition
system. Notwithstanding, this project stands as a comprehen-
sive emissions measurement project for modern HD on-road
engines, with capture of over 6800 mi of second-by-second
on-road emissions data from the seven vehicles.

Figure 3 illustrates the typical speed-versus-time pro-
files associated with each route; actual speed profiles var-
ied for each of the trips. Annotated speeds and work per
distance represent the average of all trips made over that
route classification. The Hill Climb Highway Route is
shown in Fig. 3a in red, which includes driving through
passes on highway I-5 (i.e. the Grapevine) and highway
I-15 (i.e. the Cajon Pass) to characterize emissions

Fig. 2 Testing routes representing major freight transport corridors in
California. Line color indicates the route classifications
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associated with freight movement in and out of the South
Coast Air Basin. Figure 3b shows the Interstate Highway
Route, which included driving on north–south corridors
through the San Joaquin Valley on SR-99 and I-5, and
on east–west corridors to the eastern California-Arizona
border via SR-40 and I-10. Figure 3c shows Regional
Highway Routes that included driving at speeds commonly
around 55 mi/h, but also frequent periods of slower congested
highway driving. Drayage Routes were included to capture
emissions associated with freight movement leaving the
Ports of Long Beach and Los Angeles. The Near-Dock
Drayage Route shown in Fig. 3e simulated the stop-and-go
operations associated with cargo loading from ocean-going
vessels followed by brief higher-speed driving onto local
highways, and the Local Drayage Route shown in Fig. 3d
simulated transport to regional rail yards near downtown
Los Angeles. The sixth route was an Urban Arterial Route
as shown in Fig. 3f, which included driving stop-and-go driv-
ing frequently approaching speeds around 40 mi/h, which is
meant to represent “last-mile” delivery of goods from a gro-
cery distribution center to retail locations.

3 Results

Table 2 tabulates the average brake-specific and distance-
specific emission factors by route and technology group; the
ranges of route averages are presented throughout the text.
Trip-to-trip variability included both measurement as well as
driving condition differences; therefore, ranges of the average
emission rates by route are presented rather than ranges of
repeat trips over one given route classification. The standard
error of the mean (SEM) for data presented in Table 2 was
commonly 40 % or more because of the variable on-road
driving conditions. The Urban Arterial Route results are not
presented for Vehicles 1 and 3 because no valid emissions
measurement tests were available for these trips. Table 3 pre-
sents the average emissions by weighting each route equally
by one fifth or one sixth (depending upon the vehicle) to
calculate an average or overall emission rate for each vehicle.
These values can be used to compare the relative performance
of the vehicles on this route but do not necessarily imply an
activity-weighting average for vehicles frequently using these
freight transport corridors.

Fig. 3 Typical speed versus time for each of the six route classifications. These include the aHill Climb Highway Route, b Interstate Highway Route, c
Regional Highway Route, d Local Drayage Route, e Near-Dock Drayage Route, and f Urban Arterial Route
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Emissions results are reported primarily on a brake-specific
basis using the broadcast engine torque and speed parameters
using the J1939 protocol. Using net engine work produced,
comparisons are made for each pollutant relative to engine
dynamometer test data and certification limits. On-road in-
use emissions measured in this study are not representative
of engine dynamometer cycles such as the FTP or SET, and
when emissions exceed engine dynamometer certification
limits, they still may be compliant with all relevant certifica-
tion and in-use standards. Still, engine emissions measured
during on-road chassis-based operation are presented along-
side engine certification standards to assess the relative levels
of control achieved during on-road operation. Generally, on-
road testing is critical to identify periods of inefficiency of
emission control systems, as well as to better understand
how chassis dynamometer testing can be improved to better
represent on-road driving behavior.

3.1 CO Emissions

Figure 4a presents CO emissions on a brake-specific and per-
mile basis for each route and vehicle group. For diesel-
powered vehicles, emissions of CO were near or below 1 g/
bhp-h, which is more than 90 % below the engine dynamom-
eter certification standard of 15.5 g/bhp-h. Such low CO con-
centrations are achieved by using the DOC, which has become
an integral and vital component of HD diesel emission control
systems. For example, the DOC reduces hydrocarbons while
oxidizing NO into NO2, which promotes passive oxidation of
soot collected by the DPF. However, CO emissions could
potentially increase on engines using higher EGR rates to
control NOx emissions. Average CO emissions during real-
world operation (0.09–0.17 g/bhp-h depending on route) were
slightly elevated compared to engine dynamometer testing of
three MY 2010-compliant engines during the Advanced

Table 2 Average speed, total distance, work-to-distance ratios, and criteria pollutant emissions by engine technology group and route

Average speed Distance W/Dis Emission rate (g/mi) Emission rate (g/bhp-h)

