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ABSTRACT: Chassis dynamometer emissions testing of 11
heavy-duty goods movement vehicles, including diesel, natural
gas, and dual-fuel technology, compliant with US-EPA 2010
emissions standard were conducted. Results of the study show
that three-way catalyst (TWC) equipped stoichiometric
natural gas vehicles emit 96% lower NOx emissions as
compared to selective catalytic reduction (SCR) equipped
diesel vehicles. Characteristics of drayage truck vocation,
represented by the near-dock and local drayage driving cycles,
were linked to high NOx emissions from diesel vehicles
equipped with a SCR. Exhaust gas temperatures below 250 °C,
for more than 95% duration of the local and near-dock driving cycles, resulted in minimal SCR activity. The low percentage of
activity SCR over the local and near-dock cycles contributed to a brake-specific NOx emissions that were 5−7 times higher than
in-use certification limit. The study also illustrated the differences between emissions rate measured from chassis dynamometer
testing and prediction from the EMFAC model. The results of the study emphasize the need for model inputs relative to SCR
performance as a function of driving cycle and engine operation characteristics.

■ INTRODUCTION

United States Environmental Protection Agency’s (US-EPA)
2010 emissions standards for heavy-duty (HD) engines seek to
reduce the oxides of nitrogen (NOx) and particulate matter
(PM) emissions to near-zero levels. The current regulations
stipulate the brake-specific NOx (bs-NOx) and PM (bs-PM)
emissions from HD engines tested over the federal test
procedure (FTP) engine dynamometer cycle to be at or below
0.20 and 0.01 g per brake-horsepower (g/bhp-hr), respectively.
HD engine platforms compliant to current US-EPA standards
can be broadly classified as (1) spark-ignited natural gas engines
operating with a three-way catalyst (TWC); (2) dual-fuel
(diesel/natural gas) engine operating with a diesel particulate
filter (DPF) and selective catalytic reduction (SCR) aftertreat-
ment system (ATS); (3) diesel engines with DPF and SCR
ATS; (4) diesel engines with advanced exhaust gas recirculation
(EGR), and equipped with only a DPF. With the promulgation
of the US-EPA 2010 emissions standards, the majority of the
HD diesel engine manufacturers have adopted SCR with
aqueous urea injection (diesel exhaust fluid) as the choice ATS
for tailpipe NOx abatement.
Modern HD on-highway natural gas engines are designed to

operate at stoichiometric air−fuel ratio, wherein theoretically a
homogeneous mixture of chemically correct proportion of fuel
and air is inducted by the engine to achieve complete

combustion of fuel. Because of the high octane rating of
natural gas, spark ignition is highly favored in internal
combustion applications. TWC is a catalytic ATS that is
capable of simultaneous emissions reduction of carbon
monoxide (CO), hydrocarbons (HC), and NOx. TWC require
engine operation close to stoichiometry to achieve over 90%
reduction in tailpipe NOx.1 Legacy natural gas engines operated
as lean-burn technology (excess of air relative to stoichiometric
condition) were equipped with a simple oxidation catalyst that
served to control only emissions of CO and nonmethane
hydrocarbon (NMHC). The older lean-burn technology
contributed to NOx emissions similar in magnitude to legacy
diesel engines while emitting orders of magnitude lower soot
emissions.2,3 A study by Yoon et al. compared transit bus
emissions from old and newer technology natural gas transit
buses. The study concluded that NOx emissions from a
stoichiometric natural gas engine equipped with a TWC was
over 90% lower than from lean-burn natural gas engines, while
emissions of CO were three times higher.4 Reactions in a TWC
involve the simultaneous emissions reduction of CO and NOx
under conditions of an oxygen-deficient exhaust resulting from
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stoichiometric combustion.1 Therefore, higher CO emissions
are expected from a TWC compared to a conventional
oxidation catalyst working under excess of air for catalytic
oxidation of CO.4 A TWC can provide simultaneous reduction
of HC, CO, and NOx if the operating air−fuel ratio of the
engine can be frequently varied between rich and lean mixture.
This process, called dithering, is used to achieve an efficient
reduction of NOx and CO during slightly rich operation and
HC during slightly lean operation.1 Also, the soot-free
combustion of natural gas results in very low engine-out PM
emissions similar in magnitude to diesel engines equipped with
a DPF.3

