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ABSTRACT OF THE DISSERTATION

In-Use Emissions From Heavy Duty Off-Road Equipment and On-Road Vehicles

by

Hanwei Zhu

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, March 2023
Dr. David R. Cocker I1l, Co-Chairperson
Dr. Thomas D. Durbin, Co-Chairperson

This dissertation provides investigation and evaluation of new engine technologies
and aftertreatment systems on reducing emissions of critical pollutants on in-use heavy-
duty vehicles or off-road equipment under real-world operation conditions. Real-world
driving emissions have become a key factor to understand or identify high-emitting events
under real-world driving conditions.

This dissertation evaluated emissions from in-use heavy-duty on-road vehicles, off-
road equipment under a variety of different conditions. This dissertation characterized NOx
and PM emissions for 10 pieces of Tier 4 final construction equipment including 3
excavators, 3 wheel loaders, 2 crawler tractors and 2 backhoe/loaders. The duty cycles
included a pre-defined combined sequence of a cold-start phase, trenching, backfilling,
travelling, and idling. The information obtained in this study provides a more accurate

dataset for emissions inventory development, and for designing or optimizing emissions

vil



models such as NONROAD or OFFROAD, which are currently utilized for estimating off-
road emissions.

The dissertation also discussed gaseous and particulate emissions from a fleet of 14
heavy-duty vehicles. The test matrix includes vehicles from vocations including transit
buses, school buses, refuse trucks, delivery trucks, and goods movement trucks fueled with
a combination of alternative fuels, conventional and alternative diesel fuels. This thesis
evaluated the impact, issues, improvement, and benefits of the current technologies for
heavy-duty vehicles.

This thesis also measured and characterized NOx emissions from five heavy-duty
diesel and natural gas goods movement vehicles with different engine technologies under
real-world conditions. All five vehicles were tested on-road under four pre-defined goods
movement routes in SCAB, representing grocery distribution, port-drayage operation, and
highway driving with and without elevation change. NOx emissions were measured using
a mobile emissions laboratory.

Understanding emissions from ultra-low NOx CNG vehicles is important as CNG
vehicles/engines are capable of meeting more stringent emission standards. This
dissertation in detail evaluated and characterized two near-zero NOx stoichiometric ultra-
low natural gas engines in different vocations. This demonstration of this engine
technology was done in a goods movement vehicle and a yard tractor. Both vocations
represent a major source of NOx emissions and other pollutants within the heavy-duty

vehicle population.
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1. Introduction

Internal combustion engine (ICE) has enabled many key areas for human beings,
including providing power source of the vehicles, generating electricity and mechanical
power in many applications. There are two main types of ICEs: spark-ignition (SI) engines
and compression ignition (Cl) engines. Compression-ignition engines, also known as diesel
engines, were developed over a century ago and have been steadily improved as new
technologies have become available, and as more demanding to meet regulation
requirement (Heywood, 2018). Spark-ignition engines are commonly used on light-duty
passenger cars, small electric generators, etc. Diesel engines are typically used for
stationary applications such as power/electricity generation, and for mobile applications
such as heavy-duty trucks, off-road equipment, and marines.

Both SlI and diesel engines are one of the major sources of air pollutants. In spark-
ignition and diesel engine exhaust, air pollutants that are of concern include oxides of
nitrogen (nitric oxide, NO, and nitrogen dioxide, NO2 -combined known as NOX),
hydrocarbon (HC), carbon monoxide (CO), particulate matter (PM), and carbon dioxide
(COy). Both engine types represent one of the significant contributors to ambient NOx and
PM emissions. Greenhouse gases (GHG) emissions of concern from Sl and diesel engine
are CO2, CHg4, and nitrous oxide (N20).

The formation of NOx during the combustion process is because of high
temperatures and pressures. NOXx is a regulated criteria pollutant, which can have an

adverse effect on human health. NOx is also an important precursor for the formation of



ozone with the presence of volatile organic compounds (VOCSs) and sunlight (Seinfeld and
Pandis, 2006). Engine-our NOx emission levels for diesel engines are typically higher than
those for spark-ignition engines due to higher in-cylinder combustion temperatures and
limited methods to control them.

PM is another pollutant of great concern due to it being harmful to human health.
In 2019, particulate matter with a diameter less than 2.5 um (PM..s) represents the largest
environmental risk factor human health (Murray et al., 2020). Exposure to PM2 s increases
the risk of chronic disease, such as lung cancer and cardiopulmonary disease. Excessive
PM2s in the air can reduce visibility. Compared to fine particles (PM25s), smaller particles
such as ultrafine particles with a diameter less than 100nm have more surface area and
would cause more pulmonary inflammation and stay longer in the lung (Schraufnagel,
2020).

Greenhouse gas emissions have been of great importance due to global climate
change. Starting from 2017, U.S. EPA has regulated GHG emissions from medium- or
heavy- duty vehicles based on the vocations of the engine (EPA, 2011). In 2020,
transportation sector accounts for 27% greenhouse gas emissions, representing the largest
source of GHG emissions (EPA, 2022). CO2 emissions come mostly from burning fossil
fuels in the combustion process, which represent the largest contributor of GHG emissions
(EPA, 2020).

In the United States (U.S.), heavy-duty diesel vehicles (HDDVs) and heavy-duty
diesel engines (HDDES) are the largest sources of NOx emissions in transportation sector

(EPA, 2008). On-road heavy duty vehicles contribute 31 percent of all statewide emissions



in the transportation sector, which represent the largest single source category of NOx
emissions.

U.S. EPA has also imposed more stringent emissions standards for light-duty or heavy-
duty vehicles to regulate PM mass emissions. Same for off-road sector, the U.S. national
emission inventory also indicates that off-road diesel equipment is the third-largest source
for NOx emissions and the second largest source for PM with a diameter smaller than 2.5
pm (PM2.5) emissions, representing 14.5% and 24.3% of total mobile source emissions,
respectively (EPA, 2008).

A series of regulations have been set by worldwide government agencies, such as
U.S. EPA on NOx and PM over the past couple decades. The implementation of NOx
emission standards started in 1974, and more stringent emission standards in recent years
in 2007 and 2010, which require NOx emissions reduction to 0.2 g/bhp-hr. To meet the
standards, more advanced engine technologies and exhaust aftertreatment systems were
developed such as selective catalytic reduction (SCR) and exhaust gas recirculation (EGR)
to meet the NOx 2010 standard as well as diesel particulate filter (DPF) to meet the PM
2007 standard.

The United States Environmental Protection Agency (U.S. EPA) has set a series of
regulations to archive progressive reductions in NOx and PM emissions from HDDTs over
the last forty years. The NOx emission standards were implemented starting in 1974 and
were last made more stringent in 2007 and 2010. Those rules have required that emissions
of NOx be reduced from an estimated unregulated emission level of 16 g/bhp-hr to 0.20
g/bhp-hr. The combination of selective catalytic reduction (SCR) and exhaust gas

recirculation (EGR), along with other engine design changes, were used to meet the NOx



2010 standard. Recently, the California Air Resources Board (CARB) adopted optional
low NOx standards, which targeted an additional order of magnitude reduction in NOx
emissions (from 0.2 to 0.02 g/bhp-hr) for the model year of 2015 and newer HDDTSs.
Regulations of PM emissions have remained static since 2007, when the PM was reduced
from 0.1 to 0.01 g/bhp-hr. The diesel engines were equipped with DPFs to remove particles
to meet the 2007 PM standards.

This dissertation provides investigation and evaluation of new engine technologies
and aftertreatment systems on reducing emissions of critical pollutants on in-use heavy-
duty vehicles or equipment under real-world operation conditions. Real-world driving
emissions have become a key factor to understand or identify high-emitting events under
real-world driving conditions.

1.1. Real-World NOx and PM Emissions From Off-Road Construction

The U.S. national emission inventory indicates that off-road diesel equipment is the third-
largest source for NOx emissions and the second largest source for PM with a diameter
smaller than 2.5 um (PM2.5) emissions, representing 14.5% and 24.3% of total mobile
source emissions, respectively (EPA, 2008). Developing emissions factors and emissions
inventories for off-road equipment has inherently been more challenging than for on-road
vehicles. The current Tier 4 final emissions standards for off-road diesel engines have
pushed the implementation of diesel particulate filters (DPFs) to meet PM standards, and
SCR systems to meet NOx standards, though their implementation is still not universal.
While there are extensive data on the effectiveness of DPF and SCR systems over
certification test cycles run on an engine-dynamometer, real world data from modern diesel

engines with these aftertreatment systems in off-road applications are scarce (Misra et al.,



2013; Quiros et al., 2016). Data on SCR performance also show some variation depending
on the type of vehicle tested and its operational cycle. Of importance has been the finding
that for on-road engines operating under low load conditions where exhaust temperatures
are lower, the SCR system has a lower NOx emissions reduction efficiency than under high
load conditions (Jiang et al., 2018; Misra et al., 2013). While it is expected that a similar
phenomenon would be found for off-road engines, it is still not known the extent to which

these conditions occur in real-world conditions.

1.2. Regulated and Unregulated Emissions From Two Ultra-Low NOx CNG Heavy-
Duty Vehicles

Although the 2010 certification standards were designed to reduce NOx emissions,
the in-use NOx emissions are actually much higher than certification standards for certain
fleets (Monks et al., 2015; Quiros et al., 2016; Thiruvengadam et al., 2015). The magnitude
is largely dependent on the duty cycle (Dixit et al., 2017). Since engines are certified at
moderate to high engine loads, low load duty cycles can show different emission rates
(Misra et al., 2017). For diesel engines, low load duty cycles have a significant impact on
NOx emissions. Cold-start emissions can be several times higher than the certification
standard, and much higher than the corresponding hot-start emissions (Herner et al., 2009;
Velders et al., 2011). The main cause for the high NOx emissions is low selective catalytic
reduction (SCR) inlet temperatures resulting from low power operation (Bishop et al.,
2013; Misra et al., 2013; Thiruvengadam et al., 2016). Stoichiometric natural gas engines
equipped with three-way catalysts (TWCs) are not subjected to the limitations posed by
the use of SCR systems, resulting in in-use emissions that are more comparable to the

emission certification levels. Previous studies have shown NOXx emissions benefits with



heavy-duty CNG vehicles equipped with TWCs (Misra et al., 2017; Thiruvengadam et al.,
2015).

New engine designs and alternative fuels are expected to play a major role in
controlling NOx emissions and subsequently improving air quality. Several studies have
shown the pathway for ultra-low NOx emissions from stoichiometric compressed natural
gas (CNG) engines, capable of achieving sub 0.02 g/bhp-hr of NOx emissions(Sharp et al.,
2017a; Sharp et al., 2017b). The use of natural gas has significantly increased in many
fleets, such as refuse trucks, buses, delivery trucks, and yard tractors commonly used in
on-terminal container movement (Fontaras et al., 2012; Karavalakis et al., 2013;
Thiruvengadam et al., 2016). Natural gas is a clean-burning alternative fuel known for its
soot-free combustion due to its lower carbon fraction compared to any other fossil fuel
(Hesterberg et al., 2008; Korakianitis et al., 2011). Natural gas has a high octane number
(up to 130) and relatively higher knock resistance compared to gasoline, which enables the
use of higher compression ratio engines that provide better efficiency (Korakianitis et al.,
2011; Thiruvengadam et al., 2018). Legacy natural gas engines were built on a diesel
engine block retrofitted with a spark ignition platform and operated with lean-burn
combustion and an oxidation catalyst that served to control carbon monoxide (CO) and
nonmethane hydrocarbon (NMHC) emissions. Legacy lean-burn natural gas engines
produced comparable levels of NOx emissions to diesel vehicles without SCR systems
(Korakianitis et al., 2011). Current natural engines operate with spark ignited
stoichiometric combustion with exhaust gas recirculation (EGR) and three-way catalysts
(TWCs) to control NOx, CO, and total hydrocarbon (THC) emissions. The simultaneous

reductions in CO and NOx emissions in the TWC are favored from oxygen deficient



exhaust conditions occurring during stoichiometric combustion (DeFoort et al., 2004).
Studies have shown important reductions in NOx and THC emissions with stoichiometric
natural gas engines compared to lean burn engines (Einewall et al., 2005; Hajbabaei et al.,
2013; Yoon et al., 2013). Both Hajbabaei et al. and Yoon et al. showed that NOx emissions
from stoichiometric natural gas engines equipped with a TWC were over 90% lower
compared to lean-burn natural gas engines but showed higher CO emissions. Other studies
have also shown that stoichiometric combustion is the most effective technology in
reducing gaseous toxic pollutants, such as aldehydes and polycyclic aromatic hydrocarbons
(Yoon et al., 2014). Recent investigations have reported dramatic NOx reductions with
ultra-low NOx heavy-duty vehicles, even well below the 0.02 g/bhp-hr standard (L.i et al.,
2019).
1.3. NOx Emissions From In-Use Heavy-Duty Vehicles-200 Vehicle Study Chassis
As part of efforts to reduce emissions from on-road heavy-duty engines, more
stringent U.S. EPA emissions standards of 0.20 g/bhp-hr NOx were introduced for 2010
and newer on-road heavy-duty engines. Since then, the heavy-duty vehicle population has
included vehicles with more advanced engines and technologies, such as Selective Catalyst
Reduction (SCR) for diesel vehicles. SCR utilizes ammonia that is hydrolyzed from an
aqueous urea solution as a reactant to convert NOXx into nitrogen and water (Guan et al.,
2014). Although SCR catalysts provide good NOx emissions reductions under certain
conditions, the conversion efficiency is highly dependent on the catalyst materials and
conditions, urea injection timing and volume, etc. Many studies have shown elevated NOx
emissions when the SCR inlet temperature is below 250 °C under various driving

conditions (Tan etal., 2019). Studies have also shown that NOx emissions under real-world



conditions can significantly differ from those under more controlled laboratory conditions
using an engine or chassis dynamometer. Real-world conditions, such as frequent stop-go
events, extended idling, and low load/speed operation can have a large impact on SCR
efficiency and tailpipe NOx emissions (Grigoratos et al., 2019; Kotz et al., 2016; Mendoza-
Villafuerte et al., 2017). Studies have also found higher NOx emissions during cold start
operation when the SCR catalyst is well below its light-off temperature (Weilenmann et
al., 2009; Weilenmann et al., 2005).