(mph) (mi) (bhp-h/mi) CO2 CO NOX THC PM CO2 CO NOX THC PM

MY 2007 Diesel (DOC+DPF)—No SCR - Vehicle 1

Hill Climb 53.2 74.1 4.3 2445 0.26 14.2 0.02 0.014 572 0.06 3.33 0.00 0.003

Interstate 51.7 765 2.1 1484 0.24 9.16 0.05 0.008 694 0.11 4.29 0.02 0.001

Regional 33.0 329 2.8 1862 0.31 11.3 0.11 0.005 662 0.11 4.02 0.04 0.001

Local Drayage 19.6 22.0 3.7 2457 0.49 14.7 0.23 N/A 666 0.13 3.99 0.06 N/A

Near-Dock 7.8 7.3 3.1 3015 1.24 18.3 0.45 N/A 984 0.40 5.96 0.15 N/A

MY 2013 & 2014 SCR Diesel (DOC+DPF+SCR)—Vehicles 2, 4, 5, and 7

Hill Climb 44.6 426 4.3 1936 0.45 0.73 0.04 0.012 451 0.11 0.17 0.01 0.003

Interstate 50.3 2178 3.3 1469 0.30 0.58 0.02 0.004 450 0.09 0.18 0.01 0.001

Regional 30.6 904 3.4 1680 0.50 0.79 0.05 0.005 499 0.15 0.24 0.02 0.002

Local 16.8 78.0 4.5 2473 0.63 1.72 0.02 0.006 551 0.14 0.38 0.00 0.001

Near-Dock 9.2 46.2 4.2 2702 0.67 3.99 0.15 0.009 651 0.16 0.96 0.04 0.002

Urban 17.3 106 5.4 2701 0.94 0.88 0.06 0.009 497 0.17 0.16 0.01 0.002

MY 2013 CNG (TWC)—Vehicle 3

Hill Climb 44.6 95.1 4.6 2108 9.02 0.42 3.70 0.002 461 1.97 0.09 0.81 0.000

Interstate 43.8 260 2.9 1379 7.58 0.16 1.93 0.003 480 2.64 0.06 0.67 0.001

Regional 33.8 235 3.1 1495 8.83 0.23 1.67 0.004 487 2.87 0.08 0.54 0.001

Local 15.6 21.9 3.5 2214 14.36 0.46 1.37 0.008 628 4.07 0.13 0.39 0.002

Near-Dock 9.2 7.4 3.2 2369 9.06 0.38 5.03 0.012 732 2.80 0.12 1.56 0.004

MY 2011 Hybrid Diesel (DOC+DPF) – No SCR—Vehicle 6

Hill Climb 32.2 57.1 3.8 2468 0.63 3.92 0.13 N/A 654 0.17 1.04 0.03 N/A

Interstate 36.2 59.4 2.9 1891 0.43 2.32 0.02 N/A 651 0.15 0.80 0.01 N/A

Regional 31.9 147 2.8 1807 0.42 2.40 0.03 0.013 648 0.15 0.86 0.01 0.005

Local 14.3 21.9 3.7 2475 1.57 5.03 0.07 N/A 670 0.42 1.36 0.02 N/A

Near-Dock 6.6 7.4 3.2 2377 3.35 2.96 0.17 0.009 750 1.06 0.93 0.05 0.003

Urban 15.9 33.7 4.0 2567 0.73 5.78 0.04 N/A 644 0.18 1.45 0.01 N/A

Note that trips with active DPF regeneration events were excluded from PM emissions reported in this table to compare differences among routes in the
absence of an infrequent event
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Collaborative Emissions Study (ACES) Phase II (0.02-0.1 g/
bhp-h) evaluated over the FTP and 16-h cycles [29] but were

still substantially lower than the relevant engine dynamometer
certification limit.

Table 3 Average speed, total distance, and criteria pollutant emissions by vehicle and technology group

Average Distance Emission rate (g/mi) Emission rate (g/bhp-h) Ratio

(mph) (mi) CO2 CO NOX THC PM CO2 CO NOX THC PM NO/NOX

MY 2007 Std. Diesel (DOC+DPF)

Vehicle 1a 3 1197 2253 0.51 13.54 0.17 0.008 716 0.16 4.32 0.06 0.003 0.70

MY 2010 Std. Diesel (DOC+DPF+SCR)—MY 2013 and MY 2014 engines

Vehicle 2a 30.9 1580 2015 0.26 2.20 0.05 0.005 541 0.07 0.57 0.01 0.002 0.88

Vehicle 4 27.7 872 2048 0.45 1.05 0.02 0.007 533 0.12 0.29 0.01 0.002 0.88

Vehicle 5 28.9 672 2116 1.50 1.37 0.03 0.006 486 0.34 0.32 0.01 0.002 0.65

Vehicle 7b 24.5 614 2390 0.32 1.03 0.14 0.018 507 0.07 0.21 0.03 0.004 0.83

MY 2010 Std. CNG (TWC)—MY 2013 engine

Vehicle 3a 28.1 620 1913 9.77 0.33 2.74 0.004 558 2.87 0.09 0.79 0.001 0.96

Hybrid Diesel (DOC+DPF) – No SCR – MY 2011 engine

Vehicle 6 22.9 327 2264 1.19 3.74 0.07 0.016 670 0.36 1.07 0.02 0.005 0.67

Emissions assessed over each route are equally averaged into the figures below regardless of driving distance, engine work, or number of trips made for
each route. Note that trips with active DPF regeneration events were not excluded from PM emissions reported in this table to compare the overall PM
emissions measured from each vehicle technology
aAverage does not include Urban Arterial Route.
b Average does not include Hill Climb Highway Route