Dual-fuel natural gas vehicles, primarily fueled by natural gas
but that use diesel fuel as a combustion initiator, are in limited
use as refuse haulers. Currently, approved dual-fuel retrofit kits
are employed in goods movement application for conversion of
diesel engines to operate under dual-fuel mode. These dual-fuel
engines were linked to numerous design and durability
concerns as a result of direct conversion of diesel engines to
operate as compressed ignition natural gas engines. Unpub-
lished data from West Virginia University (WVU) showed that
the emission rates of criteria pollutants from older technology
dual-fuel natural gas vehicles were significantly higher than from
similar model year (MY) diesel and spark-ignited natural gas
engines. Since 2007, HD dual-fuel engines have achieved
technology sophistication in their dual-fuel injection strategy.
The use of patented precision high pressure direct injection
(HPDI, patented by Westport Innovations) of natural gas with
a sequential injection of a small quantity of diesel fuel has
replaced conventional, often rudimentary, open-loop control,
intake manifold fumigation of natural gas into a diesel engine.
The HPDI dual-fuel engines operate with over 95% natural gas
to diesel ratio. Since, the combustion in these engines is similar
to diesel engines, a DPF and SCR are required to meet current
emissions standards.
Diesel engines continue to serve as the backbone for the

long-haul trucking industry. Concerns over the adverse health
effects contributed by high PM and NOx emissions from these
heavy-duty engines have spurred emissions regulations to the
near-zero level requirements that are seen today. DPF and SCR
have become widely used after-treatment packages for PM and
NOx control, respectively. The DPF’s high filtration efficiency
has contributed to reduction in PM mass emissions to near-
zero levels,5−8 while SCR technology with aqueous urea
injection has evolved into a simple pathway to efficiently reduce
NOx emissions. However, SCR systems are plagued by exhaust
temperature requirements that prevent sustained NOx
reduction during all vehicle operating conditions. A minimum
temperature threshold of 200−250 °C is required for sustained
SCR NOx reduction; therefore, high NOx emissions can be
observed during low exhaust temperature operating conditions.
Results from a remote sensing study conducted by Bishop et al.
at the port of LA has shown that exhaust temperatures were
observed to be below the SCR operational threshold and hence
contributing to higher NOx emission rates.9 Also, a recent in-
use study on MY 2010 and 2011 vehicles showed that engine
operation at sustained highway speeds is more conducive for
SCR operation rather than slow speed and idle mode
operation.10 Moreover, the study also identified that cold-
start operation, low load, and load speed operation contribute
to elevated in-use NOx emissions rates.10

HD engine certifications are based on the FTP engine
dynamometer cycle. Real-world engine operation results in

engine loads characteristics that differ from certification engine
dynamometer cycles. As a result, significant differences in the
emissions rate of criteria pollutants, in specific NOx, can be
observed between certification values and actual in-use
operation. As part of the consent decrees settlement in the
late 1990s, engine manufacturers are required to demonstrate
in-use compliance of their engine during normal vocational
operating conditions to be at or below 1.5 times the FTP
standard while operating within a specific engine operating
region referred to as the not-to-exceed (NTE) region. A series
of engine torque and speed conditions define the NTE control
area.11 In addition to engine operation within this control area,
additional engine operating criteria must be met to achieve a
valid NTE operating event.12 One of the NTE requirements
states that the temperature of the engine ATS to be above 250
°C to evaluate emissions compliance.12 This temperature
exclusion excludes all engine operation below the set criteria to
be not considered for assessment of in-use emissions
compliance. Since it is a well-known fact that SCR after-
treatment systems require exhaust temperature conditions
between 200 and 250 °C for optimal NOx reductions, certain
HD applications such as refuse truck and port drayage truck
operation might frequently result in extended periods of non-
operation of the SCR after-treatment system. Because of the
temperature exclusion criteria, NOx emissions higher than
certification levels during these periods cannot be assessed as
noncompliance to standards.
California’s emissions inventory model EMFAC has been