Natural gas engines are another technology that can meet not only the 0.2 g/bhp-hr
NOx standard, but also an optional 0.02 g/bhp-hr NOx standard, which is 90% below 2010
certification standard. Current natural engines technologies utilized spark-ignited,
stoichiometric combustion with a three-way catalysts (TWC) aftertreatment system, as
well as exhaust gas recirculation (EGR) to control NOx emissions. Several chassis
dynamometer studies have demonstrated that late-model, stoichiometric, compressed
natural gas (CNG) engines can achieve emissions at or below 0.02 g/bhp-hr NOx levels
under a variety of conditions (Li etal., 2019; Zhu et al., 2020). Data from vehicles equipped
with 0.2 and 0.02 g/bhp-hr CNG engines is still relatively limited in terms of the number
of vehicles and testing over a wide range of mileages, so it is uncertain how effective these
engines are over a wide range of applications and over the full useful vehicle lifespan.
Additional data is also needed for emissions inventory models that are used for policy
development.

Aside from NOx emissions, NH3z and N2O emissions are also pollutants of concern.
NHz is considered to be a precursor to secondary inorganic aerosol formation (Liu et al.,

2015). N20 is an important greenhouse gas (GHG), which has a lifetime of about 121 years



in the atmosphere and a GWP of 298 based on a 100-year time horizon (Seyboth, 2013).
Both NHz and N20 are generally formed through reactions over the surfaces of the catalyst.
A number of studies have demonstrated the formation of NHs over the surfaces of TWCs
or other catalytic surfaces (Bae et al., 2022; Wang et al., 2015). Relatively high NH3
emissions have been observed from heavy-duty CNG vehicles with TWCs in several
studies (Thiruvengadam et al., 2016). For SCR-equipped diesel vehicles, overdosing of
urea can also lead to “ammonia slip” that can in turn lead to elevated tailpipe NH3
emissions. In spark-ignited engines, elevated N2O emissions have been observed primarily
during the initial warm-up period of the catalyst between temperatures of 300 °C to 500
°C. The formation of N>O emissions under higher temperatures is minimal unless
deterioration of the catalyst happens. Over the SCR catalyst, N2O emissions form
preliminarily due to both ammonia oxidation and decomposition of ammonium nitrate
particles (Thiruvengadam et al., 2016). While the potential importance of NH3 and N2O
emissions from heavy-duty vehicles is recognized, data for these two pollutants is still
limited from heavy-duty vehicles, particularly over a wide range of operating conditions,
and for vehicles with different mileages.
1.4. Particulate Matter Emissions From In-Use Heavy-Duty Vehicles-200 Vehicle
Study Chassis

Regulators and policy makers worldwide have been implementing regulations that
will control the PM emissions. Particle emission standards worldwide are generally based
on the PM mass emissions. In the United States (U.S.), the Environmental Protect Agency
(EPA) has imposed more stringent emissions standards for light-duty or heavy-duty

vehicles to regulate PM mass emissions in the recent years. More advanced emissions



control systems such as diesel particulate filters (DPFs) for diesel vehicles and alternative
fuels such as compressed natural gas, have been playing an important role in meeting PM
mass standards. However, these advanced systems may be limited in reducing particle
number emissions. Many recent studies have found that both DPF-equipped diesel vehicles
and compressed natural gas vehicles emit more particle number emissions for the ultra-fine
particles than larger size particles (Toumasatos et al., 2021). The European Union (EU)
introduced solid particle number (SPN) emissions standards for diesel light-duty vehicles
in 2011, which utilized the Particle Measurement Program (PMP) method to measure SPN
with a cut size of 23 nm (Giechaskiel et al., 2017). There are still questions about the
methodology of measuring “real” particle number emissions, however, due to different
sampling artifacts (i.e. the sampling system, sampling location, instrument measurement
accuracy, and particle loss rates) that may lead to significantly different results. The U.S.
has also been considering total particle number emissions as key factor of PN regulation.
Therefore, it is important to show total particle number emissions with different cut sizes
to compare the PM and PN emissions standards and provide insights on setting the
appropriate cut size for PN emissions.

Greenhouse gas emissions have become more and more important due to global
climate change. Carbon-dioxide (CO.), nitrous oxide (N20) and methane (CHas) are
combustion products or catalyst artifacts from diesel or natural gas engines that need to be
considered. Starting from 2017, U.S. EPA has regulated GHG emissions from medium- or
heavy- duty vehicles based on the vocations of the engine (EPA, 2011). In 2020, the
transportation sector accounted for 27% of total greenhouse gas emissions, representing

the largest source of GHG emissions in the transportation sector (EPA, 2020). CO>
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emissions come mostly from burning fossil fuels such as diesel or natural gas in the
combustion process, which represent the largest contributor of GHG emissions (EPA,
2008). CH4 emissions in the transportation sector mainly come from natural gas vehicles,
since the major component of natural gas fuel is CH4. N2O emissions are mostly observed
during the cold start operation for spark-ignited engines. N>O emissions are also commonly
seen for TWC-equipped vehicles where N20 is a byproduct of catalyst reactions.

The chemical and toxicological properties of emissions from vehicles with more
advanced technologies are also a concern. Many studies have been investigating the impact
of advanced engine/aftertreatment technologies or fuel composition on emissions
components with high toxicity(Li et al., 2021; Yoon et al., 2013). Yoon et al. showed
stochiometric combustion with a three-way catalyst can be effective for reducing
particulate compounds. Another recent study showed that renewable natural gas (RNG)
may also be a strategy that could lead to reductions in the toxicity of the emissions.

1.5. Real World NOx Emissions From In-Use Heavy-Duty Goods Movement
Vehicles-200 Vehicle Study On-Road

Studies have shown that the reduction efficiencies of NOx emissions from SCR-
equipped engines vary significantly under real-world conditions due to patterns of
operation that are different from laboratory testing, such as more frequent stop-go driving,
extended idling and more low load/speed events (Haugen and Bishop, 2018; McCaffery et
al., 2021; Misra et al., 2017; Preble et al., 2019; Tan et al., 2019).

Other engine technologies and alternative fuels could also play an important role in
reducing NOx emissions. Natural gas engines technology can meet the NOx emission

standard of 0.2 g/bhp-hr, with recent advancements in natural gas engine technology being

11



capable of meeting the optional 0.02 g/bhp-hr NOx emission standard, which is 90% below
the 2010 certification standard. Several recent studies have shown that late-model,
stoichiometric compressed ignition engines can achieve emissions at or below the 0.02
g/bhp-hr NOx levels under various conditions during chassis dynamometer and portable
emissions measurement system (PEMS) testing (Li et al., 2019; McCaffery et al., 2021;
Zhu et al., 2020). However, in-use emissions data under real-world operations is still
limited compared to that for diesel vehicles, so there is still uncertainty about how effective
these engines are over a wide range of applications, over a variety of driving operations,
and over the vehicle’s full lifetime.

Controlling NOx emissions for on-road heavy-duty vehicles under real-world
driving conditions is challenging. In the U.S, heavy-duty engines are typically certified
using an engine dynamometer over two main test cycles, the transient Federal Test
Procedure (FTP) and the Supplement Emissions Test (SET). In-use compliance testing is
also conducted that covers operation during not-to exceed (NTE) events, which are
characterized by operation in the NTE zone, with the engine load above 30% and SCR
operational temperatures greater than 250°C, as well as other requirements, for a period 30
continuous seconds, as specified in 40 CFR 86.1370-2007. A number of studies, however,
have shown that only a small fraction of in-use operation occurs under conditions meeting
the conditions for an NTE event (Badshah et al., 2019; McCaffery et al., 2021; Posada et
al., 2020; Tan et al., 2019). As such, the U.S. EPA and the California Air resources Board
(CARB) are in the process of setting forward and implementing new methodologies for in-
use compliance testing. It is still important in the near term, however, to understand how

vehicles will perform under these different types of operation on a wide scale.
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1.6. Outline of Dissertation

Chapter 2 presents NOx and PM emissions for 10 pieces of Tier 4 final construction
equipment including 3 excavators, 3 wheel loaders, 2 crawler tractors and 2
backhoe/loaders. The duty cycles included a pre-defined combined sequence of a cold-start
phase, trenching, backfilling, travelling, and idling. This information will be useful for
developing emissions inventory models, understanding the differences between
certification levels and real-world emissions, and in understanding the effectiveness of
advanced aftertreatment systems for off-road applications.

The results indicate that for all types of equipment, the highest NOx emissions were
seen for the cold start phase due to exhaust temperatures being below the activation
temperatures for the SCR system. NOx emissions for the trench and backfill modes were
generally close to or below the in-use compliance emission rate, except for a few pieces of
equipment that had higher NOx emissions due to cooler aftertreatment systems. Compared
to the previous studies, the Tier 4 final equipment showed an average reduction of 91% for
NOx emissions. This indicates a significant benefit could be achieved for NOx emissions
by deploying Tier 4 final advanced technology, such as SCR, from an emission reduction
perspective.

For Chapter 3, a goods movement vehicle equipped with the ISX12N 400 near-zero
natural gas engine and a yard tractor equipped with the B6.7N 240 near-zero natural engine
were evaluated over different test cycles on a heavy-duty chassis dynamometer. Both
heavy-duty vehicles were operated stoichiometrically and equipped with a three-way
catalyst (TWC). Experiments emphasized nitrogen oxide (NOx) emissions, greenhouse

gases (GHGs), and particulate emissions. Results showed substantially low levels of NOx
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emissions of both vehicles and dramatic reductions of up to 90% compared to the 2010
certification standard.

Chapter 4 and chapter 5 discuss gaseous and particulate emissions from a fleet of
14 heavy-duty vehicles of different vocations (school bus, transit bus, refuse hauler,
delivery vehicle, and goods movement vehicle), fuels (diesel, hydrogenated vegetable oil
[HVO]/renewable diesel (RD), and CNG), engine types, and aftertreatment controls (SCR
or TWC), and over different drive cycles using a chassis dynamometer. Each vehicle
selected for chassis dynamometer testing was tested over several driving cycles. All
vehicles were tested over the Urban Dynamometer Driving Schedule (UDDS), allowing
the UDDS test results to serve as a cross-vocational comparison point for all vehicles.
Additionally, each vehicle was tested over one or more vocational cycles. The vocational
test cycles were assigned based on the vehicle vocation. Delivery and goods movement
vehicles were also tested with HHDDT cruise cycles.

Chapter 4 showed that the UDDS NOXx emissions varied depending on the vocation
and the technology with average NOx emissions across all vehicles ranged from 0.003 to
6.16 g/bhp-hr. NOx emissions for vocational cycle and HHDDT cruise cycles showed
some variances compared with the UDDS cycle but in the same range.NHsz and N.O
emissions are also pollutants of concern for air quality and global warming, which
originates from the catalyst reaction. NoO emissions from SCR equipped diesel vehicles
originate from the catalyst reaction involving NHs and NOx emissions as well as the
decomposition of nitrite particles.

Chapter 5 showed PM emissions were below the 10 mg/bhp-hr certification for all

vehicles over both cold and hot start cycles. Total particle number emissions for most of
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the CNG vehicles were above the European particle number limit, although the Euro limit
is only for solid particles. This indicates that more efforts need to be made to reduce particle
number emissions from natural gas vehicles to the emission certification levels. Most DPF-
equipped diesel vehicles showed particle number emissions below the standard. CO-
emissions are the main contributor to GHG emissions for all vehicles.

Chapter 6 measured and characterized NOx emissions from five heavy-duty diesel
and natural gas goods movement vehicles with different engine technologies. All five
vehicles were tested on-road under four pre-defined goods movement routes in SCAB,
representing grocery distribution, port-drayage operation, and highway driving with and
without elevation change. NOx emissions were measured using a mobile emissions
laboratory. NOx emissions varied depending on the vehicle and the route. The newly
proposed three-bin MAW method was utilized to show the NOx emissions across various

modes of operation conditions, including idle, low load, and medium/high load.
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2. Real World Emissions From Tier 4F Off-Road

Construction Equipment

2.1. Abstract

The primary purpose of this study was to obtain gas-phase and particular matter (PM)
emissions from newer Tier 4 final off-road construction equipment using a Portable
Emissions Measurement System (PEMS). This information can be used to provide accurate
estimates of emissions from off-road construction equipment under real-world scenarios.
Emission measurements were made for 10 pieces of Tier 4 final construction equipment
including 3 excavators, 3 wheel loaders, 2 crawler tractors and 2 backhoe/loaders. The duty
cycles included a pre-defined combined sequence of a cold-start phase, trenching,
backfilling, travelling, and idling. For all types of equipment, the highest emissions were
seen for the cold start phase, which showed NOx emissions levels ranging from 3.4 to 6.3
g/bhp-hr, from 15.8 to 26.1 g/kg-fuel and from 107 to 249 g/hour, with an average exhaust
temperature around 100°C.The next highest emissions were found for the travel mode.
NOx emissions from the idle period ranged from 12.8 to 50 g/hour. NOx emissions from
all equipment categories over trench and backfill modes show a range from 0.07 to 0.69
g/bhp-hr, from 0.4 to 3.7 g/kg-fuel, and from 11.4 to 34.2 g/hour. NOx emissions over
trench and backfill work modes were generally close to or below the in-use compliance
emission rate (1.5 times engine certified emissions rate) except for a few pieces of
equipment that showed higher emissions due to less effective aftertreatment systems or
lower exhaust temperatures. PM emissions ranged from 0.1 to 13 mg/bhp-hr, which is

below the standard of 20 mg/bhp-hr for Tier 4 final off-road equipment. The
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backhoe/loader category shows the highest emissions because both pieces of equipment in

this category lacked a DPF to reduce PM emissions.