Fig. 4 Average a CO and b THC emissions grouped by engine technology and route type
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The CNG vehicle had route average emissions ranging from
1.97 to 4.07 g CO/bhp-h. Despite higher CO emissions from the
CNG compared to diesel vehicles, brake-specific emissions were
at least three times below the engine dynamometer certification
standards. Earlier chassis dynamometer testing of TWC-
equipped CNG buses with MY 2007–2011 Cummins 8.9-L en-
gines reportedCO emissions between 6 and 27 g/mi over various
vocational and standard chassis dynamometer driving cycles [30,
31]; per-mile emissions reported from the 12-L CNG engine in
this study was 7.6–14.4 g/mi indicating comparable levels of
control by stoichiometric combustion and TWC aftertreatment.
Generally for both CNG and diesel-powered vehicles in this
study, CO emissions were lower for routes with higher vehicle
load and speeds, and emissions were slightly higher for lower-
speed driving in Near-Dock and Local Drayage Routes.

3.2 THC Emissions

Figure 4b presents THC emissions on a brake-specific and per-
mile basis for each route and vehicle group. The relevant emis-
sion certification standard for MY 2007 and newer engines is
0.14 g nonmethane hydrocarbons (NMHC)/bhp-h, which does
not consider emissions of methane that is also detected by the
MEXA 7200d flame-ionization detector (FID) used to report
THC in this study.

Route average THC emissions ranged from 0.00 to 0.15, from
0.00 to 0.04, and from 0.01 to 0.05 g/bhp-h for the MY 2007
diesel, MY 2013 and MY 2014 SCR diesel, and MY 2011
hybrid diesel engine groups, respectively. Similar to the level of
control for CO, lean combustion with DOC aftertreatment
achieved emissions of about three times or more below the rele-
vant engine dynamometer certification standard during on-road
operation, and higher than the emission factors reported during

the ACES II study (∼0.001 g/bhp-h) [29]. The procedure used in
the ACES cycle favored very lowTHC concentrations because it
reflects the average of repetitive hot starts over several hours and
also does not consider on-road conditions that are important for
inventory development.

For diesel vehicles, where low THC concentrations are typi-
cally observed (raw exhaust THC concentrations typically 1–
2 ppm), measurement accuracy may be affected by background
concentrations in the dilution air. Particulate but no gaseous re-
moval is achieved by the filtration of CVS dilution air, and ana-
lyzer drift corrections do not consider fluctuations in on-road
background concentrations of the dilution air used for emissions
measurement. If raw exhaust concentrations approach the on-
road background concentrations used in dilution air, more accu-
rate THC measurement may be achieved using a raw exhaust
analyzer (the principle used by PEMS) rather than analyzing
dilute emissions from the CVS.

The CNG engine emitted between 0.39 and 1.56 g THC/bhp-
h when averaged for each route. While these THC results are an
order of magnitude higher than theNMHC certification standard,
they are unlikely to indicate an exceedance of the NMHC stan-
dard due to cross sensitivity of the THC detector to methane,
which has been shown in previous studies to account for
∼95 % of the THC signal for stoichiometric CNG engines
equipped with TWC [30].

3.3 NOx Emissions

3.3.1 MY 2007 Diesel Vehicle (No SCR)

Figure 5 shows NO, NO2, and NOx emissions on a brake-
specific and per-mile basis for each route and vehicle
group. The MY 2007 diesel engine had the highest range

Fig. 5 Average NOx emissions grouped by engine technology and route type
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of NOx route-average emissions (3.33–5.96 g/bhp-h),
which was greater than the engine dynamometer family
emission limit (FEL) of 2.3 g NOx +NMHC/bhp-h to
which the engine was certified. Many of these routes
are not within the scope of current HD regulations, es-
pecially the Near-Dock Route (average emissions of
5.96 g/bhp-h and 18.3 g/mi), which included lower-
speed and stop-and-go operation. For other routes such
as the Hill Climb Highway (average emissions of 3.33 g/
bhp-h and 14.2 g/mi), some operation likely occurred
within the Not-To-Exceed (NTE) window [32] for which
this engine was subject to a more lenient 2.9 g/bhp-h
emission limit (NMHC+NOx); however, emissions dur-
ing NTE windows are not reported or analyzed here. The
average NO to NOx ratio was 0.70 for this vehicle
(Table 3) and was relatively similar for all routes.

3.3.2 Diesel Vehicles with SCR

The two MY 2013 and two MY 2014 diesel vehicles
with SCR had route average NOx emissions below the
0.2 g/bhp-h standard for Hill Climb Highway (0.17 g/
bhp-h), Interstate Highway (0.18 g/bhp-h), and Urban
Arterial (0.16 g/bhp-h) routes, had slightly increased av-
erages for Regional Highway and Local Drayage Routes
(0.24 and 0.38 g/bhp-h, respectively), and emitted about
five times the certification standard over the Near-Dock
Route (0.96 g/bhp-h). Over all routes, emissions on a
per-mile basis range between 0.6 and 4.0 g/mi, which
was slightly lower than the range of 2.0–8.9 g/mi report-
ed by Thiruvengadam et al. [31] over the chassis dyna-
mometer UDDS cycle for MY 2010 and 2011 engines all
equipped with SCR. Whereas these results indicate later

MY engines have improved NOx control, the SCR con-
version efficiency decreases at a threshold temperature
somewhere between 200 and 250 °C [20, 31], and ele-
vated brake-specific and per-mile NOx emissions were
still observed during low-load driving conditions.