developed primarily based on emissions factors derived from
engine and vehicle chassis dynamometer tests.13 From its initial
development, EMFAC has undergone periodic updates to
account for differences in engine tests and on-road activity. The
EMFAC 2000 used data from extensive chassis dynamometer
testing conducted by WVU to refine emissions factor of HD
trucks. However, data from this source offered only emission
rates pertaining to the urban dynamometer driving schedule
(UDDS) since it closely represents the FTP certification
cycle.13,14 A study by Shah et al. that compared in-use emissions
rates of MY 1996−2000 diesel vehicles with EMFAC
predictions showed high percent differences between test data
and model predictions.14 A study by Cocker et al. concluded
that model estimation of emission rates does not adequately
account for the vehicle activity and hence predictions are
associated with larger errors.14,15 Prior to the introduction of
NOx control systems, tailpipe emissions of NOx were fairly
proportional with engine work with the exception of
preconsent decree engines. At present, the estimation of on-
road emission rates for NOx have become increasingly
challenging due to uncertainties in the activity of the SCR,
and other complex emissions reduction strategies. Therefore, in
the absence of correction factors to account for SCR activity,
EMFAC predictions of NOx emission rates from current diesel
vehicles could be significantly under or over predicted
depending on type of vehicle activity.
This study presents a comprehensive analysis of HD

emissions factor from current diesel, natural gas, and dual-fuel
vehicle technologies operating in port drayage applications. The
Clean Truck Program of the ports of Long Beach (LB) and Los
Angeles (LA) has been aggressive in phasing out non-DPF
equipped trucks and the introduction of newer truck fleets. This
program has also resulted in the penetration of natural gas
vehicles into the HD goods movement sector. The study is
unique in its ability to quantify the emissions rates of HD
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vehicles using driving cycles representative of in-use driving
patterns, thus providing for a comparative evaluation of HD
diesel and natural gas vehicle emissions characteristics. Results
of the study will serve to address the differences in real-world
emissions factors in comparison to certification values. In
addition, the measurements provided here will also serve to
address the choice of engine technology depending on vehicle
activity to achieve maximum fleet average emissions reduction
while using current technology HD diesel or natural gas
vehicles.

■ EXPERIMENTAL PROCEDURES

Eleven HD vehicles, belonging to five broad categories, namely
(1) stoichiometric natural gas with TWC; (2) dual-fuel HPDI
equipped with DPF and SCR; (3) US-EPA 2007 emissions
compliant HD diesel equipped with only a DPF; (4) US-EPA
2010 emissions compliant HD diesel without an SCR; (5) US-
EPA 2010 emissions compliant HD diesel with a DPF and
SCR, were tested using WVU’s transportable HD chassis
dynamometer. Regulated emissions measurement was con-
ducted using a transportable emissions measurement system
(TEMS) built and commissioned in accordance with 40 CFR
Part 1065. Figure S1 in the Supporting Information details the
schematic of the regulated sampling components of the TEMS.
Vehicles were exercised over driving cycles that are
representative of drayage goods movement vehicle activity.
Since the HD urban dynamometer driving schedule (HD-
UDDS) and the certification FTP engine dynamometer cycle
were created from the same data set, the average load
characteristics of the two cycles are very similar. Therefore,
the HD-UDDS was used as a driving cycle to assess for any
significant deviations in brake-specific emissions rate during
chassis dynamometer testing in comparison to US-EPA
reported certification values for the same engine family. Details
about the driving cycles are provided in the Supporting
Information. One of the salient features of this study was the
use of drayage driving cycles to simulate the operation of goods
movement vehicles serving the ports of LA and LB. The three
parts of the drayage driving cycle are namely near-dock
(representing in port operation), local (representing vehicle

operation between ports and nearby distribution centers), and
regional (representing vehicle operation to the greater LA
region).16 Figures S2, S3, and S4 of the Supporting Information
present the speed versus time trace of the near-dock, local, and
regional drayage driving cycles.
Engine family and NOx certification values reported from the

California Air Resources Board (CARB) Web site were chosen
as primary criteria for identifying a candidate test vehicle.17

Preliminary ECU screening was performed using Nexiq Prolink
HD diagnostic tool to identify any active fault codes. This
study’s vehicle recruitment protocol suggested that if active
fault codes related to emissions compliance were detected, then
the vehicle would not be selected as a candidate test vehicle.
During the recruitment process for this study, WVU did not
encounter any vehicles with emissions related active fault codes.
A representative from Cummins Cal Pacific performed detailed
ECU screening of all stoichiometric natural gas engines to
determine the proper functioning of engine and ATS. Vehicles
were inspected for DPF failures by visual identification of
excessive soot deposits in the vehicle exhaust system. To
capture representative PM emissions of a DPF equipped truck,
it was decided not to conduct a forced regeneration of the DPF
prior to chassis dynamometer testing. Only in the case of an
active “DPF full” dash-light, the test protocol required the
vehicle be operated at highway speeds to initiate a passive soot
regeneration to clear the DPF-full alarm.
Chassis dynamometer coast-down tests were performed to