2.2, Introduction

Controlling pollutant emissions from mobile sources has been a key topic worldwide
over the past several decades. Off-road equipment is considered one of the most significant
sources of nitrogen oxides (NOx) and particulate matter (PM) both nationally within the
United States (U.S.) and within California (EPA, 2017; CARB, 2020). The U.S. national
emission inventory indicates that off-road diesel equipment is the third-largest source for
NOx emissions and the second largest source for PM with a diameter smaller than 2.5 um
(PM2.5) emissions, representing 14.5% and 24.3% of total mobile source emissions,
respectively (EPA, 2008). In California, emissions from the off-road sector represent 15%
of NOx and 20% of PM2.5 emissions from mobile sources in 2020 (CARB, 2017; 2020).
Although emission standards have been made increasingly more stringent over the past
decade, there is still some lag between the implementation of the standards for off-road
equipment compared to similar standards for on-road vehicles. Off-road engines also have
a relatively longer lifespan than on-road vehicle engines. Those factors suggest that the
contributions of emissions from off-road equipment will continue to increase relative to
that of on-road vehicle emissions. This makes the control of emissions from off-road
equipment one of the more critical areas in terms of reducing emissions and protecting
public health.
Developing emissions factors and emissions inventories for off-road equipment has
inherently been more challenging than for on-road vehicles. The estimation of emissions

factors for off-road equipment can be obtained from non-road vehicle emission models,
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such as NONROAD developed by the US EPA (EPA, 2008) (Marshall et al., 2012; Rasdorf
et al., 2012), and the OFFROAD model developed by the California Air Resource Broad
(CARB) (CARB, 2017)(Lewis et al., 2012b; Rasdorf et al., 2010; Shao, 2016). However,
these emissions factor values from the models are usually derived from engine
dynamometer tests that may not necessarily be representative of engine operation under
real-world conditions due to different activities modes, varied operations, different
machine types, and engine deterioration (Cao et al., 2018; Lewis et al., 2009a; Lewis et al.,
2019; Lewis et al., 2009b; Shao, 2016; Tan et al., 2021). Although newer engines are now
certified on a combination of steady-state and transient engine dynamometer test cycles, in
general, the certification of off-road engines is still not designed to represent the full range

of in-use operations that the engines might be operated over under real-world conditions.

Although some studies have measured emissions from in-use off-road equipment, the
available data for off-road equipment is still considerably more limited compared to on-
road mobiles sources. Many previous studies measured emissions from off-road equipment
using portable emissions measurement systems (PEMS). Frey et al., (Frey et al., 2008a;
Frey et al., 2008b; Frey et al., 2010) and Lewis et al., (Lewis et al., 2009a; Lewis et al.,
2019; Lewis et al., 2011; Lewis et al., 2009b) measured emissions from a number of pieces
of Tier 1 and 2 construction equipment using PEMS, and also developed an emissions
model to estimate the emissions impact of the whole category. Abolhasani et al. measured
three excavators certified to Tier 1 standards using PEMS and found the importance of
accounting for inter-cycle variability in real-world, in-use emissions to develop more
accurate emission inventories (Abolhasani et al., 2008). Fu et al. measured gaseous and

PM emissions of twelve excavators and eight wheel loaders and found the greater the

23



accumulated working hours, the higher their HC and NO emissions factor were(Fu et al.,
2012). Cao et al. evaluated in-use emission factors from twenty-seven pieces of
construction equipment including four backhoes, six-wheel loaders, four excavators, two
scrapers, six bulldozers, and four graders (Cao et al., 2018). This study covered a wide
range of equipment types, and both Tier 2 and Tier 3 certified equipment. Cao et al. also
characterized emissions from three hybrid excavators and four conventional excavators
with PEMS over duty cycles designed from real-world activity data. They found utilizing
hybrid technology can provide potential benefits in CO2 emissions reductions but can also
lead to increases in PM emissions(Cao et al., 2016). Desouza et al. measured NOx, COa,
and PM exhaust emissions from a total of 30 construction machines certified to Euro Stage
Il to Stage IV in London using PEMS over real world conditions and illustrated the
importance of selective catalytic reduction (SCR) in reaching and maintaining low NOx

emission standards (Desouza et al., 2020).

The current Tier 4 final emissions standards for off-road diesel engines have pushed the
implementation of diesel particulate filters (DPFs) to meet PM standards, and SCR systems
to meet NOXx standards, though their implementation is still not universal. While there are
extensive data on the effectiveness of DPF and SCR systems over certification test cycles
run on an engine-dynamometer, real world data from modern diesel engines with these
aftertreatment systems in off-road applications are scarce (Misra et al., 2013; Miller et al.,
2013; CARB, 2014; Quiros et al., 2017). Data on SCR performance also show some
variation depending on the type of vehicle tested and its operational cycle. Of importance
has been the finding that for on-road engines operating under low load conditions where

exhaust temperatures are lower, the SCR system has a lower NOx emissions reduction
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efficiency than under high load conditions (Jiang et al., 2018; Misra et al., 2013). While it
is expected that a similar phenomenon would be found for off-road engines, it is still not

known the extent to which these conditions occur in real-world conditions.

The primary purpose of this research is to obtain NOx and PM emissions from Tier 4 final
off-road construction equipment using PEMS under real-world scenarios. This study
included 10 pieces of construction equipment, including excavators, wheel loaders, crawler
dozers, and backhoes/loaders. The information obtained in this study provides a more
accurate dataset for emissions inventory development, and for designing or optimizing
emissions models such as NONROAD or OFFROAD, which are currently utilized for
estimating off-road emissions. NOx emissions analysis was also provided in this study to
understand the differences between engine certification standard values and real-world
emissions rates. Finally, these results show how advanced aftertreatment systems perform

over real-world conditions.

2.3. Materials and Methods
2.3.1. Test Matrix

Emission Measurements were made for 10 pieces of Tier 4 final equipment, which
included 3 excavators, 3 wheel loaders, 2 backhoe/loaders, and 2 crawler tractors. The basic
specifications for the off-road equipment tested are summarized in Table 2.1. Detailed
information about the engines is presented in Table 2.3. The equipment types are denoted
as EX for excavator, WL for wheel loader, CD for crawler dozer and BH/L for
backhoe/loader, followed by the equipment numbers. The engines ranged from model year
2014 to 2017, in rated horsepower from 115 to 397 horsepower (hp), and in hours of

operation from 91 to 3,652 hours. Of the ten engines, eight were equipped with DPF-SCR
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aftertreatment systems, while the other two were equipped with only an SCR aftertreatment
system. The equipment was all tested with retail ultra-low sulfur diesel (ULSD) with a
sulfur content of less than 15 ppm. All the equipment was rented from local companies and
operated in test lots at the rental agency’s sites. The equipment was operated by

experienced operators.

Table 2.1 Equipment tested using PEMS

Model Size Power Odorpeter Aftertreat
Type Make . Reading
Year (liters) | (HP) ment
(Hours) .
Device
EX #1 CAT 2015 7.0 204 2063 DPF-SCR
EX #2 CAT 2016 9.3 318 1615 DPF-SCR
EX #3 Hitachi | 2017 52 172 350 DPF-SCR
WL #1 CAT 2015 7.0 188 2057 DPF-SCR
WL #2 JD 2017 9.0 365 359 DPF-SCR
WL #3 JD 2014 13.5 397 97 DPF-SCR
CD_#1 D 2014 13.5 397 1996 DPF-SCR
CD _#2 CAT 2015 15.2 357 3654 DPF-SCR
BH/L #1 CAT 2015 4.4 115 1601 SCR
BH/L #2 |JD 2017 4.5 126 695 SCR

2.3.2. Work Mode

The equipment was tested over different conditions, designed to represent the
different types of operation the equipment performs in the field. A summary of the work
modes descriptions is provided in Table 2.2. The primary physical work consisted of

trenching, backfilling, idling, and general equipment movement between locations. The
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cold-start, travel, and idle modes for the different pieces of equipment were similar between
the different pieces of equipment, but the trenching and backfilling modes were different
for each equipment category based on its typical operation. Here, the terms “Trench” and
“Backfill” were used to universally represent “Digging” and “Refilling” type of work,
respectively. For the trenching and backfilling operations, the equipment was subjected to
different loads (classified as light, medium, and heavy) based on how full the bucket was
or the amount of dirt being pushed around. It was hard to distinguish between different
workload activities visually or through analysis of the dataset, therefore the data for light,
medium, and heavy load was combined within each of the primary operation categories.

Table 2.2 Mode Names and Description

Mode Name | Description

Cold-Start | Start engine and idle for 5 min.

Idle Idle between each trench or backfill for 60 seconds

Travel For Excavator and Crawler Dozer, traveling from parking area to test lot.
For Wheel Loader and Backhoe/Loader, driving around test lots in

addition.

Trench Dig a trench and empty the bucket. For Crawler Dozer, using the ripper

rip the soil instead.

Backfill Backfilling each trench

2.3.3. PEMS Descriptions
Gas-phase emissions were measured with a CFR1065 compliant SEMTECH DS
PEMS. This PEMS measures pollutant concentrations in the raw exhaust using a non-

dispersive ultra-violent (NDUV) analyzer to measure NOx, and a non-dispersive infrared
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(NDIR) analyzer to measure carbon monoxide (CO) and carbon dioxide (CO). The
SEMTECH DS system also records information broadcast by the Engine Control Module
(ECM).
PM emissions were measured with an AVL Micro Soot Sensor (MSS) with a gravimetric
filter box. The MSS measures soot concentration (solid particles) on a second-by-second
basis using the photo-acoustic principle. The gravimetric filter box adjusts the soot
measurement using a combination of time resolved soot values and integrated volatile
organic compounds (VOC) values to calculate an equivalent total PM mass. The
accumulated soot signal from the MSS is compared with the total mass on the filter. The
ratio of the difference is multiplied by the soot real-time signal to estimate the total PM.
A 5-inch SEMTECH exhaust flow meter (EFM) was used to measure real-time exhaust
flow, which is multiplied by the exhaust concentrations on a second-by-second basis to
obtain mass emission results. The EFM was placed in line with the engine tailpipe. Other
important test parameters collected included location data from a Global Positioning
System (GPS), ambient temperature, pressure, and humidity. All the equipment tested had
ECM data available.
2.3.4. PEMS Installation

Due to the complexity of measuring real-world off-road emissions, each piece of
equipment required a unique installation approach. A custom steel frame instrument
package with the gas-phase PEMS, PM PEMS, data logging equipment, batteries, a battery
charger, and other necessary operating auxiliary items was used to mount all of instruments
on the equipment in a single package. The custom frame with the instruments was lifted by

a forklift or a crane, placed on the roof of the equipment to be tested, and fastened down
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with straps. Vibration isolation mounts installed onto the steel frame and a six-inch-thick
high-density foam pad between the frame and the equipment were utilized to provide
vibrational dampening. The routing of the exhaust pipes to the EFM, connecting the PEMS
to the ECM, and installing the auxiliary generator for power was done after this. Weather
shielding was used to protect the PEMS package from direct sunlight.

2.4, Results

2.4.1. NOx Emissions

NOx emissions for the different equipment types over different modes are presented in
Figure 2.1 Averaged NOx emissions profile in units of g/kg-fuel and g/hour and averaged
exhaust temperature profile by modes and equipment types. in units of g/bhp-hr, g/kg-fuel
and g/hour. The values are the averages for pieces of equipment in each category, and the
error bars represent the standard deviation of the average within that category. The
corresponding average exhaust temperature from each category is also included in the
figure. The units of grams of pollutant per horsepower-hour (or per kilowatt-hour) of work
provide a comparison with the certification standard. However, g/bhp-hr unit are less
precise compared to fuel-based or time-based units because work values are not easily
attained through the ECM logger for some off-road equipment.

For all types of equipment, the highest emissions were seen for the cold-start phase, which
showed NOXx emissions levels ranging from 3.4 to 6.3 g/bhp-hr, from 15.8 to 26.1 g/kg-
fuel, and from 107 to 249 g/hour. The average exhaust temperature from the cold-start
phase was around 100°C. NOx emissions are expected to be higher for cold-start conditions
than hot-running operation due to the SCR system being below its effective operating

range, resulting in a reduced NOx conversion efficiency during cold-starts. The next

29



highest emissions were found for the travel mode with a range from 0.41 to 3.7 g/bhp-hr,
from 2.3 to 6.7 g/kg-fuel, and from 46 to 112 g/hour. It should be noted that both cold-
starts and travel activity, representing movement of the equipment between the parking
area and working site, and thus only represent a small fraction of the daily operation.
NOx emissions from all equipment categories for trench and backfill operation showed a
range from 0.07 to 0.69 g/bhp-hr, from 0.4 to 3.7 g/kg-fuel, and from 11.4 to 34.2 g/hour.
It is noted that backhoe/loader category showed average emissions rate higher than the
current certification standard of 0.30 g/bhp-hr for off-road Tier 4 final equipment, ranging
from 0.61 to 0.69 g/bhp-hr, from 3.4 to 3.7 g/kg-fuel, and from 30 to 33 g/hour. However,
the variance between equipment within this category was large due to higher emissions
from BH/L_#1, which was equipped with a smaller displacement engine and a less efficient
aftertreatment system. A more detailed analysis for BH/L_#1 is provided in the next
section. Emissions for the excavator and crawler dozer categories, on the other hand,
showed emissions lower than the certification standard, ranging from 0.07 to 0.16 g/bhp-
hr, from 0.42 to 0.87 g/kg-fuel, and from 11.4 to 18.3 g/hour. Emissions from the wheel
loader category were close to the certification standard ranging from 0.22 to 0.35 g/bhp-
hr.