Figure 6 presents NOx emissions separately by the four
SCR diesel vehicles as route averages and where appli-
cable standard deviations are presented. Vehicle 2 (MY
2013 15.0-L OEM 1) had the highest NOx emissions for
all routes of all the SCR diesel vehicles. Its certification
NOx was also the highest of the four vehicles (0.22 g/
bhp-h, Table 1); however, the certification value for
Vehicle 7 (MY 2013, 12.4-L OEM 4) was the second
highest (0.20 g/bhp-h), and this vehicle resulted in the
lowest or nearly the lowest NOx emissions for any diesel
vehicle over all routes. Vehicle 4 (MY 2014 15-L OEM
2) and Vehicle 5 (MY 2014 12.8-L OEM 3) were certi-
fied at 0.09 and 0.06 g/bhp-h, respectively, but real-
world NOx emissions were higher than Vehicle 7 which
has a certification NOx level of 0.20 g/bhp-h. For in-
stance, Vehicle 7 emitted 0.04 g/bhp-h over the
Interstate Highway Route which was five times lower
than the certification value, whereas Vehicles 4 and 5
emitted 0.16 and 0.18 g/bhp-h over the Interstate
Highway Route, which exceeded their certification
values by at least 50 %. Thus, certification NOx emis-
sions alone do not appear sufficient to predict the in-use
NOx emissions from a particular HD diesel engine
equipped with SCR.

To illustrate trends of real-world routes with high
NOx emissions for all engine manufacturers, Fig. 7 pre-
sents cumulative NOx emissions from the SCR diesel
vehicles for the Near-Dock Route along with a typical

Fig. 6 Average NOx emissions for diesel engines with SCR and certified to the 0.2 or 0.31 g/bhp-h NOx emission standard.Error bars indicate plus and
minus one standard deviation. Data with no error bars indicate that one trip was performed
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speed profile. The trends in NOx emissions versus dis-
tance over the route were similar for Vehicles 4, 5, and
7, whereas cumulative emissions were about two times
higher from Vehicle 2. SCR inlet temperatures were
broadcast and available for Vehicle 2 (dashed red line),
Vehicle 4 (solid red line), and Vehicle 7 (dot-dashed red
line). These data show that the SCR inlet temperature
for Vehicle 2 increased to nearly 250 °C during the first
mile of the route due to the activation of an SCR ther-
mal management system that was indicated by a
Boolean operator in the J1939 broadcast data.
Following deactivation, the SCR inlet temperature de-
creased and NOx emissions increased and accumulated
at an accelerated rate, despite reactivation of the thermal
management at around 1.5 mi into the route. Although
the ECM on Vehicle 2 broadcasted information describ-
ing activity of a thermal management system, this does
not indicate the absence of thermal management by the
other three OEMs, and use of such a system on Vehicle
2 did not achieve better control of NOx compared to
the other OEMs. Although we confirmed that the same
Cummins SCR hardware was equipped on multiple

trucks, the operational strategy and calibration appears
to result in different thermal management strategies
achieving various levels of NOx control. The Near-
Dock Route was associated with low-speed driving con-
ditions and operation below SCR light-off temperatures;
however, the range of average NOx emission rates for
any of the vehicles (0.50–1.62 g/bhp-h) was still 73–
92 % lower than the trip-average NOx emission rate
from the MY 2007 diesel engine with no SCR
(5.96 g/bhp-h). This suggests that engine-out NOx from
the MY 2013 and 2014 diesel engines may be lower
than engine-out emissions from the MY 2007 diesel
engine through optimization of EGR, fuel injection, or
other parameters to help reduce peak combustion
temperature.

The NO to NOx ratio was 0.82 for the SCR diesel
vehicles, which was slightly greater than the ratio from
MY 2007 diesel engine (0.70). Similarly, the ratio did
not show strong route dependency, although Vehicle 5
(MY 2014 12.8-L, OEM 3) had the lowest ratio (0.65)
compared to the other three SCR diesel engines (0.83–
0.88).

Fig. 7 Cumulative NOx
emissions for the SCR-equipped
vehicles as a function of distance
over the Near-Dock Drayage
Route. SCR inlet temperatures are
shown for the vehicles
broadcasting this parameter. The
bottom pane shows the speed
versus time trace, which
illustrates more clearly the
creeping behavior occurring
during the first mile of the route
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3.3.3 MY 2013 CNG Vehicle (TWC)

Figure 5 shows that the CNG vehicle maintained average NOx
emissions below the 0.2 g/bhp-h standard for all routes in the
program. Near-Dock Drayage Route NOx emissions (0.13 g/
bhp-h) were 85 % lower than the lowest-emitting SCR diesel
vehicle, and 97 % lower than the MY 2007 diesel vehicle using
EGR alone without SCR. On Interstate Highway Routes, brake-
specific NOx emissions (0.06 g/bhp-h) were three times lower
the average of the four SCR diesel engines (0.18 g/bhp-h,
Table 2). The NO to NOx ratio was the highest for all engine
technologies evaluated from the CNG engine (0.96) indicating
the lowest degree of oxidation of NO when exiting the tailpipe.