match the deceleration of the vehicle on the chassis
dynamometer with the theoretical deceleration calculated
from the road load equation. An inertial test weight of 69
000 lbs, an aerodynamic drag coefficient of 0.75, and tire rolling
coefficient of 0.0071 were set as vehicle parameters for the
coast-down tests. The chassis dynamometer control was
iteratively adjusted until the deceleration of the vehicle on
the chassis dynamometer was within 2% of the theoretical
deceleration of the vehicle calculated from the road load
equation.
Cold start test was performed over the HD-UDDS cycle after

an overnight soak of the vehicle. Prior to commencing the
vehicle testing over the drayage cycles, a preconditioning cycle

Table 1. List of Test Vehicle and Engine Specification under Different Technology Categories

technology category vehicle ID
engine

manufacturer
engine
model

engine
model
year emissions family

disp.
(L)

power rating
(hp) @ speed

(rpm)

US-EPA
NOx

standard
(g/bhp-hr)

vehicle
odometer
(mi)

Category 1: stoichiometric natural
gas engine with TWC

NG1 Cummins ISLG
320

2009 BCEXH054.0LBH 8.9 320 @ 2100 0.20 63256

NG2 Cummins ISLG
320

2008 BCEXH054.0LBH 8.9 320 @ 2100 45563

NG3 Cummins ISLG
320

2011 BCEXH054.0LBH 8.9 320 @ 2100 200

Category 2: HPDI dual-fuel with
EGR, DPF, and SCR

HPDI1 Westport In-
novations

GX 450 2011 BWFSH0912XAL 14.9 450 @ 1800 0.20 12300

Category 3: US-EPA 2007 emis-
sions compliant diesel with DPF

2009-Diesel Navistar Maxx
Force
13

2009 9NVXH0757AGA 12.4 430 @ 1700 1.20 80412

Category 4a: US-EPA 2010 emis-
sions compliant diesel with DPF
and without SCR

2010-DieselDPF Navistar Maxx
Force
13

2011 BNVXH07570GB 12.4 475 @ 1700 0.50 67373

Category 5: US-EPA 2010 emis-
sions compliant diesel with DPF
and SCR

2010-DieselSCR1 OEM1 NA 2011 NA 12.8 445 @ 1500 0.20 36982

2010-DieselSCR2 OEM2 NA 2010 NA 12.8 470@1800 0.20 178563

2010-DieselSCR3 OEM3 NA 2011 NA 11.9 425@1900 0.20 94825
aOEM adopted the no-SCR pathway to achieve US-EPA 2010 NOx emissions standards. MY2011 engines from this OEM were certified at 0.50 g/
bhp-hr NOx through the use of banking and trading of emissions credits.
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was used to bring the ATS to a chemical and thermodynamic
state, consistent to the beginning of the respective test cycles.
This procedure was used to negate the ATS history effects of a
previous driving cycle on the NOx emissions rate of subsequent
driving cycles. Other approaches to preconditioning, such as
multiple repeats of a particular driving cycle to achieve a low
standard deviation in NOx emissions rates, were not
economically feasible due to the long cycle duration of the
drayage test cycles. Three hot-start repeats over each driving
cycle with 20 min soak time between each test run were
conducted. Repeatability in test procedure was verified with
distance-specific CO2 and gravimetric fuel consumption
measurements to have a coefficient of variation (COV) of
less than 2%. Additionally, parameters such as distance traveled
on the chassis dynamometer, average engine load, and average
pre-SCR NOx concentration measured using a tailpipe NOx
sensor (Horiba Mexa 720) were also monitored for test-to-test
variability.
Table 1 lists the different technology categories with their

respective test vehicle and engine specifications. The table lists
vehicle ID that associates the technology category with the

vehicle specification. This paper will refer to the vehicle ID
shown in Table 1 henceforth for all discussions.