Idle emissions from heavy-duty diesel engines have been a key subject for regulatory
agencies. For example, California has adopted measures that could limit the idling of long-
haul trucks equipped with and without sleeper cabs and buses to no more than 5 minutes
(Khan et al., 2009) (CARB, 2004). Idle emissions have been underestimated for heavy-
duty vehicles, especially for off-road equipment, due to a large fraction of idle activities

under real-world conditions (Lewis et al., 2012a). Idle emissions are generally expressed
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in unit of g/hour instead of on a load-specific basis because the load percent obtained from
the ECM logger during the idle period is very low and is less accurate. NOx emissions

from idle period ranged from 12.8 to 50 g/hour.
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Figure 2.1 Averaged NOx emissions profile in units of g/kg-fuel and g/hour and
averaged exhaust temperature profile by modes and equipment types.

2.4.2. In-Use Compliance Emissions vs. Real World Emissions

Figure 2.2 Averaged NOx emissions profile in units of g/bhp-hr, averaged exhaust
temperature, and certification standard profile by modes and equipment types. shows NOx
emissions on a g/bhp-hr basis, as well as average exhaust temperature for each piece of
equipment for the trench and backfill work mode operations. These operational modes are
examined in greater detail because they are the primary activities for off-road construction
equipment. The certification standard for each engine is listed in Table 2.4 and estimated
in-use compliance levels are also given in the Figure 2.2 Averaged NOx emissions profile
in units of g/bhp-hr, averaged exhaust temperature, and certification standard profile by

modes and equipment types. The in-use compliance level is based on 1.5 times the certified
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standard, which is the criteria used for in-use compliance testing for heavy-duty on-road
engines and is also included for comparison purposes.

NOx emissions for the trench and backfill work modes were generally close or below the
estimated in-use compliance emission rate (1.5 times engine certified emissions rate),
except for the trench mode for EX_#3, and the backfill modes for WL_#1, WL _#2 and
BH/L_#1. Real-world emission rates from these four pieces of equipment were higher than
the engine certified standard by an approximate average factor of 5 and higher than the
estimated in-use compliance rate by an approximate average factor of 3. The exhaust
temperatures averaged above 250°C, except for the WL #1 and BH/L #1 which showed
an average exhaust temperature below 200°C. Lower exhaust temperatures indicate
relatively cooler aftertreatment systems, therefore lower NOXx conversion efficiencies are
expected. WL_#2 showed DPF regeneration events happened periodically throughout the
day of operation. The DPF regeneration events are shown separately in the figure so that
typical operational emissions between the different pieces of equipment can be compared
without the added complexity of trying to estimate the regeneration contribution to overall
emissions for each piece of equipment. NOx emissions for DPF regeneration events
averaged around 0.75 g/bhp-hr, which is about 3 times higher than the certification
standard. Previous studies have shown that higher NOx emissions during DPF regeneration
are due to the reduction of the EGR rate, and reduced NOXx reduction efficiency over the
catalyst under high engine load and fuel-rich modes. (Bermudez et al., 2011; Ko et al.,

2016).

It is interesting to note that all equipment showed similar emission rates between the trench

and backfill modes, except for EX_#3 and WL_#1. EX_#3 had higher emissions in the
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trench mode than in backfill mode, and WL_#1 showed the opposite trend, with higher
emissions for the backfill mode. Further real-time emissions analysis was done for both
pieces of equipment to evaluate these differences. Figure 2.3(a-c) Real-time NOX
emissions from Excavator_#3 shows the real-time data analysis for EX_#3 for a day of
activity. Fig 3a provides information on engine speed and engine load in order to identify
the engine stop events (engine speed and load both zero), idle events (constant low engine
idle speed and low load), and work events (rapid changes in engine speed and load). This
figure shows the sequence of modes performed as engine stop, work, idle, work, and then
this sequence was repeated.

Figure 2.3(b) provides information on real-time NOx emissions and real-time exhaust
temperature for EX_#3. The results show that NOx emissions spiked after the equipment
was just beginning backfilling or trenching operations after the engine was off or idling,
respectively. This corresponded to periods where the exhaust temperature was at its lowest
level of 200°C. It is interesting to note that NOx emissions spiked higher after the idle event
than after the engine stop, even though exhaust temperature was lower after the engine was
off. For this piece of equipment, the trench mode was always performed after the idle
period and the backfill mode was always performed following engine stop event, which
explains the difference of NOx emissions between these two modes. Comparing NOX
emissions on a time basis from the idle periods beginning around 12,000s and 17,000s
indicates higher emissions can occur when the engine idles for a longer period of time.
Figure 2.3 (c) provides a zoomed-in graph of the last repeat of the testing sequence. Figure
2.3 (c) shows that after the engine idles for a longer period of time that emissions start to

increase, which coincides with the exhaust temperature decreasing to levels where the
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aftertreatment is likely less effective. Interestingly, idle NOx emission rates for the period
between 17,500 and 18,000 reached levels around 0.010 to 0.012 g/s, which is higher than
the emission rates during a typical work mode, as represented from approximately 16,000
to 16,800 seconds.

Figure 2.4 provides information on real-time engine speed, engine load percentage, NOx
emissions, and exhaust temperature for WL_#1. NOx emission spikes were found after the
idle period for each sequence, similar to those for EX_#3. It is noted that there was a slight
increase in exhaust temperature when the engine started which could be due to the release
of the heat remaining in the engine block from the previous operation. This phenomenon
was not found in other studies. SCR inlet temperature is known as a key indicator of SCR
conversion efficiency (Jiang et al., 2018). The reduction efficiency is expected to be over
90% when the SCR inlet temperature is around or over 250°C. (Jiang et al., 2018;
McCaffery et al., 2021; Mendoza-Villafuerte et al., 2017). This condition was rarely
reached with WL_#1, however, and therefore higher emission rates were expected for this
piece of equipment. In addition, the trench event happened right after the idle for all three

testing sequences, causing NOx emissions to be higher for the backfill than trench modes.

34



1.4

[ ]Trench
[ Backfill ® -4500

+© 1.24[___|DPF Regeneration
< - In-use Complaince Rate (g/bhp-hr) == © G
_g' - Engine Certified Rate (g/bhp-hr) 1400 <
5 1.0 % Py
> W Exhaust Temperature (°C) =
: —@— DPF outlet Temperature (°C) ®
- S
[ = - -300 g
g §
uﬁ '_
@ | {200 3

(] =]
§ | 8
x | X
[®) | . w
3 H 100

I

- N - N

%I *I *I q":I

g4 a 4

T I (3] s

o o

Figure 2.2 Averaged NOx emissions profile in units of g/bhp-hr, averaged exhaust
temperature, and certification standard profile by modes and equipment types.

EX#3 | Engine Speed (rpm)—— Engine Load (%)| 120
=(a
£l )2000 - Backfin Trench Backfill Trench  Backfil  Trench Backfil Trench =
g i e
T 1500 o
8 . S
& 1000 - >
o i =
£ 500 =)
& o 5
wi 0 -
0.3
(b) i }— NOx Emissions (g/s)y=—— Exhaust Temperature (°C)| - 400
0.2 300 o
? 2-’
= E 200
>~ 0.1 5
g ; J 100 2
(=] -
g 0.0 v T T — 0 2
E 0 2000 4000 6000 8000 1 0000 12000 1 4000 1 6000 18000 20000 g
w |
6 © ’— NOx Emissions (g/s)—— Exhaust Temperature (°C)] 1]
2 0.015 F
= 300 b o
= X
0.010 i - 200
0.005 - =~ 100
0.000 ~ 0
1 4500 1 5500 1 6500 1 7500 1 8500 1 9500 20500
Time (s)

Figure 2.3(a-c) Real-time NOx emissions from Excavator_#3.

35



WL_#1 [ Engine Speed (rpm)—— Engine Load (%)|

120
E 2000 T el TR Backtl | Backil T Backfill ""e"M gackin TenCh -
g 4 ‘ i
< 1500 - -180 3
I} o
8_ 1 1die -l
& 1000 - g
© 1 440 5
c
g: 500 - Engine Off u:_|
& 4
0 0

0.12 300 &
e~ NOXx Emissions (g/s. SCR in Temperature (°C 9
- — (gls— P c) <
) 1 @
TI; - 250 a
g 0.08 g
? 20 &
E 0.04 *
X 1150 =
O o
z S

0.00 . - ' / - . . - A 100 @&

0 1000 2000 3000 4000

Figure 2.4 Real-time NOx emissions, engine speed and load profile, and exhaust
temperature from Wheel Loader_#1.

2.4.3. NOx Emission Comparisons With Prior Studies

Frey et al. and Cao et al. (Cao et al., 2016; Cao et al., 2018; Frey et al., 2008a; Frey et al.,
2008b; Frey et al., 2010) both measured emissions from a wide variety of off-road
construction equipment. Some of the equipment tested in both studies included backhoes,
wheel loaders and excavators. Figure 2.5 shows a comparison between the present study
and previous studies by equipment type and work modes performed on each piece of
equipment. Ex #1 D denotes the excavator equipment category, “D” represents a
“Digging” work mode, and “B” represents a “Backfilling” work mode. The results,
including those from this study, are presented in g/gal units. The other studies focused on
emissions measurements from mostly older Tier 2 and Tier 3 equipment. Overall, NOx
emissions from older equipment ranged from 73 to 172 g/gal for Tier 2 equipment and
from 58 to 96 g/gal for Tier 3 equipment. Under the present test conditions, NOx emissions

from Tier 4 final construction equipment showed significant reductions on a g/gal basis,

36



with a range of 1 to 10 g/gal. Note that WL_#1 B, BH/L_#2 D, and BH/L_#2_B are the
only three test articles/modes showing an emissions rate higher than 5 g/gal. Compared to
the previous studies, the Tier 4 final equipment showed an average reduction of 91% for
NOx emissions. This indicates a significant benefit could be achieved by deploying Tier 4

final advanced technology such as SCR and DPF from an emission reduction perspective.
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Figure 2.5 NOx emissions rates in units of g/gal.

2.4.4. PM Emissions

PM emissions for all the different types of equipment were below the certification standard.
PM emissions ranged from 0.1 to 13 mg/bhp-hr, which is below the standard of 20 mg/bhp-
hr for Tier 4 final off-road equipment. Detailed PM emissions results are provided in Figure
2.6. It is valuable to emphasize that DPF regeneration events were excluded from the
dataset, particularly for WL_#2. On a fuel and time basis, PM emissions showed a range
from 0.5 to 49 mg/kg-fuel and 10 to 436 mg/hour. Emissions from different test modes did
not show much variance. However, emissions between different equipment categories did
show some trends, with the backhoe/loaders being the highest, as both pieces of equipment

in backhoe/loader category lacked a DPF to reduce PM emissions. Previous studies have
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shown significant (over 90%) reductions in PM emissions for off-road equipment and on-

road vehicles equipped with DPFs (Cao et al., 2018; Jiang et al., 2018).

1.0 0.40 0040‘ | PM emissions (g/bhp-hr) | | PM emissions (g/kg-fuel) PM emissions (g/hour) ™ Exhaust Tamperatum("c)r
i Excavator Wheel Loader Crawler Dozer Backhoe/Loader
- 400
0.8 0.08 0.032 4
T g (£ e
° b s ~ T 4300 o
%,oAa e go.os- =2 0.024 - B T T 2 | ™ z
e 2 = - T °
=] T , @
@ F
g g c + " . " - 7 g,
@ -] K- o E . | E
@ 7] @ o L | L. 3 4200 @
‘044 2004 .20016 I B v
[} E E 1 L 4 - o I
| 3
s ) @ 4 ©
o o x
0.2 0.02 0.0084 | : T | - L ; | 4 100
‘ \ | . ﬂ &
| ” H][ I
| o P F . . |8 1 .
0.0 J 0004  0.0001— T‘J | I | & |- J!I | | kool o dzh | Al
t £ = 3 (] o e = s (] t £ = B [] t £ = S o
= ¢ § 83 se§EEE ZgEEE geg =
SN ¥ s £ & F - 2 £ 8 F
z - = = S F 3 =
o o ° @ S 4] 5 o
Qo o o o

Figure 2.6 Averaged PM emissions profile in units of g/kg-fuel and g/hour and
averaged exhaust temperature profile by modes and equipment types.

2.4.5. CO Emissions

CO emissions ranged from 0.11 to 1.90 g/bhp-hr, which was below the standard of 2.5
g/bhp-hr for Tier 4 final off-road equipment. On a fuel and time basis, CO emissions
showed a range from 0.65 to 7.65 g/kg-fuel and 7.14 to 139 g/hour. Emissions from
different test modes showed some variance with the cold-start being the mode with the
highest emissions, ranging from 1.2 to 1.9 g/bhp-hr. Emissions from trench and backfill
modes did not show much difference within each category.