Further improvements are anticipated in NOx control of
HD CNG or diesel engines certified to the ARB Optional
Low NOx standards of 0.10, 0.05, and 0.02 g NOx/bhp-h
using new control strategies that could achieve additional cer-
tification and real-world NOx reductions. The first such CNG
engine was certified to the 0.02 g/bhp-h Optional Low NOx
Standard in late 2015 and is expected to enter the market in
2016 [33].

3.3.4 MY 2011 Hybrid Diesel Vehicle (No SCR)

The engine used as part of the hybrid-electric tractor was cer-
tified to 0.46 g NOx/bhp-h over the FTP and was not equipped
with SCR for NOx control. NOx emissions were the lowest
over Interstate Highway Routes (0.80 g/bhp-h and 2.32 g/mi)
and were the highest over the Urban Arterial Route (1.45 g/
bhp-h and 5.78 g/mi) as shown in Fig. 5. This engine
employed strategies to achieve an intermediate NOx value less
stringent than the 0.2 g/bhp-h standard, but more stringent
than the 2.3 g/bhp-h emission standard the MY 2007 engine.
Therefore, a comparison of the hybridized drivetrain on NOx
emissions compared to conventional technologies for an en-
gine with this NOx certification limit cannot be made using
this dataset. The brake-specific work broadcast by the ECU
only reflects engine work; any stored electric energy that was
recovered during regenerative braking was not considered in
total engine work or brake-specific emission factors. The NO
to NOx ratio from the diesel hybrid engine was 0.67 when
weighting equally all routes, indicating a greater degree of
oxidation when leaving the tailpipe compared to other vehi-
cles tested. Innovative technologies such as these hybrid-
electric drivetrains are still under development and are poten-
tial pathways for achieving both lower GHG and criteria pol-
lutant (i.e. NOx) emissions. This is especially the case for
sectors with short-haul operations, as discussed in the ARB
Mobile Source Strategy document [13], which outlines sever-
al pathways toward achieving and implementing advanced
and innovative HD on-road technologies to achieve air quality
targets in the coming decades.

3.3.5 Trip-Average NOx Emissions and EMFAC2014
Predictions

Figure 8 shows average NOx emissions versus speed along
with the modeled emission rate from the most applicable cat-
egory that includes the test vehicle(s) from the California mo-
bile source emissions inventory (EMFAC2014, dashed gray
line). EMFAC emission rates were obtained from the
Technical Documentation Handbook [34], which defines the
zero mile rates (ZMR) and speed correction factors (SCF) for
many truck categories. The ZMR is defined in EMFAC as the

Fig. 8 Trip-average NOx emissions (g/mi) versus trip-average speed by
engine technology group. Each data point represents one unique vehicle-
trip typically lasting between 1 and 2 h
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emission rate over the UDDS chassis dynamometer cycle (av-
erage speed 18.86 mi/h) when the emission control system has
not undergone any deterioration. The SCF defines how emis-
sions changes as a function of speed, which is defined by one
or more empirical constants derived from experimental data
used to develop the model. In the actual model, EMFAC in-
cludes the emission control system deterioration rate (DR)
based on engine MY and mileage, but DRs were not used to
calculate rates used for comparison.

Figure 8a shows change of emission rates versus average
trip speed from theMY 2007 diesel vehicle track well with the
EMFAC projection but was overall slightly higher than the
average emission rates defined by the ZMR used for MY
2007–2009 engines in the model. This is likely because the
engine in this study was certified to a 2.3 g/bhp-h NOx stan-
dard, whereas the majority of engines in this subgroup were
certified to a 1.2 g/bhp-h standard.

TheMY 2011 hybrid diesel engine shown in Fig. 8b was also
not equipped with SCR but was certified to a lower NOx stan-
dard (0.47 g/bhp-h) than the MY 2007 diesel engine.
EMFAC2014 does not model emission rates for hybrid vehicles;
using certification NOx values, we assumed that this vehicle had
a ZMR of 3.5 g NOx/mi and applied the MY 2010–2012 diesel
engine SCF, which is defined in Sect. 3.2.3.4 of the Technical
Documentation Handbook. Measured data are scattered about
the modeled prediction, showing generally good estimation of
emissions across a range of speeds. As hybridized and other
advanced drivetrains penetrate the on-road fleet, additional test-
ing would be necessary to better model NOx emissions as a
function of speed, especially including engines representative
of the fleet technology moving forward, i.e. that are certified to
at least the 0.2 g/bhp-h NOx standard.