■ RESULTS AND DISCUSSION
Average distance-specific emission rates of NOx, CO, NMHC,
and PM from the goods movement vehicles from different
technology categories are shown in Table 2. The table
represents average emissions rates of three hot-start tests over
each of the four driving cycles. Category 1 natural gas vehicles
equipped with TWC showed the lowest NOx emissions rates
compared to the diesel and dual-fuel technology vehicles.
Emission rates of CO from category 1 vehicles were the highest
compared to the diesel and dual-fuel technology over all driving
cycles. 2010-DieselDPF vehicle showed highest CO emissions
in the diesel category. Since this technology category utilized
high EGR rate strategy for in-cylinder NOx control, lower
combustion efficiency and high CO emissions are expected.
High CO emissions from vehicles NG1, NG2, and NG3 are
attributed to the stoichiometric combustion of natural gas and
the activity of the TWC in simultaneously reducing both CO
and NOx emissions. Stoichiometric engines frequently dither

Table 2. Distance-Specific Emission Rates of Regulated Pollutants from Different Category Vehicles over the UDDS, Local,
Near-Dock, and Regional Drayage Cycles

NOx PM (mg/mi) CO NMHC

vehicle (g/mi) mean std dev. mean std dev. mean std dev. mean std dev. unit conversion factor (mi/bhp-hr)

NG1 UDDS 0.115 0.022 2.94 1.42 7.67 0.61 0.025 0.011 0.2315
Local 0.237 0.023 4.32 0.94 7.58 0.83 0.027 0.016 0.2146
Regional 0.075 0.021 1.24 0.51 8.76 0.23 0.113 0.154 0.2999
Near-Dock 0.290 0.061 3.03 2.48 8.51 0.41 0.2211

NG2 UDDS 0.574 0.078 7.50 2.30 13.06 1.71 0.034 0.2000
Local 0.211 0.008 5.49 1.17 7.82 0.83 0.067 0.019 0.2070
Regional 0.205 0.016 4.10 4.36 9.32 1.40 0.058 0.046 0.3138
Near-Dock 0.430 0.093 6.99 5.65 6.60 0.76 0.127 0.1890

NG3 UDDS 0.579 0.077 2.47 0.77 7.53 0.72 0.032 0.026 0.2021
Local 0.513 0.058 1.87 2.99 7.34 0.59 0.003 0.004 0.2037
Regional 0.236 0.051 3.65 1.29 7.26 0.16 0.061 0.038 0.2817
Near-Dock 0.607 0.007 8.96 2.98 6.07 0.39 0.112 0.056 0.1799

HPDI1 UDDS 0.742 0.064 5.03 1.86 0.047 0.006 0.039 0.027 0.2402
Local 0.652 0.385 4.93 1.32 0.049 0.032 0.049 0.003 0.2471
Regional 0.468 0.025 1.94 0.24 0.060 0.030 0.024 0.006 0.4447
Near-Dock 0.874 0.107 5.79 0.72 0.104 0.007 0.109 0.061 0.2353

2009-Diesel UDDS 8.77 0.10 8.40 1.19 0.600 0.499 0.025 0.022 0.1905
Local 9.33 0.13 5.98 4.09 0.221 0.015 0.053 0.021 0.1972
Regional 5.86 0.10 3.24 1.75 0.104 0.009 0.010 0.005 0.2553
Near-Dock 9.50 0.15 8.17 1.71 0.574 0.124 0.124 0.015 0.1942

2010-DieselDPF UDDS 5.51 0.11 3.81 3.52 4.54 1.27 0.117 0.048 0.2302
Local 5.49 0.05 7.90 3.86 2.75 0.35 0.078 0.029 0.2507
Regional 3.89 0.10 5.61 3.91 1.27 0.23 0.074 0.022 0.3302
Near-Dock 6.86 0.07 11.71 0.76 3.60 0.97 0.216 0.081 0.3052

2010-DieselSCR1 UDDS 1.98 0.18 9.71 2.83 0.216 0.105 0.001 0.002 0.2037
Local 5.89 0.26 9.68 1.59 0.749 0.181 BDLa 0.2134
Regional 1.31 0.10 2.17 1.32 0.169 0.035 BDL 0.2777
Near-Dock 9.04 0.51 5.73 3.70 0.854 0.110 0.005 0.030 0.1980