2.4.6. Fuel Consumption

Fuel consumption rates for the different equipment types over different modes are
presented in Figure 2.7 in units of kg/bhp-hr and kg/hour. Fuel consumption rates were
generally consistent between different equipment categories over different modes, with a
range around 0.2 kg/bhp-hr, except for the travel mode for the crawler dozer category.

Cold-start phase fuel consumption was generally higher than other work modes due to
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lower energy conversion efficiencies when the engine is operated under a cold condition.
Idle emissions showed a time-based emissions factor ranging from 0.03 to 0.1 kg/hour.
Previous studies have shown that by decreasing the ratio of idling to actual machine
operation additional fuel use and excess carbon dioxide (CO.) emissions can effectively be

reduced (Lewis et al., 2012a; Lewis et al., 2012b).
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Figure 2.7 Averaged Fuel Consumption profile in units of kg/bhp-hr and kg/hour
and averaged exhaust temperature profile by modes and equipment types.

2.4.7. Comparisons With OFFROAD Model

The OFFROAD model called “OFFROAD2017 — (ORION v1.0.1)” was developed by the
California Air Resource Broad (CARB) as a tool for estimating emissions from off-road
equipment. This model is part of the EMission FACtor (EMFAC) model that provides
California’s emissions inventories of on-road and off-road mobile sources and tools
(CARB, 2017). Using the OFFROAD model, emission factors for different types of off-
road equipment, from a certain calendar year, or within certain region can be derived in

units of tons per day. In addition, the model also provides equipment fuel consumption on
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a gallons per year basis and activity on a hours per year basis. Therefore, emission rates
and fuel consumption rates on a time basis can be derived.

Figure 2.8 shows NOx emissions and PM emissions on a g/hour basis, and fuel
consumption on a gal/hour basis for each piece of equipment that was tested for the work
and idle mode operations. The work mode emissions were calculated based on the
integrated emissions from all of the trench and backfill modes for each piece of equipment.
The equipment tested in this study was categorized based on its engine power bin. The
predicted emissions based on the OFFROAD model, which were derived based on
equipment type, model year and HP bin, are also shown by the red line in the figure. Note
that the OFFROAD model emission rates represent overall emission rates without
differentiating between work and idle modes and other types of activity.

NOx emissions for the work modes are comparable to or less than the OFFROAD model
prediction for most of the equipment, except for WL_#1, WL_#2 and BH/L_#1. As
discussed in a previous section, NOx emissions from these three pieces of equipment were
higher because of lower aftertreatment temperatures, and DPF regeneration events. The
idle emission rates on a time basis for most of the equipment were comparable to or less
than the work mode emissions, with the exception of WL_#1, WL _#2, and CD_#1.
Overall, the results suggest that idle emissions could play an important role when designing
the model.

PM emissions for the work modes are well below the OFFROAD model prediction for
most of the equipment due to high PM emission reductions from the DPF system, except
for EX_#3, BH/L_#1 and BH/L_#2. This trend indicates that the model may overestimate

PM emissions in categories where DPFs are more prevalent than predicted.
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Fuel consumption estimations from the model fall between those for the work and idle
modes, being lower than the fuel consumption during work modes and higher than the fuel
consumption for the idle modes. This is because the model predicts the emission factors

based on real-world activity which consists of both work and idle mode operation.
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Figure 2.8 Comparison with the OFFROAD model in unit of g/hour

2.5. Conclusions

Emission Measurements were made for 10 pieces of Tier 4 final equipment with SCR and
DPF aftertreatment systems which included 3 excavators, 3 wheel loaders, 2
backhoe/loaders, and 2 crawler tractors with PEMS. This information will be useful for

developing emissions inventory models, understanding the differences between
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certification levels and real-world emissions, and in understanding the effectiveness of
advanced aftertreatment systems for off-road applications.

The main conclusion in this study can be summarized as follows:

For all types of equipment, the highest NOx emissions were seen for the cold-start phase
due to exhaust temperatures being below the activation temperatures for the SCR system.
This was followed by the travel mode operation. NOx emissions under idle ranged from
12.8 to 50 g/hour, which in many cases was higher than the NOx emissions for work modes
on a time basis.

NOx emissions from all equipment categories for trench and backfill operations showed a
range from 0.07 to 0.69 g/bhp-hr, and from 11.4 to 34.2 g/hour. NOx emissions for the
trench and backfill modes were generally close to or below the in-use compliance emission
rate, except for a few pieces of equipment that had higher NOx emissions due to cooler
aftertreatment systems. NOx emissions for the work modes are comparable to the
OFFROAD model prediction for most of the equipment. Compared to the previous studies,
the Tier 4 final equipment showed an average reduction of 91% for NOx emissions. This
indicates a significant benefit could be achieved for NOx emissions by deploying Tier 4
final advanced technology, such as SCR, from an emission reduction perspective.

PM and CO emissions for all the different types of equipment were below the certification
standard. PM emissions for Backhoe/Loader are higher than other equipment categories
because both pieces of equipment in Backhoe/Loader category lacked a DPF to reduce PM
emissions. PM emissions were generally lower than those for the OFFROAD model,
suggesting PM emissions might be overestimated in categories where DPFs are more

prevalent than predicted.
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2.8. Appendix

Table 2.3 Equipment and Engine Specifications

Equipment | Equipment Engine En | Dis | Rat | Rat | HP Odo | Engine
Type Model # Serial No. | g pl |ed |ed | Cate | meter | Model

Mo | Lit | Po | Spe | gory | Readi

del |ers | wer |ed ng

Ye (bh | (RP (Hour

ar p [ M) S)
Excavator | Cater | 335F | D8T05549 | 201 | 7.0 | 204 | 180 | 175- | 2063 | C7.1
#1 pillar 5 0 300 ACERT
Excavator_ | Cater | 336F | SYE1307 | 201 | 9.3 | 318 | 160 | 300- | 1615 | 4045H
#2 pillar | L 0 6 0 450 T096
Excavator_ | Hitac | 210 | 4HK1XD | 201 |5.2 | 172 | 200 | 100- | 350 6135H
#3 hi GLC | RAB-01 7 0 175 T003
Wheel Cater | 930 | D8T05679 | 201 | 7.0 | 188 | 180 | 175- | 2057 | AR-
Loader #1 | pillar | M 5 0 300 4HK1X
Wheel John | 744 | RG6090U | 201 | 9.0 | 365 | 210 | 300- | 359 6135H
Loader #2 | Deere | KIl | 042695 7 0 450 DW11
Wheel John | 824 | RG6135U | 201 | 13. | 397 | 200 | 300- | 97 C15.2
Loader #3 | Deere | Kll 002202 4 5 0 450 ACERT
Crawler John | 1050 | RG6135U | 201 | 13. | 397 | 200 | 300- | 1996 | C9.3
Dozer #1 Deere | K 002084 4 5 0 450 ACERT
Crawler Cater | D8T | ENGO0107 | 201 | 15. | 357 | 170 | 300- | 3654 | 6090H
Dozer_#2 pillar 3 5 2 0 450 DW36
Backhoe/Lo | Cater | 430F | W7NO0O580 | 201 | 4.4 | 115 | 220 | 100- | 1601 | C7.1
ader #1 pillar | 2 0 5 0 175 ACERT
Backhoe/Lo | John | 310S | PE4045U | 201 | 4.5 | 126 | 220 | 100- | 695 Ca.4
ader #2 Deere | L 049562 7 0 175 ACERT

Table 2.4 Engine Certifications and Aftertreatment Devices

Equipment Type Engine Certification g/bhp-hr Aftertreatment Device
NMH | NOx | CO PM
C
Excavator #1 0.007 |0.19 ]0.969 |0.001 | CTOX-DPF-PASSIVE, SCR
Excavator_#2 0.015 |0.25 |[0.075 |0.015 | PTOX-DPF-Active, SCR
Excavator_#3 0.022 |0.04 |[0.022 |0.002 |DPF, SCR
Wheel Loader #1 0.015 |0.22 |0.149 |0.015 | CTOX-DPF-PASSIVE, SCR
Wheel Loader #2 0.022 |0.04 |0.022 |0.002 | PTOX-DPF-Active, SCR
Wheel Loader #3 0.045 |0.08 |0.075 |0.007 | PTOX-DPF-Active, SCR
Crawler Dozer #1 0.015 |0.09 |0.075 |0.007 | PTOX-DPF-Active, SCR
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3. Characterizing Emission Rates of Regulated and
Unregulated Pollutants From Two Ultra-Low NOx CNG

Heavy-Duty Vehicles

3.1. Abstract

In this study, a goods movement vehicle equipped with the ISX12N 400 near-zero natural
gas engine and a yard tractor equipped with the B6.7N 240 near-zero natural engine were
evaluated over different test cycles on a heavy-duty chassis dynamometer. Both heavy-
duty vehicles were operated stoichiometrically and equipped with a three-way catalyst
(TWC). Experiments emphasized nitrogen oxide (NOx) emissions, greenhouse gases
(GHGs), and particulate emissions. Results showed substantially low levels of NOx
emissions of both vehicles and dramatic reductions of up to 90% compared to the 2010
certification standard. The cold-start period did not influence the overall NOx emissions,
suggesting that real-world NOx formation during cold-start will not contribute to ground
level ozone considering the vocations of these vehicles. Carbon monoxide (CO) emissions
were found at relatively high levels. Solid particle number emissions from both vehicles
were seen to be above the European particle number limit, indicating that current natural
gas engines could be an important source of nanoparticles, especially those of the sub 23
nm range. Both vehicles demonstrated elevated methane (CHs) and ammonia (NH3)
emissions. Nitrous oxide (N20) and NHz emissions were largely dependent of the cold-
start fraction of the test cycles, showing greater emission concentrations compared to the

hot-start tests.
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Keywords: CNG vehicles; Ultra-low NOx emissions; On-road Vehicles; Cold start
emissions; PN emissions
3.2. Introduction

Heavy-duty on-road vehicles represent one of the largest sources of nitrogen oxide
(NOx) emissions and fuel consumption in North America (Frey, 2018; Herner et al., 2009).
Heavy-duty vehicles are predominantly diesel-powered, although there is increasing
interest in natural gas (NG) systems. As emissions and greenhouse gas (GHG) regulations
continue to tighten, new opportunities for advanced fleet specific heavy-duty vehicles are
becoming available with improved fuel economy. NOx emissions have dropped 90% for
heavy-duty vehicles with the recent 2010 certification limit of 0.20 g/bhp-hr; however,
additional NOx reductions of another 90% are desired for the South Coast Air basin
(representing the greater Los Angeles area) to meet its 2023 and 2031 NOx inventory
requirements. An ultra-low NOXx standard was adopted by the California Air Recourses
Board (CARB) that was primarily driven by the National Ambient Air Quality Standard
requirements for ambient ozone that many urban areas in California currently do not meet
without further NOXx reductions from the heavy-duty diesel vehicle fleet. NOx emissions
are key precursors to ozone (Os) formation in the troposphere that is formed via the
photolysis of nitrogen dioxide (NO2) involving various reactive hydrocarbons (Monks et
al., 2015).

Although the 2010 certification standards were designed to reduce NOx emissions,
the in-use NOx emissions are actually much higher than certification standards for certain
fleets (Monks et al., 2015; Quiros et al., 2016; Thiruvengadam et al., 2015). The magnitude

is largely dependent on the duty cycle (Dixit et al., 2017). Since engines are certified at
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moderate to high engine loads, low load duty cycles can show different emission rates
(Misra et al., 2017). For diesel engines, low load duty cycles have a significant impact on
NOx emissions. Cold-start emissions can be several times higher than the certification
standard, and much higher than the corresponding hot-start emissions (Herner et al., 2009;
Velders et al., 2011). The main cause for the high NOx emissions is low selective catalytic
reduction (SCR) inlet temperatures resulting from low power operation (Bishop et al.,
2013; Misra et al., 2013; Thiruvengadam et al., 2016). Stoichiometric natural gas engines
equipped with three-way catalysts (TWCs) are not subjected to the limitations posed by
the use of SCR systems, resulting in in-use emissions that are more comparable to the
emission certification levels. Previous studies have shown NOx emissions benefits with
heavy-duty CNG vehicles equipped with TWCs (Misra et al., 2017; Thiruvengadam et al.,
2015).

New engine designs and alternative fuels are expected to play a major role in
controlling NOx emissions and subsequently improving air quality. Several studies have
shown the pathway for ultra-low NOx emissions from stoichiometric compressed natural
gas (CNG) engines, capable of achieving sub 0.02 g/bhp-hr of NOx emissions(Sharp et al.,
2017a; Sharp et al., 2017b). The use of natural gas has significantly increased in many
fleets, such as refuse trucks, buses, delivery trucks, and yard tractors commonly used in
on-terminal container movement (Fontaras et al., 2012; Karavalakis et al., 2013;
Thiruvengadam et al., 2016). Natural gas is a clean-burning alternative fuel known for its
soot-free combustion due to its lower carbon fraction compared to any other fossil fuel
(Hesterberg et al., 2008; Korakianitis et al., 2011). Natural gas has a high octane number

(up to 130) and relatively higher knock resistance compared to gasoline, which enables the
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use of higher compression ratio engines that provide better efficiency (Korakianitis et al.,
2011; Thiruvengadam et al., 2018). Legacy natural gas engines were built on a diesel
engine block retrofitted with a spark ignition platform and operated with lean-burn
combustion and an oxidation catalyst that served to control carbon monoxide (CO) and
nonmethane hydrocarbon (NMHC) emissions. Legacy lean-burn natural gas engines
produced comparable levels of NOx emissions to diesel vehicles without SCR systems
(Korakianitis et al., 2011). Current natural engines operate with spark ignited
stoichiometric combustion with exhaust gas recirculation (EGR) and three-way catalysts
(TWCs) to control NOx, CO, and total hydrocarbon (THC) emissions. The simultaneous
reductions in CO and NOx emissions in the TWC are favored from oxygen deficient
exhaust conditions occurring during stoichiometric combustion (DeFoort et al., 2004).
Studies have shown important reductions in NOx and THC emissions with stoichiometric
natural gas engines compared to lean burn engines (Einewall et al., 2005; Hajbabaei et al.,
2013; Yoon et al., 2013). Both Hajbabaei et al. and Yoon et al. showed that NOx emissions
from stoichiometric natural gas engines equipped with a TWC were over 90% lower
compared to lean-burn natural gas engines but showed higher CO emissions. Other studies
have also shown that stoichiometric combustion is the most effective technology in
reducing gaseous toxic pollutants, such as aldehydes and polycyclic aromatic hydrocarbons
(Yoon et al., 2014). Recent investigations have reported dramatic NOx reductions with
ultra-low NOx heavy-duty vehicles, even well below the 0.02 g/bhp-hr standard (L.i et al.,
2019).