In Fig. 8c, we show that emissions from the MY 2013 and
2014 SCR diesel vehicles are slightly lower than predicted by
EMFAC for speeds below 20 mi/h and are slightly higher than
predicted by EMFAC at speeds above 40mi/h. Note the adjusted

y-axis scale for panels (c) and (d) to better depict the data within
its range. Because two MY 2013 and two MY 2014 engines
were included in this group, the arithmetic mean of the ZMR
for the twomodel years was used to derive the ZMR (2.1 gNOx/
mi). Because EMFAC2014 was developed based on testing of
MY 2010 and 2011 engines, these data may indicate that thermal
management strategies at lower speeds have somewhat improved
with subsequent engine MYs. However, high off-cycle NOx
emissions are still observed at lower speeds (Figs. 5, 6, and 7),
and planned regulatory measures in California will be incorpo-
rating the lower-load driving conditions that are currently beyond
the scope of any HD on-road vehicle certification procedures
[13]. Furthermore,measured trip-average data do not suggest that
distance-based emission rates continue to decrease with speed
beyond 20 mi/h as predicted by the model.

Figure 8d shows emissions from trips made by the MY 2013
CNG vehicle and the EMFAC prediction based on the parame-
ters defined for CNG urban buses in the model. Even for trips
with low average speeds, the CNG vehicle exhibited strong con-
trol of NOx emissions, where emission rates for all trips were
below 0.5 g/mi. The EMFAC prediction is slightly under mea-
sured data at higher speeds, suggesting that like diesel vehicles,
there may be a need to better quantify the emissions of trips with
higher average speeds to further improve current emission inven-
tories. Although at the current time natural gas vehicles represent
only about 5 % of the HD vehicle market [12], improved model-
ing of these vehicles will be needed to assess the implications of
wider spread fleet penetration.

3.4 PM Emissions

3.4.1 Emission Rates by Route and Vehicle Technology Group

Figure 9 and Table 2 present the PM emissions on a brake-
specific and per-mile basis for the vehicle and route classifica-
tions in the study. All engineswere certified to levels at least three

Fig. 9 Average PM emissions grouped by engine technology and route type
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times below the 0.01 g/bhp-h standard, which includes the infre-
quent regeneration adjustment factor (IRAF) that accounts for
elevated PM emissions during DPF regeneration events. Data
reported in Fig. 9 and Table 2 exclude trips with active DPF
regeneration events to facilitate a comparison among groups
without introducing bias into the comparison among routes.
During trips without DPF regeneration events as shown in
Fig. 9, emissions were at least two times below the certification
standard (0.01 g PM/bhp-h) for the CNG and hybrid diesel, and
at least three times below the certification standard for all con-
ventional diesel vehicles.

These margins were slightly smaller when considering the
periodic occurrence of active DPF regeneration events but
clearly demonstrate the efficacy of the wall-flow DPF as a
PM control strategy. Three vehicles underwent active DPF
regenerations during the study; Vehicle 1 had two 20-min
events (2.2 % of total test time), Vehicle 6 had five 15-min
events (10.3 % of total test time), Vehicle 7 had one 60-min
event (5.2 % of total test time). Without these exclusions, PM
emissions would have been 2.3, 1.3, and 4.1 times higher per
mile averaged over all trips made for Vehicles 1, 6, and 7,
respectively. Still, the average brake-specific emissions from
these vehicles including trips with active DPF regeneration
events were still at least two times below the certification
standard. Additionally and importantly, no active DPF regen-
eration events were observed for Vehicles 2, 4, and 5, which
were all certified to the 0.01 g/bhp-h PM and at least a 0.31 g/
bhp-h NOx standard. Consistent with the findings from the
16-h engine dynamometer cycles conducted in the ACES II
study where no active DPF regenerations were reported [29],
in this on-road testing, active DPF regeneration did not occur
for over 25–50 h of driving per vehicle during the valid tests in
the study. Only one of the four SCR diesel vehicles (OEM 4,
Vehicle 7) underwent active DPF regeneration; three of SCR
diesel vehicles did not undergo active DPF regeneration
(OEMS 1, 2, and 3).

Data in Fig. 9 show that PM emissions from diesel vehicles
did not exhibit dramatic trends among routes. The MY 2011
diesel hybrid vehicle was associatedwith up to three times higher
PM emission rates, on a brake-specific and per-mile basis com-
pared to other diesel vehicles for the same routes, specifically the
Regional Highway and Near-Dock Drayage routes. PM emis-
sions from the CNG vehicle were generally higher on a brake-
specific and per-mile basis for lower-load routes.

3.4.2 Trip-Average PM Emissions and EMFAC2014
Predictions

Figure 10a, b shows that the MY 2007 diesel and MY 2011
hybrid diesel vehicles had increased PM emissions for some trips
with higher average speed compared to some trips with lower
speeds. Some of these were due to active DPF regeneration
events (labeled), and others such as the Hill Climb Highway

route may have been due to higher exhaust and aftertreatment
temperatures may have been conducive to passive regeneration
of the more volatile PM species. The EMFAC prediction was
slightly higher than themode of measured data, which was likely
because the ZMR used to represent these two engines from the
model was based on MY 2008 vehicles in EMFAC that include
approximately 3 % MY 2006 engines, which are not originally
equippedwith DPFs, had dramatically higher PM emissions, and
are proportionally averaged into the ZMR used.