2010-DieselSCR2 UDDS 6.11 0.80 7.37 1.26 0.04 0.006 0.015 0.007 0.2099
Local 5.31 2.78 6.09 3.91 0.10 0.05 BDL 0.2193
Regional 1.51 0.20 2.10 1.86 0.05 0.03 BDL 0.2797
Near-Dock 9.37 2.93 2.01 3.48 0.49 0.21 0.06 0.011 0.1977

2010-DieselSCR3 UDDS 9.39 0.45 7.49 2.39 0.05 0.01 0.07 0.03 0.2202
Local 7.57 3.15 1.87 1.09 0.12 0.13 0.11 0.04 0.2782
Regional 3.62 0.44 9.01 2.52 0.08 0.03 0.10 0.01 0.3135

aBDL: Below Detection Limit.
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the operating air−fuel ratio to optimize the simultaneous
reduction of NOx, CO, and HC using the TWC.1 Since the
current emissions standard regulates NOx and NMHC at 0.20
and 0.14 g/bhp-hr, respectively, and CO at 15.5 g/bhp-hr, it is
expected that engine manufacturers would prioritize NOx and
NMHC reduction while sacrificing some of the TWC efficiency
toward CO reduction.
Vehicle HPDI1 with the patented HPDI technology showed

on an average 85% lower NOx emissions than a DPF-SCR
equipped diesel vehicle. Dual-fuel combustion of natural gas
and diesel is characterized by cooler in-cylinder combustion
resulting in lower NOx formation.18

The results of the study show very little difference in NMHC
emission rates between natural gas and diesel vehicles. High
exhaust temperatures in stoichiometric natural gas engines and

an optimized natural gas injection in dual-fuel technology
contribute to NMHC emissions from natural gas vehicles to be
similar in magnitude to that observed from diesel vehicles.
Older technology natural gas vehicles have previously shown
high NMHC emission rates.4

Soot-free combustion in spark-ignited natural gas engines
and DPF for diesel vehicles have contributed to very low mass
emissions of PM from current HD vehicles. Although HPDI
engines use 95% of their fuel as natural gas, the use of diesel for
combustion initiation forces the use of a DPF for meeting the
PM standard. Frequent active DPF regeneration events were
observed during operation of 2010-DieselDPF vehicle over the
near-dock cycle. The high EGR rate strategy employed in this
vehicle resulted in lower exhaust temperatures and higher soot
emissions. The lower exhaust temperatures over the near-dock

Figure 1. Historical changes in emissions rates of regulated pollutants from HD diesel goods movement trucks and comparison to current
technology natural gas engines over the UDDS cycle.
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cycle could have inhibited the passive soot regeneration process
resulting in higher engine backpressures that trigger conditions
for active regeneration using secondary injection of diesel fuel.
Vehicles 2009-Diesel and MY 2010 diesels with SCR did not
exhibit any active regeneration events during testing.
Figure 1 shows the historical change in emissions rates of

regulated pollutants for HD goods movement vehicles
equipped with engines compliant to different historical
emissions standards. Emission rates were assessed over the
HD-UDDS cycle. The data presented in Figure 1 are from a
WVU test campaign conducted between the years 2004 and
2007, where 78 HD vehicles were tested using the HD chassis
dynamometer. Since the use of natural gas engines in goods
movement application has been fairly recent, historical data of
NOx emissions rate from these engines are not available.
Historical trend shows a steady decline in distance-specific
emissions of NOx, with the exception of the 18% increase
observed during preconsent decree period between 1997 and
1999. A similar trend in fuel specific NOx emissions was also
reported by Bishop et al. through their remote sensing
measurement studies conducted at the port of LA and a
weighing station at Peralta, CA.9 The driving force behind the
observed decline in NOx emissions rate has been the
continuous tightening of the FTP engine dynamometer NOx
standard and the requirement of additional in-use emissions
verification that regulates the engine manufacturers. NOx
emissions rates have reduced by close to 86% since 2004
vintage vehicles. Thirty-six percent of the total decline in NOx
emissions between 2004 and 2011 was realized between 2004
and 2008 with the use of only EGR. A further 77% reduction in
NOx emissions between 2009 (2009-Diesel) and 2011 (2010-
DieselSCR1) was realized with the introduction of SCR
technology. A large variation in NOx emissions between the
three SCR equipped diesel vehicles is observed. The differences
in NOx emissions are attributed to the differences in engine