The goal of this study is to evaluate and characterize two near-zero NOXx

stoichiometric ultra-low natural gas engines in different vocations. This demonstration of
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this engine technology was done in a goods movement vehicle and a yard tractor. Both
vocations represent a major source of NOx emissions and other pollutants within the heavy-
duty vehicle population. Both types of vehicles operate in or closely adjacent to densely
populated areas in the South Coast Air basin and in the port of Los Angeles and Long
Beach complex, which is also the biggest container terminal in the United States (US).
Increased port activity and maritime transportation related emissions have led to the
necessity of reducing emissions from major emission sources such as cargo handling
equipment (i.e., yard tractors). While about 95% of the port’s yard tractors are diesel-
powered, there is an increased interest in introducing near-zero NOx CNG platforms at
marine and inland cargo handling terminals. In this study, we aim to characterize the
relationship between NOx emissions and other pollutants from ultra-low NOx CNG
engines when operated on different vocation cycles using a chassis dynamometer.
3.3. Materials and Methods
3.3.1. Test Vehicles

Two heavy-duty in-use vehicles equipped with different natural gas engines were
tested in this study, as shown in Table 3.2, Supplementary Material (SM). The first test
article was an ISX12N 400 Cummins Westport Inc. (CWI) 11.9-liter natural gas engine
installed in a class 8 truck. The engine was developed to meet CARB’s optional ultra-low
NOXx standard of 0.02 g/bhp-hr. The vehicle equipped with the ISX12N 400 engine was
primarily a goods movement vehicle operated in the freight corridors of the South Coast
Air Basin. The second test article was a B6.7N CWI1 6.7-liter natural gas near zero (NZ)
engine installed in a yard tractor. The engine was developed as a near zero low NOXx engine

with a NOx standard of 0.1 g/bhp-hr (50% below the 2010 NOx emissions standard). This

53



vehicle was a yard tractor equipped with a non-road short distance (<5 miles) goods
movement engine with a limited top speed (governed to less than 30 mph) and typically
found in transient fleet yard operation. Both vehicles were operated with compressed
natural gas (CNG) pipeline fuel, which represents typical natural gas available in Southern
California.

3.3.2. Test Cycles

Different test cycles were utilized for both vehicles in this study, as shown in Table
3.3. Some cycles were very short (less than 30 minutes), so a combined test cycle with two
or three back to back iterations of the cycle was utilized in order to capture enough
particulate matter (PM) mass to quantify emissions near 1 mg/bhp-hr (10 mg/mile).

The test vehicle that utilized the ISX12N NG engine was tested following the three
Drayage Truck Port (DTP) cycles (Near Dock, Local, and Regional), the Urban
Dynamometer Driving Schedule (UDDS), and the Heavy-Heavy Duty Diesel Truck
(HHDDT) transient test cycles. These cycles are representative of Southern California
driving vocations, especially typical for goods movement vehicles. The DTP cycles were
developed by TIAX LLC in conjunction with the Ports of Long Beach and Los Angeles.
The DTP cycles are classified based on whether the cargo is being moved around in the
port terminal or distributed to local or regional distribution centers. The HHDDT cycles
were developed by the California Air Recourses Board (CARB) and West Virginia
University. The HHDDT cycles are representative of truck activity in Southern California
and include three modes, named Creep, Transient, and Cruise.

The test vehicle equipped with a B6.7N NG engine was tested over several different

cycles, including two yard tractor (YT) transient cycles representative of heavy loads
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(YT1_H) and light loads (YT2), and the central business district (CBD) cycle. The YT1 _H
cycle was performed at 100% of the gross vehicle weight (GVW) and the light cycle YT _L
was performed at both full 100% GVW and 50% GVW (YT2_Hand YT2_L). The YT1_H
cycle was performed as a cold-start and hot-start test. Because the YT cycles are short (less
than 30 minutes), the hot-start YT transient cycles were repeated twice, while the cold-start
YT was performed as a single cycle. The CBD cycle was developed to represent typical
transit bus operation in a downtown business district and was performed in triplicate.
Although the test vehicle was a yard tractor of typical port cargo handling operation, the
6.7-liter engine can also be used for transit bus operations, so the CBD cycle was also
included. The bus cycle was performed at 80% of the GVW to represent a typical load on
a bus in the South Coast Air Basin.
3.3.3. Emissions Measurements and Analysis

All testing was performed at CE-CERT’s Heavy-Duty Chassis Dynamometer
facility, consisting of an electric AC type design chassis dynamometer that can simulate
inertia loads from 10,000 Ib to 80,000 Ib, which covers a broad range of in-use medium
and heavy-duty vehicles. The vehicles were tested on the chassis dynamometer with a test
weight of 65,000 Ibs. Emissions measurements were obtained using CE-CERT’s Mobile
Emissions Laboratory (MEL). Detailed information of the facility and sampling setup have
been discussed previously (Cocker et al., 2004). Basic emissions measurements included
THC, NOx, CO, NMHC, methane (CH4), carbon dioxide (CO:), and PM mass.
Measurements of NH3 and nitrous oxide (N20) emissions were also obtained with a Horiba

Quantum Cascade Laser (QCL) Spectroscopy.

55



The gravimetric PM mass was measured with the CVS and collected on 47 mm
diameter 2 um pore Teflo filters (Whatman brand). The filters were measured for net gains
using a UMX2 ultra precision microbalance with buoyancy correction in accordance with
the weighing procedure guidelines set forth in the Code of Federal Regulations (CFR).
Real-time soot mass or black carbon emissions were measured using an AVL Micro-Soot
Sensor (MSS). The MSS is an instrument that measures soot mass concentration at a
frequency of one Hertz basis using a photo acoustic detection technique, where the light-
absorbing PM components (such as soot particles) are exposed to laser light that is
periodically modulated at the acoustical resonant frequency. Sampling for black carbon
emissions was made in the raw exhaust (before the CVS). Real-time particle size
distributions were obtained using an Engine Exhaust Particle Sizer (EEPS) spectrometer.
The EEPS (TSI 3090, firmware version 8.0.0) was used to obtain real-time second-by-
second size distributions between 5.6 to 560 nm. Particles were sampled at a flow rate of
10 L/min, which is considered to be high enough to minimize diffusional losses. They were
then charged with a corona charger and sized based on their electrical mobility in an
electrical field. Concentrations were determined through the use of multiple electrometers.

For the ISX12N NG engine, total particle number emissions were measured using
a TSI 3776 ultrafine-Condensation Particle Counter (CPC) with a 2.5 nm cut point. The
instrument operated at a flowrate of 1.5 L/min. Solid particle number emissions were
measured with a catalytic stripper with a downstream a TSI 3776 ultrafine-CPC. The
catalytic stripper removed the volatile components by oxidation on a catalytic coated
substrate. For the B6.7N NG engine, total particle number were measured at the CVS using

a TSI 3776 ultrafine-CPC. Solid particle number emissions were measured according to
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the European Particle Measurement Programme (PMP) at the raw exhaust (before the
CVS) using the AVL Particle Counter (APC plus) with a cut-off particle diameter of 23
nm (APC_23nm). For particles below the 23 nm diameter, a TSI 3776 ultrafine-CPC with
a cut-off diameter of 2.5 nm was used downstream of the APC plus (APC_3).
3.4. Results
3.4.1. NOx Emissions

The NOx emissions of both vehicles over the different duty cycles are presented in
Figure 3.1. For both vehicles, the results show that NOx emissions were below or close to
the CARB optional low NOx standard of 0.02 g/bhp-hr for the all the hot-start tests and
below the in-use not-to-exceed (NTE) zone standard of 0.03 g/bhp-hr. The latter is a
defined boundary used to monitor emissions compliance under real-world conditions. For
the 12L goods movement vehicle, NOx emissions ranged from 0.012 to 0.006 g/bhp-hr for
the port activity cycles and from 0.001 to 0.02 g/bhp-hr for the HHDDT transient cycles.
The lower NOx emissions were found even for the HHDDT Creep cycle, which represents
very low speed operation. The HHDDT transient mode showed NOx emissions slightly
above the optional low NOXx standard due to some relatively high NOx episodes during
truck start and stop events at moderate speed. For the drayage port cycles, the higher NOx
emissions were seen during the regional mode, which represents truck operation at
distances greater than 20 miles from the ports, indicating higher NOx emissions exposures
to populated areas including regional roads, driving in traffic, and short travel in freeways.
Overall, stoichiometric combustion offers high exhaust temperatures even for the low load
driving conditions which resulted in high NOx conversions in the fully warmed-up TWC.

This is not a typical observation with SCR equipped diesel trucks where NOx emissions
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can be significantly higher compared to stoichiometric natural gas vehicles when operated
in low load conditions with the SCR system being inactivated (Quiros et al., 2016;
Thiruvengadam et al., 2015). The cold-start NOx emissions were statistically significantly
higher than the hot-start tests. During cold-start, the NOx emission conversion efficiency
is expected to be lower due to the TWC being below its light-off temperature.

For the 6.7L yard tractor, the hot-start NOx emissions were also below the CARB
optional NOx standard, ranging from 0.017 to 0.003 g/bhp-hr. The highest NOx emissions
were seen for the CBD cycle and were likely due to high NOx spikes produced during
accelerations from idle resulting in imperfect air-fuel ratio control and occasional lean
combustion(Grigoratos et al., 2016; Pelkmans et al., 2001). The high engine load operation
for the yard tractor cycles (YT2_H vs YT2_L) also appeared to have an impact on NOXx
emissions, with higher engine loading resulting in more NOX. It is therefore expected that
when this equipment is handling cargo and operating at low speeds at the marine terminal
it will produce higher NOx emissions compared to low load operation. Similar to the 12L
engine, the cold-start NOx emissions for the 6.7L engine showed strong, statistically
significant increases compared to the hot-start tests.

The hot-start real-time transient NOx accumulated mass emissions for the 12L
goods movement vehicle over the two repeated UDDS cycles and for the 6.7L yard tractor
over the two repeated YT1_H cycles are shown in Figure 3.2, respectively. For the 12L
goods movement vehicle, all the spikes occurred at similar times and during de-
accelerations within the test cycle, suggesting that NOx emissions were essentially zero
(less than 0.0007 g/bhp-hr) except during sharp de-accelerations. For the 6.7L yard tractor,

all the spikes occurred at different times within the test cycle during hard accelerations
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from idle conditions. Results indicate that the variability in the measurements was not due
to instrument accuracy, but due to variability in the test article, suggesting that NOx
emissions were essentially zero except for the acceleration events. Figure 3.3 shows the
accumulated NOx emissions during cold-start operation for both vehicles. Cold-start NOx
emissions represented a significant part of the total emissions due to the inactive TWC, but
as the engine warmed up NOx emissions dropped and remained constant. For 12L goods
movement vehicle, approximately 90% of the NOx emissions occurred in the first 100
seconds of the UDDS cycle, whereas for the 6.7L yard tractor about 90% of the NOx
emissions occurred in the first 59 seconds. Given that the cold-start period lasted on
average 60 to 100 seconds out of 1060 seconds (total cycle length) for the UDDS and 1200
seconds for the YT1_H cycles, the real weighted in-use cold-start emissions for a 4-hr shift
for these vehicles would be 0.4% and 0.7% for the goods movement vehicle and yard
tractor, respectively. This finding suggests a very small contribution of cold-start to the
total in-use NOx emissions for each vocation, despite the high emissions on a per bhp-hr

basis.
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the 6.7L yard tractor (bottom panel) over different test cycles

60




1. 7
0 Test #1 Test #2 Test #3 ( A) 0
1~ — - Exhaust Temperature #1 - - - Exhaust Temperature #2 r
Exhaust Temperature #3 Vehicle Speed T L 60
a SAe .-:,,‘ - - l{l’.'\-r‘\’
~ A A 4 + :I v L
a Ay !
<] ~ 50
‘W
L
£
i - 40
ke
] —
o
=] - 30
£
S
3 a
< - - 20
X
2
- 10
1 JII ] J Jl 0

0 500 1000 1500 2000
Cycle Time (s)
0.20 Test #1 Test #2 Test #3 (B) 30
— — -Exhaust Temperature #1 — — - Exhaust Temperature #2 L

4 Exhaust Temperature #3 Vehicle Speed

—_ - 25

=2

@ 0.15

©

7]

R ] Rk

IJ.:: | - / I

20104 N[

© -

=1

£ | ] n

> 1

(S}

(8]