Figure 10c, d also shows scattered data—average speed is
not a good predictor for PM emissions, but there is some

Fig. 10 Trip-average PM emissions (g/mi) versus trip-average speed by
engine technology group. Each data point represents one unique vehicle-
trip typically lasting between 1 and 2 h. Indicated MYs refer to those of
the engine, which are assumed to be 1 year older than the vehicle MY
emission rates used to develop the EMFAC model
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downward trending of PM emissions with increasing trip-
average speed for the CNG vehicle as shown in route-
average data presented in Fig. 9. The emission rate per time
of PM may be more constant, and when converted into a
distance-based emission factor, emissions are proportionally
higher at lower speeds. Similar to the NOx emissions trends,
trip-average PM emissions were frequently higher than
EMFAC predictions for higher speeds (averages above
30 mi/h), and especially trips made over the Hill Climb
Highway Route. Note that the modeled predictions shown in
the figure do not consider emission control DRs that are used
in EMFAC, and if included here may result in better agree-
ment between experimental and measured data. There was no
evidence to suggest that the test vehicles were improperly
maintained or exhibited emission control system deterioration.
Nevertheless, when deriving a fleet-wide inventory, emission
control system deterioration rates can dramatically influence
emissions projections. For example, a recent evaluation found
that approximately 7 % of the DPFs operating on in-use vehi-
cles in California between 2011 and 2014 accounted for up to
80 % of the total diesel PM emissions from the DPF diesel
fleet [12]. Overall, PM emissions from SCR diesel vehicles
and CNG vehicle were low in this study, and during real-
world operation, PM emissions are below the brake-specific
certification standards.

3.4.3 Speciation of PM Emissions by IC

Figure 11 and Table 4 present results from ion chromatogra-
phy (IC) analyses that were performed on selected test runs
representing the MY 2007 diesel vehicle, and two SCR diesel
vehicles (Vehicles 2 and 4), and the MY 2013 CNG vehicle
(Vehicle 3). From these vehicles, active DPF regeneration on-
ly occurred while operating Vehicle 1, and these test runs were
included in the analysis proportional to the frequency that they
occurred during on-road testing. A total of 27 trips were se-
lected, and additionally, six trip blank filters were transported
with the samples and background levels were subtracted from
field samples. Overall, sulfate and nitrate were the most abun-
dant ionic species and contributors (respectively, up to 5.4 and
1.6 mg/mi, and up to 30 % of total mass), and additional
elements detected in order of decreased overall abundance
were sodium (up to 1.9 mg/mi or 15 %), calcium (up to
0.6 mg/mi or 4 %), potassium (up to 0.37 mg/mi or 3 %),
ammonium (up to 0.19 mg/mi 2 %), magnesium (up to
0.10 mg/mi which is <1 % of total mass), and chloride (up
to 0.18 mg/mi, which is also <1 % of total mass). Exact trends
varied primarily by engine technology, and to a lesser degree
by route.

For the MY 2007 diesel engine, sulfate was the most abun-
dant ionic species, contributing slightly more than one third of
total filter mass for both Interstate and Regional Highway
Cycles. The emission of sulfate was 7.6 times higher during

trips that included an active DPF regeneration compared to
test runs that did not; however, the reported emission rates
are representative of actual frequency that it occurred during
all valid emission tests. Sodium (0.76 mg/mi average) and
nitrate (0.51 mg/mi average) were both dominantly present
in emissions as well. The mass fraction of other components
not detected by IC (e.g. organic carbon, elemental carbon, or
hydronium ions (H+)) was approximately one third for
Interstate Highway trips and one fifth for Regional Highway
trips.

Nearly absent in theMY 2013 and 2014 SCR diesel engine
exhaust was sulfate that accounted for less than 5 % of total
mass for any route. The presence of sulfate is due to catalytic
conversion of SO2 to SO3 and combination with water to form
sulfuric acid [35]; the aftertreatment temperatures may have
remained below the reaction threshold as Vehicles 2 and 4 did
not undergo active DPF regeneration, which typically in-
creases aftertreatment temperature to above 550 °C. The mass
fraction of other components not detected by IC varied con-
siderably by route type (approximately 90 % for the Regional
Highway route, and approximately 25 % for the Near-Dock
Drayage route). Nitrate dominated ionic fractions at both high
speed (Interstate routes, 22 %) and low speed (Near-Dock
Drayage route, 29 %). Particle-phase nitrate is likely due to
the urea used to reduce NOx emissions in SCR systems. The
second-most abundant species was sodium, which also was
more dominant in the low-speed cycles, for example the Near-
Dock Drayage Route (0.43 of 14.3 mg/mi), the Local Drayage
Route (1.27 of 4.15 mg/mi), and Regional Highway routes
(0.61 of 3.88 mg/mi).

The ionic composition of PM emitted from the MY 2013
CNG vehicle was the lowest (17 %) on a percentage and total
emissions basis. In contrast to a previous study that reported that
the majority of PMmass was due to fuel and oil additive species
such asmagnesium (Mg) and calcium (Ca) [36], these accounted
for small fractions of total PM (<5%) in this evaluation. Sodium
and sulfate were still the dominant species emitted from the CNG
engine, and except for sodium during the Near-Dock Drayage
route (1.89 of 12.4 mg/mi), they remained relatively constant
among routes. Ammonia emissions were observed from the
CNG vehicle as expected from the water-gas shift reaction with
CO and water over the TWC [37]; however, no formation of
ammonium nitrate or other species was observed in the particu-
late phase as was observed from the SCR systems of diesel
vehicles. Overall, PM emissions from this 12-L MY 2013
CNG engine with low mileage (11,142 mi, Table 1) appear to
be relatively free from lube oil or engine additive species.