and aftertreatment calibration between the OEMS. 2010-
DieselSCR3 shows significantly higher NOx emissions over all
driving cycles. Although the engine diagnostics did not report
any fault, the magnitude of emissions rates suggests possibility
of a malfunction in emissions control system, which has not
been detected by the vehicle. This brings to light the
importance of on-board diagnostics and the strategies involved
to detect emissions exceedance in heavy-duty diesel engines.
Although 2010-DieselDPF vehicle is compliant to the US-EPA
2010 emissions standard, this engine can be considered as an
outlier as it operated without a SCR after-treatment system and
was certified at 0.50 g/bhp-hr with the use of emissions credits.
Following an unsuccessful law suit by the manufacturer in 2012,
production of this engine has been discontinued, and current
products are equipped with the widely accepted SCR pathway
for NOx reduction. Natural gas vehicles on the other hand
show on an average 96% lower NOx emissions compared to
SCR equipped diesel and close to 99% lower NOx emissions
than 2004 vintage HD diesel vehicles.
Since the promulgation of the 2007 US-EPA PM regulation,

the use of DPF has resulted in a 99% reduction in mass
emissions of PM. Similarly, the use of diesel oxidation catalyst
(DOC) and catalyzed DPF have also contributed to a
significant reduction in hydrocarbon emissions from HD diesel
vehicles since 2005. CO emissions standard has been stagnant
since 1987; however, an overall reduction in CO emissions is
still observed from the early 1990 vintage HD diesel engines.
CO emissions from stoichiometric natural gas engines are
observed to be in the same order of magnitude as legacy diesel
engines.
Figure 2 illustrates the differences in distance-specific and

brake-specific NOx between various technology categories over
the four driving cycles. The figure shows the bs-NOx emissions
over driving cycles that are representative of real-world vehicle
operation. It is important to note that conclusions related to

Figure 2. Comparison of distance-specific emissions, brake-specific emissions, and percentage aftertreatment activity over the UDDS, regional, local,
and near-dock driving cycles.
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compliance of vehicle to in-use standards cannot be made from
chassis dynamometer tests. Of the multiple exclusions available
to the manufacturers for in-use emissions compliance, this
study used the ATS temperature exclusion as a metric to assess
the NOx emissions from HD vehicles during ATS exhaust
temperature greater than 250 °C. The figure shows results of
bs-NOx emissions and percentage activity of the NOx ATS
while satisfying exhaust gas temperature criteria.
Near-dock drayage cycle is characterized by extensive creep

and idle mode operation with an average vehicle speed close to
5 mph. Category 5 vehicle equipped with DPF and SCR
exhibited the highest NOx emissions rate of 9.21 g/mi (1.83 g/
bhp-hr) over the near-dock cycle compared to both the
category 1 and 2 vehicles. Category 1 vehicle with TWC
exhibits superior NOx reduction over all driving cycles. NOx
reduction using TWC is dependent on operating air−fuel ratio
of the engine rather than exhaust temperatures. Therefore,
drive cycle characteristics seldom impact NOx emission rates
from stoichiometric engines. Category 2 vehicle is characterized
by lower engine-out NOx compared to diesel engines due to
the dual-fuel combustion. Therefore, NOx emissions rate from
this vehicle were lower than diesel even during low exhaust
temperature operation. The results show that with the
exception of the regional drayage cycle, category 5 vehicles
exhibit SCR activity less than 5% of the entire cycle duration.
This low percentage of activity of ATS over the local and near-
dock cycles contributes to bs-NOx emissions between five and
seven times higher than in-use certification limit of 0.3 g/bhp-
hr. The results show that characteristics of drayage operation,
represented by local and near-dock cycle, are not conducive for
sustained NOx reductions from the SCR. Similar results were
observed by Bishop et al. through remote sensing measure-
ments. In their study, they report fuel-specific NOx emission of
2.6 g/kg of fuel measured near the weighing station and 18.6 g/
kg of fuel in the port of LA.9 From the results shown in Figure
2, the regional and UDDS driving cycles with SCR activity
duration close to 40% resulted in a fuel-specific NOx emissions
rate of 2.34 g/kg of fuel, while the near-dock operation with no
SCR activity resulted in a NOx emissions rate of 10.25 g/kg of
fuel.
The data plotted in Figure 3 show the NO2 fraction of the

total NOx emissions from the different technology categories
over the four goods movement driving cycles. Results show