<

x 0.05

@]

P4

0.00 m 0

0 500 1000 1500 2000

Cycle Time (s)

Vehicle Speed (mph)

Vehicle Speed (mph)

- 700

—- 600

- 500

— 400

- 300

- 200

—- 100

Figure 3.2(a-b) Real-time NOx emissions for the 12L goods movement over
duplicate hot-start UDDS (top panel) and for the 6.7L yard tractor over duplicate
hot-start YT1_H (bottom panel)

61

Exhaust Temperature (°C)

Exhaust Temperature (°C)



6 Test #1 ——Test #2 Test #3 (A) - 700
Exhaust Temperature #1 — — - Exhaust Temperature #2 - 70
Exhaust Temperature #3 —— Vehicle Speed L
= - el I ~ 600
()] 5_ l‘_\_ \_' = - = M= —‘\l —60 —
» gr e i S e
s ! S [ 500 g
2 44 N = -50 £ 5
R P i =
g - ' D 400 @
he) 4 L 40 8 s
e 34 7 ® =
o 1 Qo | H
§ 1 308 300 .
o 24 ! o d
< Y [ 20~ 2003
x
2 141
1! -10 [~ 100
i 1
|| FE I
0-& 2 A rl A n -0
0 200 400 600 800 1000
Cycle Time (s)
16 Test #1 —— Test #2 Test #3 (B) 30
1 Exhaust Temperature #1 — — - Exhaust Temperature #2 L 600
1.4 - Exhaust Temperature #3 —— Vehicle Speed
S . _ I
2 1.2+ N~ _ . __[500
k=] | ——=[T =
2 1 Vst -20 8
g 1.0 / = 400
s 10 W E
L ' - 15 o
o) @ 300
= Q9
E =]
=1 =
] - 10
< 2 L 200
x
@]
< -5 - 100
A 0 -0
200 400 600 800 1000 1200
Cycle Time (s)
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3.4.2. PM Mass, Particle Number Emissions, and Particle Size Distribution

Figure 3.4 shows the PM mass emissions for the 12L goods movement vehicle and

the 6.7L yard tractor. The total PM mass emissions from the 12L. goods movement vehicle
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shows that PM mass ranged from 1 mg/bhp-hr (CS_UDDS) to 4 mg/bhp-hr (Regional),
whereas that from 6.7L yard tractor ranged from 0.9 mg/bhp-hr (CBD_M) to 5.3 mg/bhp-
hr (YT2_H). For the 12L goods movement vehicle, PM mass emissions levels were found
to be very low including those for the cold-start tests, being 80% below the certification
standard (0.01 g/bhp-hr). For the 12L goods movement vehicle, the highest PM mass
emissions were found for the cold-start UDDS and the HHDDT creep mode. The latter can
be explained because the work (denominator) for the creep cycle was small. The higher
PM emissions during the cold-start cycle could be due to the enrichment of the air-fuel
ratio, which leads to incomplete combustion combined with the lower efficiency of the
TWC (Giechaskiel, 2018). For the 6.7L yard tractor, the PM mass emissions for all test
cycles were 80% to 50% below the 2010 certification standard (10 mg/bhp-hr). PM mass
emissions formation appeared to be independent of the test conditions (i.e., cold-start vs
hot-start), but dependent on engine loading conditions, with the higher load cycle
producing more PM emissions than the low load cycle. In general, PM emissions from
CNG engines are expected to be very low, but not necessarily lower than those from heavy-
duty diesel vehicles equipped with diesel particulate filters (DPFs) (Giechaskiel, 2018).
Findings from this study are in agreement with previous studies that have shown low PM
mass emissions from stoichiometric CNG vehicles (Hajbabaei et al., 2013; Karavalakis et
al., 2016; Li et al., 2019). Fuel contribution to PM formation is considered to be minimal
due to the fact that natural gas primarily consists of methane, which is the simplest, lowest
molecular-weight hydrocarbon, with no carbon-carbon molecular bonds, which lowers the
probability of benzene ring formation (McTaggart-Cowan et al., 2006; Wang et al., 1997).

The source of PM emissions from CNG engines could likely be explained by the entrance
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of lubrication oil into the combustion chamber, resulting in metallic ash particles (Feist et
al., 2010; Khalek et al., 2018; Thiruvengadam et al., 2014).

Figure 3.5 shows the total and solid particle number emissions for both vehicles
over the different duty cycles. Results from 12L goods movement vehicle show that the
total particle number emissions were highest (2E14 #/mile) for the Creep cycle and lowest
on the Regional and Cruise cycles (8E12 #/mile). For the Drayage Truck Port cycles, the
percent of solid particles >23 nm in diameter was highest for the Near Dock and lowest for
the regional cycle (71% vs 52%) suggesting that as the duty cycle increases in load, the
fraction of solid particles decreases. The opposite trend was observed for the CARB
HHDDT cycles. The cold-start UDDS showed higher total and solid particle nhumber
emissions than the hot-start UDDS, which can be attributed to the lubrication oil entering
into the combustion chamber and favoring the formation of particles. A recent study by
Khalek et al. also reported elevated solid particle number emissions from a stoichiometric
natural gas engine and suggested they originated from the lubrication oil as well as engine
wear (Khalek et al., 2018).

Results from the 6.7L yard tractor show that the CVS-based total particle number
transient measurements (TPN_3) were highest (4.3E13 #/mi) for the cold-start YT1 H
cycle and lowest (1.2E13 #/mi) for the CBD_M cycle. However, solid particle number
emissions were not found to be higher for the cold-start YT1_H compared to the hot-start
YT1 H. This finding could be quite common for diesel engines equipped with SCR
systems downstream of the DPFs, attributing the higher hot-start particle number to the
additional formation of nitrates and sulfates (Amanatidis et al., 2014). Under the present

test conditions, no precise explanation can be offered at this time. It is worth noted that
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solid particle number emissions sized between 2-23 nm were significantly higher during
the first 400 seconds of the cold-start YT1_H cycle compared to those above 23 nm (Figure
3.10). This finding suggests that smaller diameter solid particles are formed when the
engine and TWC are cold due to the increased penetration of lubrication oil. The solid
particle number emissions (>23 nm) exceeded the Euro 6 standard by a factor of 32 to 2
with an average of 9 times higher for all the tests. Solid particle number emissions between
3-23 nm (calculated from SPN_3 and SPN_23) were found in substantially higher
concentrations compared to solid particle number >23 nm for all cycles except for the
YT1_H cycle and showed 15 times higher average particle number emissions than the Euro
6 standard.

Average real-time particle size distributions for the 12L goods movement vehicle are
illustrated in Figure 3.6 (a-h). The cold-start UDDS showed the highest population of
nucleation mode particles at around 5-20 nm in diameter compared to the other cycles. The
bulk of the nucleation mode particles occurred during the wake of the main acceleration
event of the cycle. The cold-start period of the cycle (first 50 seconds) favored the
formation of both nucleation and accumulation mode particles, peaking at 10-15 nm and
50-80 nm, respectively. The hot-start UDDS (duplicate) showed an order of magnitude
lower particle number concentrations, as a result of the engine warmup and warmer exhaust
surfaces, and the more efficient operation of the TWC, which contributed to the removal
of semi-volatile gas-phase compounds promoting evaporation of nucleation mode
particles. The majority of the particle peaks were observed during acceleration events in
the 20-80 nm in diameter. The Near Dock cycle showed higher concentrations of

accumulation mode particles at 60-70 nm compared to nucleation mode particles in the 5-
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10 nm range. Similarly, the Local cycle showed higher populations of accumulation mode
particles at 60-80 nm during the hard acceleration hills of the test cycle, but also a clear
bimodal distribution with nucleation mode particles at 10 nm or below to be formed during
the entire cycle. The Regional cycle, on the other hand, showed a strong population of
accumulation mode particles at about 70 nm during deceleration, as well as presence of
smaller particles in the 10 nm or below range. According to Tonegawa et al., deceleration
events favor the infusion of lubrication oil into the combustion chamber, resulting in higher
particle emissions (Tonegawa et al., 2006). The HHDDT Creep mode showed elevated
accumulation mode particles at about 60 nm in diameter during the deceleration of the first
and third climbing hill of the test cycle, as well as lower concentrations of particles below
10 nm. Particle concentrations decreased considerably in between the first and third
climbing hills of the cycle, with the nucleation mode being practically non-existence and
likely removed by coagulation. For the HHDDT Transient mode, the formation of particles
coincided with acceleration events. The particle peaks were largely centered in the
accumulation mode at about 50-60 nm in diameter. The HHDDT Cruise mode showed
slightly lower concentrations of accumulation mode particles than the other CARB
HHDDT cycles. The major spikes of accumulation mode particles at 60 nm occurred
during the first and second deceleration events after a relatively steady-state engine
operation. Thiruvengadam et al. also reported similar findings and also highlighted that
during steady-state operation lubrication oil is inhibited in entering the combustion
chamber due to the better sealing of the piston rings and valves. Our results over the
HHDDT Cruise mode confirm this hypothesis and also the fact that particle formation from

lubrication oil is favored during deceleration.
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For the 6.7L yard tractor, particle size concentrations were found to be in lower levels
than the 12L goods movement vehicle, as shown in Figure 3.7(a-e). Particle size
distributions were largely bimodal for all test cycles, with the nucleation mode particles
dominating the particle size distribution. Overall, higher particle populations were seen for
the hot-start YT2_H and YT2_L cycles and the cold-start YT1_H compared to the hot-start
YT1 H and CBD. The cold-start YT1_H clearly demonstrated higher particle number
concentrations compared to the hot-start YT1 H (duplicate), with the dominating
nucleation mode peaking at about 5-20 nm in diameter. It is evident that YT2_H cycle
produced higher particle concentrations in both the nucleation and accumulation modes
compared to YT2_L, indicating that engine load conditions will significantly affect the
concentrations and sizing of particle emissions. For the YT2_H cycle, nucleation mode
particles at about 10 nm dominated the particle size profile, with some accumulation mode
particles at 60-70 nm occurring during acceleration events. For the YT2_L cycle, the
nucleation mode particles below 10 nm clearly dominated the particle size distribution,
with their concentrations being higher than those of the accumulation mode particles. The
CBD cycle showed small concentrations of particles, mainly in the 10-15 nm size range.
Results reported here for both vehicles agree with previous studies that showed elevated
particle concentrations during heavy acceleration events, especially in the nucleation mode
regime (Amirante et al., 2015; Jayaratne et al., 2012; Tonegawa et al., 2006). Higher
particle concentrations during accelerations are generally favored from the vaporization
and combustion of the lubrication oil on the surface, the exhaust, and the cylinder. Overall,
the predominance of nucleation mode particles during accelerations was likely a result of

the in-cylinder combustion of the lubricant oil additives (originated from the metal additive
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package) that underwent volatilization and consequently re-nucleation forming
nanoparticles (Abdul-Khalek et al., 1998). Hallquist et al. suggested that the enhanced
nucleation mode for natural gas engines could likely be a result of the lack of larger (soot)
particles in the exhaust that will cause a decrease in the available surface area, favoring
nucleation over adsorption/condensation of supersaturated vapors (Hallquist et al., 2013).
Previous studies using stoichiometric natural gas engines also found nucleation mode
particles centered between 10-15 nm that were dominating the particle size distribution and
had their origin to lubrication oil ash (Hallquist et al., 2013; Jayaratne et al., 2012;

Thiruvengadam et al., 2014; Tonegawa et al., 2006).
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Figure 3.4(a-b) PM mass emissions for the 12L goods movement vehicle (top panel)

and the 6.7L yard tractor (bottom panel) over different test cycles
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3.4.3. THC and CO Emissions

THC and NMHC emissions are shown in Figure 3.11(a-b) THC and NMHC emissions
for the 12L goods movement vehicle (top panel) and the 6.7L yard tractor (bottom panel)
over the different driving cycles. For the 12L goods movement vehicle, THC emissions
ranged between 0.4-0.01 g/bhp-hr. The cold-start UDDS produced higher THC emissions
compared to the hot-start start UDDS, followed by the Regional and HHDDT Creep and
Cruise cycles. The NMHC emissions were found in very low levels and for the cold-start
and hot-start cycles. The NMHC emissions were well below the standard (0.14 g/bhp-hr)
and were slightly above the certification value (0.004 g/bhp-hr) for this engine family. For
the 6.7L yard tractor, THC emissions were found to be higher than those of the goods
movement vehicle, and ranged from 1.2-0.18 g/bhp-hr. The cold-start cycle did not appear
to affect THC emissions when compared to the hot-start cycle. However, the higher engine
loading resulted in higher THC emissions compared to the same cycle with lower engine
loading. NMHC emissions did not show significant differences between the test cycles,
and remained below the standard, but slightly above the certification value for this engine
family.