Sodium (Na) was also detected in PM samples for the two
diesel vehicle groups at approximately the same mass-based
emission rates (0.41 forMY 2007 diesel vehicle, and 0.76mg/
mi for the MY 2013 and 2014 SCR diesel vehicles) as for the
CNG vehicle (0.42 mg/mi). The emission factors for sodium
were about a factor of ten higher than those previously
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measured in a laboratory evaluation of HD diesel vehicles
retrofit with DPF aftertreatment systems (<0.2 mg/mi)
[35]. Sodium has been measured in the near-roadway en-
vironment at low concentrations (57–195 ng/m [3]) in
both the accumulation and coarse particle modes [38, 39]
and has been attributed to the resuspension of roadway
dust [40]. The source of sodium in PM from all vehicles

may be due to removal from ceramic core materials used
in catalyzed flow-through or wall-flow aftertreatment sys-
tems. The mass of sodium likely did not originate from
the fuel or lube oil as it is typically found at substantially
lower concentrations than lube oil additives such as mag-
nesium and calcium, both of which were only detected at
low concentrations by IC analysis.

Fig. 11 Average ion speciationmasses for 22 selected test runs over most
route types. Other Fraction mass is the difference between total PM mass
and the sum of all ionic masses detected using the IC methodology. This

could be a combination of organic carbon, elemental carbon, or other
ionic species such as hydronium (H+)

Table 4 Speciation of selected test runs using ion chromatography (IC) reported in milligrams per mile

Total Other Sulfate Sodium Nitrate Calcium Potassium Ammonium Magnesium Chloride
(mg/mi) (mg/mi) (mg/mi) (mg/mi) (mg/mi) (mg/mi) (mg/mi) (mg/mi) (mg/mi) (mg/mi)

MY 2007 Std. Diesel (DOC+DPF)—Vehicle 1

Average 11.08 4.59 4.21 0.76 0.51 0.39 0.32 0.17 0.08 0.05

Interstate 12.55 5.36 4.77 0.77 0.55 0.43 0.34 0.19 0.09 0.05

Regional 3.71 0.63 1.43 0.77 0.35 0.16 0.21 0.07 0.03 0.06

MY 2010 Std. Diesel (DOC+DPF+SCR) –MY 2013 and MY 2014 engines - Vehicles 2 and 4

Average 8.43 6.87 0.17 0.41 0.66 0.08 0.13 0.06 0.01 0.03

Hill Climb 7.17 4.64 0.04 0.45 1.56 0.09 0.18 0.16 0.02 0.03

Interstate 9.72 8.75 0.04 0.40 0.30 0.07 0.11 0.00 0.01 0.03

Regional 3.88 2.04 0.03 0.61 0.89 0.12 0.12 0.00 0.03 0.06

Local 4.15 0.94 0.06 1.27 1.20 0.27 0.19 0.00 0.06 0.16

Near-Dock 14.29 12.23 0.67 0.43 0.53 0.07 0.18 0.13 0.01 0.03

MY 2010 Std. CNG (TWC) – MY 2013 engine – Vehicle 3

Average 6.83 5.69 0.27 0.42 0.05 0.24 0.08 0.00 0.03 0.06

Interstate 3.24 2.78 0.12 0.17 0.02 0.10 0.03 0.00 0.01 0.02

Regional 5.81 4.91 0.23 0.30 0.04 0.20 0.06 0.00 0.02 0.05

Near Dock 12.44 8.49 0.57 1.89 0.24 0.60 0.37 0.00 0.10 0.18

No exclusions were performed for active DPF regeneration events. Other mass is the difference between total PM mass and the sum of all ionic masses
detected using the IC methodology. This could be a combination of organic carbon, elemental carbon, or other ionic species such as hydronium (H+ )
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4 Conclusions

This study presents an overview of a recent on-road HD ve-
hicle measurement program that measured criteria pollutants,
GHGs, and other metrics from seven vehicles that are compli-
ant with the 0.01 g/bhp-h PM and 2.3, 0.31, or 0.2 g/bhp-h
NOx standards. This paper presents criteria pollutant emis-
sions, and results show that calculated brake-specific emis-
sions are below relevant certification limits during real-
world operation along major freight corridors in California.
One exception was NOx, which exceeded brake-specific cer-
tification limits during lower-speed driving routes. On-road
control of NOx emissions varies widely by engine manufac-
turers even when certified to the same emission standard.
Furthermore, the extent of NOx control for each engine over
different routes was relatively consistent among OEMs, and
the certification NOx value was a poor predictor of relative
on-road performance of the four MY 2013 and 2014 SCR
diesel vehicles evaluated. Measured real-world criteria pollut-
ant emissions generally agreed with the trends of emissions
predicted by the current mobile source emissions model,
EMFAC2014, which is used for air quality planning and reg-
ulatory assessment in California. As new emission control
strategies and advanced vehicle technologies emerge and pen-
etrate the market, continued real-world emissions testing will
be critical for understanding and controlling the emissions
from HD vehicles.
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