lower NO2 fraction from category 1 vehicles compared to other
vehicle technology categories. Oxygen-deficient exhaust of
stoichiometric engine is not conducive for catalytic production
of NO2. Moreover, NOx reduction with TWC involves both
CO and NO molecules; hence, NO2 is seldom observed in
stoichiometric engine exhaust. Catalytic production of NO2 is
vital for both efficient operation of the SCR and passive
regeneration of soot accumulated in the DPF. In the case of
2010-DieselDPF and 2009-DieselDPF, NO2 fraction varies
between 30 and 40% for all driving cycles. NO2 produced by
the DOC is an important pathway to control soot loading
inside the DPF. Soot light-off in the presence of NO2 begins as
early as 250 °C and therefore reduces fuel penalty associated
with frequent active regeneration process.7 For the case of
2010-DieselSCR1, NO2 fraction varies between 10 and 20% for
all driving cycles. SCR catalyst requires an equimolar
composition of both NO2 and NO for initiating the “fast
SCR” reaction pathway over the catalyst. This reaction
mechanism results in the most efficient NOx reduction for
temperatures below 300 °C.19 Consequently, the failure to use
the NO2 generated by the DOC for NOx reductions, due to the
inactivity of SCR resulting from exhaust gas temperature
limitations, will ultimately result in a higher NO2 fraction in the
exhaust. We believe the higher NO2 fraction observed in
HPDI1 could be the excess NO2 as a result of lower soot
loading in DPF and lower SCR activity. Results show SCR
activity percentage of dual-fuel vehicle to be lower than
conventional SCR equipped diesel. However, the exhaust gas
temperatures are still conducive to initiate catalytic production
of NO2, while it further cools to below 250 °C prior to entering
the SCR ATS. It is to be noted, however, that although the
NO2 fraction is highest for the dual-fuel vehicle, the magnitude
of total NOx emissions is an order of magnitude lower than for
SCR equipped diesel vehicles.
Figure 4 shows the comparison of NOx emissions rate

projected by EMFAC averaged for the state of California for
MY 2009 and 2011 HD tractor with results from this study for
2010-DieselSCR1 and 2009-DieselDPF. The EMFAC database
was queried for annual average statewide emissions rate for the
calendar year 2014 for the MY 2009 and 2011 T7 truck
category (i.e., heavy heavy-duty tractor). The speed bins were
chosen to match the average speeds of the cycles tested during
this study. The chart shows the respective average speeds of the
different cycles for which the EMFAC database was queried.
NOx emissions rate from EMFAC for the MY 2011 vehicle is
30% higher compared to the HD-UDDS emissions rate and
50% higher compared to the regional drayage cycle with a
similar average speed. For the local and near-dock driving cycles
with average speeds of 10 and 5 mph, respectively, EMFAC
predictions are 10% and 27% lower, respectively. This can be
linked to the inability of the model to predict activity of ATS
and hence under predict emissions during periods of non-
operation of SCR. EMFAC also over predicts emissions rate for
the 20 mph speed bin with two different SCR activity profiles
resulting from HD-UUDS cycle (41% SCR activity) and
regional drayage cycle (58% SCR activity). The predictions of
EMFAC were closest with HD-UDDS. Since, the parent data
for the EMFAC is based on emissions rates derived from the
HD-UDDS cycle and FTP engine certification data, the
extrapolation of those emissions rates to engine operation
significantly different from those cycles will result in large
deviations from actual NOx emissions rates. Predicting SCR
activity as a function of simple vehicle speed is challenging since

Figure 3. NO2/NOx ratio for different technology category vehicles
over the UDDS, local, regional, and near-dock driving cycles.
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exhaust temperature is a function of engine load and thermal
management strategy. Factoring data from real-world driving
cycles, as presented in this study, can lower differences between
EMFAC model prediction and real-world emissions rate.
The results of this study provide a comprehensive under-

standing of the effect of vehicle activity on the NOx emissions
rates from HD vehicles powered by different fuel technologies.
The study further shows the shortcomings of the SCR ATS
during vehicle operation characterized by extended creep and
idle mode operation. The operation of the TWC on a
stoichiometric natural gas engine shows superior NOx benefits
over all driving cycles. The percentage activity of SCR
depending on exhaust temperature brings to light the
importance of factoring the SCR activity as a critical variable
in emissions prediction. The difference between emissions
prediction and real-world emissions rate could adversely affect
regional and state level air quality planning.
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