CO emissions were found in relatively high concentrations for both vehicles, as shown
in Figure 3.8 (a-b). The relatively high CO emissions for these engines can be attributed to
the richer operating conditions of the stoichiometric combustion compared to lean burn
conditions, resulting in less oxygen availability for the oxidation of CO to CO2 during
combustion or over the TWC (Yoon et al., 2013). For both vehicles, CO emissions were
strongly dependent on the cold-start when the TWC was less efficient for the oxidation of

CO. For the 12L goods movement vehicle, CO emissions ranged between 0.23 to 1.93
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g/bhp-hr. The CO emission levels for the 12L goods movement vehicle were found to be
lower compared to previous studies with stoichiometric CNG heavy-duty vehicles,
indicating significant progress in engine calibration optimization and catalyst efficiency
(Hajbabaei et al., 2013; Karavalakis et al., 2016). For the 6.7L yard tractor, CO emissions
ranged from 0.43-5.7 g/bhp-hr, with the higher engine loading showing higher CO
emissions (YT2_H vs YT2_L). The CO emissions from the yard tractor were somewhat
comparable to those of previous studies employed a near-zero NOx emissions natural gas
platform (Li et al., 2019). For both vehicles, CO emissions were found to be below the

current CO emissions standard of 15.5 g/bhp-hr.
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Figure 3.8(a-b) CO emissions for the 12L. goods movement vehicle (top panel) and
the 6.7L yard tractor (bottom panel) over different test cycles

3.4.4. Greenhouse Gas (GHG) Emissions
Greenhouse gas (GHG) emissions of CO2, CH4, and nitrous oxide (N20) are currently
regulated for heavy-duty on-road vehicles. In particular, CO2 emissions are regulated for

model year (MY) 2014 and newer heavy-duty on-road engines, and CHs and N2O
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emissions are regulated for MY 2015 and newer engines. Table 3.1 shows the GHG
emissions and their global warming potential (GWP) for both vehicles on all test cycles.
For the 12L goods movement vehicle, the highest CO2 emissions and corresponding lower
fuel economy were seen for the low-load, low-speed Near Dock, Local, and HHDDT Creep
cycles. Our results indicate that most of the CO. emissions from freight transport vehicles
will occur during queuing, on-dock movements, and congested traffic in local roads. CO>
emissions for the 6.7L yard tractor were higher than those of the 12L goods movement
vehicle, with the YT2_H cycle that represents a full 100% GVW showing higher CO>
emissions compared to the cycle that represented 50% GVW (YT2_L). It is evident that
yard tractors significantly contribute to the total CO2 emissions at port terminals during the
process of loading and unloading containers or when these vehicles operate in congestion
and stop-and-go driving.

Natural gas engines are generally characterized by their relatively high CHs
emissions (Hajbabaei et al., 2013; Quiros et al., 2017). Since CH4 is the major hydrocarbon
component in natural gas, CH4 emissions mainly come from unburned fuel compared to
gasoline combustion where CH4 derives from the incomplete combustion of the fuel after
a series of reactions leading to the formation of smaller hydrocarbon radicals. The high
CHa emissions from stoichiometric natural gas engines is also a consequence of the TWCs
being less efficient in oxidizing the CH4 molecule due to the lack of oxygen in the exhaust.
A recent study reported significantly higher CH4 emissions from a stoichiometric natural
gas engine equipped with a TWC compared to conventional and hybrid diesel engines
equipped with DPF and SCR systems (Quiros et al., 2017). For the 12L goods movement,

the cold-start UDDS showed significantly higher CH4 emissions compared to the hot-start
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UDDS, indicating that improvements in the TWC after reaching its light-off temperature,
such as larger size and higher precious metals loadings, will promote CH4 conversion.
Similar to the cold-start UDDS cycle, the highest CH4 emissions were also seen over the
Regional and HHDDT Cruise cycles, which is an indication that most of the CHa slip
occurs under more transient conditions with higher engine speeds. Increased CHa
emissions at higher engine speeds and when the in-cylinder residence time is lowest were
also observed in a previous study (Stettler et al., 2016). For the 6.7L yard tractor, CHa
emissions were not influenced by the cold-start and were generally found to be higher for
the more transient cycles compared to the lighter load CBD cycle and the steady-state
operation.

N20 is the most common tropospheric nitrogen species aside from molecular
nitrogen and is considered to be a more powerful GHG on a unit basis compared to CO>
and CHa. N2O has a lifetime of approximately 121 years in the atmosphere and GWP of
265 based on a 100-year time horizon (265 times more powerful than CO; in terms of heat
trapping effects) (IPCC, 2013; Ravishankar et al., 2009). It is also the single most important
ozone-depleting compound (Ravishankara et al., 2009). As shown in Table 3.1, N2O
emissions for both vehicles were strongly influenced by the cold-start cycles, since N2O is
formed during the reduction of NOx over the surface of the TWC during its initial warm
up period and it is not an in-cylinder combustion product (Huai et al., 2004; Prigent and
De Soete, 1989; Thiruvengadam et al., 2016). For the 12L goods movement vehicle, cold-
start N.O emissions represented 95% of the total emissions for the entire cycle and were
attributed to a single spike during the first 50 seconds of the cycle. For the 6.7L yard tractor,

the cold-start N2O emissions predominantly occurred in the first 164 seconds, representing
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99% of the total emissions. Emissions of N.O for the hot-start tests and when the TWC
system was efficiently operated were very low or found to be close to the detection limits
of the test method. The results reported here agree with previous studies that have shown
higher N2O emissions with corresponding higher CO emissions, largely due to reactions of
CO and hydrogen on the catalyst surface (2NO + CO — N2O + CO2; 2NO + H2 — N0 +
H-0) that would promote the formation of N2O (Behrentz et al., 2004; Gong and Rutland,
2013; Karavalakis et al., 2016). A less apparent observation was that N2O emissions
trended higher during the more transient and hotter cycles, which is in agreement with
findings from previous studies shown higher N2O emissions over cold-start and transients
(Quiros et al., 2017; Rahman et al., 2011).

The GWP, expressed in equivalent CO> (CO-eq) units, was calculated by assuming
CHjs to be 25 times higher than CO2 over a 100-year time horizon and for N20O to be 265
times over a 100-year time horizon. CO> emissions dominated the tailpipe GHG emissions
for both vehicles. For the 12L goods movement vehicle, the Near Dock, Local, and
HHDDT Creep mode showed the highest GWP compared to the other cycles. The cold-
start UDDS also produced higher CO2eq emissions compared to the hot-start UDDS. For
the 6.6L yard tractor, CO2eq emissions were higher than the goods movement vehicle, with
the hot-start YT1 _H, YT2_H, and YT2_L cycles having the greatest GWP compared to
the other test cycles. Emissions of CHas contributed to less than 2% for the 12L goods
movement vehicle and were between 0.65-3.8% for the 6.7L yard tractor. N2O emissions
for both vehicles showed very little or negligible contribution to the total GWP of the

tailpipe emissions. our results are in line with previous studies that have shown
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insignificant contribution of N2O and small contribution of CH4 to the total GWP,
respectively (Yoon et al., 2013; Thiruvengadam et al., 2016).

Table 3.1: GHG emissions (COz, CH4, and N20) and global warming potential
(GWP) for both vehicles over the different test cycles

CO: Eq. Impact

) GWP (%)
Vehicle Trace CO2; CHa N.O (CO2 eq)
CHg4 N-O
CS UDDS 540.5 0.43 0.0192 556.3 1.93% 0.91%
ubDDS 534.1 0.18 0.0000 538.6 0.84% 0.00%
Near Dock 608.5 0.18 0.0001 613.0 0.73% 0.00%
12L
Local 611.3 0.14 0.0001 614.8 0.57% 0.00%
Goods
Regional 555.4 0.41 0.0005 565.8 1.81% 0.02%
Movement
HHDDT Creep 612.0 0.37 0.0001 621.3 1.49% 0.00%
HHDDT Trans 548.7 0.02 0.0001 549.2 0.09% 0.00%
HHDDT Cruise 534.4 0.35 0.0003 543.2 1.61% 0.01%
CSYT1 H 730.0 0.93 0.0278 760.7 3.06% 0.97%
6.7L YT1 H 778.0 1.09 0.0010 805.6 3.38% 0.03%
Yard YT2 H 7819 1.23 0.0031 8134 3.78% 0.10%
Tractor YT2 L 791.8 1.07 0.0022 819.1 3.27% 0.07%

CBD_M 725.8 0.19 0.0009 730.8 0.65% 0.03%

3.4.5. Ammonia Emissions

Ammonia (NHz) emissions are of great interest and concern as they are considered
precursors to secondary inorganic aerosol formation (Liu et al., 2015). Ammonia emissions
are characteristic of stoichiometric natural gas engines equipped with TWC. It has been

shown that stoichiometric natural gas engines emit significantly higher NH3 levels than
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diesel engines equipped with SCR, which control NH3z emissions by optimizing urea dosing
and NHs storage in the SCR system (Thiruvengadam et al., 2016). NH3 formation in
stoichiometric engines is attributed to NO reacting with hydrogen that is produced by the
reaction of CO with water (Gong and Rutland, 2013; Livingston et al., 2009). As shown in
Figure 3.9 (a-b), NHz emissions for both vehicles were higher for the cold-start cycles. For
the 12L goods movement vehicle, the Near Dock cycle and the HHDDT Creep mode
showed the highest NHs emissions compared to the other Drayage Port cycles and CARB
HHDDT cycles, respectively. This finding suggests that the majority of NHz emissions will
be produced during low-speed, increased idling, and stop-and-go conditions, typical of port
activities or urban driving in congested roads. For the 6.7L yard tractor, NH3 emissions did
not show any differences between the yard tractor cycles and the CBD. However, NH3
emissions were found at low concentrations for the steady-state tests. It is worth noting that
NHs emissions exhibited a good relationship with N2O emissions formation. Overall, it
was observed that cold-start NoO emissions were higher in the presence of NH3z in the

exhaust, likely due to oxidation mechanisms.
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Figure 3.9(a-b) NH3 emissions for the 12L goods movement vehicle (top panel) and
the 6.7L yard tractor (bottom panel) over different test cycles
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3.5. Conclusions

This work investigated the emissions impacts from two near-zero NOx emissions
natural gas heavy-duty vehicles in different vocations. Both vehicles were exercised over
different driving cycles on a chassis dynamometer. The results reported here showed very
low NOx emissions levels for both vehicles and dramatic reductions of up to 90%
compared to the 2010 certification standard. This study highlighted the potential
importance of using ultra-low NOx stoichiometric natural gas platforms in captive fleets,
seaport equipment, and goods movement vehicles to alleviate ground-level ozone
formation in urban areas of the South Coast Air basin. The impact of the cold-start period
on NOx emissions was found to be relatively small considering the real-world fraction of
time natural gas heavy-duty vehicles of any vocation operate in cold mode compared to
hot mode. Both vehicles showed elevated solid particle number emissions that were above
the European particle number limit, indicating that significant work should be undertaken
to reduce solid particle number emissions from natural gas vehicles to levels comparable
to those of diesel vehicles equipped with DPFs. In addition, a significant fraction of smaller
sub 23 nm particles exists in natural gas engine exhaust, which could be a major concern
from regulatory and health effects perspectives. For the 12L goods movement vehicle, the
profile of the particle size distribution was highly dependent on the test cycle. For some
test cycles, high particle concentrations in the nucleation mode regime were observed
during acceleration events, whereas for other test cycles particles in the accumulation mode
were seen during deceleration. Both driving patterns favor the infusion of lubrication oil
via the piston ring into the combustion chamber, which will result in particle formation.

For the 6.7L yard tractor, nucleation mode particles in the 5-10 nm diameter dominated the

81



particle size distribution, with the higher load cycle producing greater populations of both
nucleation and accumulation mode particles than the lower load cycles. CO emissions were
found in relatively high levels, but lower than older technology stoichiometric natural gas
engines, indicating significant improvements in engine calibration and catalyst
formulation. Emissions of N2O and NHs were highly dependent of the cold-start cycles
showing higher concentrations for both vehicles compared to the hot-start tests. CHa, the
principal component of natural gas, showed elevated emission levels associated with the
incomplete combustion of CHg, especially during transient operation and at higher engine
speeds.
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3.8. Supplemental Materials

Table 3.2 SM1 Technical specifications of the test engines

Manufacturer Cummins Westport, Inc. Cummins Westport, Inc.
Model B6.7N240 ISX12N
Year 2019 2019
VIN Number 1T9TSNA83KR825001 75053847
Rated Power 179kW at 2400 rpm 298kW at 2100 rpm
Peak Torque 759Nm 1,966Nm
Number of Cylinders 6 6
Displacement 6.7L 11.9L
Adv NOx Standard 0.1 g/bhp-hr 0.02 g/bhp-hr

PM Standard

0.01 g/bhp-hr

0.01 g/bhp-hr

Aftertreatment

Three-way catalyst

Three-way catalyst
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Table 3.3 SM3: Test cycles characteristics for both vehicles

Test Cycle Distance Average Speed Duration
(miles) (mph) (sec)
Cold-start UDDS 5.55 18.8 1061
(UDDS_CS)
Duplicate  hot-start 11.1 18.8 2122
UDDS (UDDSx2)
Near Dock 5.61 6.6 3046
Local 8.71 9.3 3362
Regional 27.3 23.2 3661
HHDDT_Creep 0.372 1.75 768
(triplicate)
HHDDT Transient  8.55 15.4 2004
(triplicate)
HHDDT_Cruise 23.1 39.9 2083
CS YT1 H 2.37 7.12 1200
YT1_H (duplicate) 2.37 X2 7.12 2400
YT2_H (duplicate) 1.76 x 2 5.27 2400
YT2_L (duplicate) 1.76 x 2 5.27 2400
CBD_M (triplicate) 6.0 12.6 1680
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4.  Emissions From In-Use Heavy-Duty Diesel, Natural Gas
and Diesel-Electric Hybrid Trucks - Part. 1 NOx, N2O and NHs

Emissions

4.1. Abstract

The current study characterized in-use NOx, N2O and NHs emissions from a fleet of 14
heavy-duty vehicles of different vocations (school bus, transit bus, refuse hauler, delivery
vehicle, and goods movement vehicle), fuels (diesel, hydrogenated vegetable oil
[HVO]/renewable diesel (RD), and CNG), engine types, and aftertreatment controls (SCR
or TWC), and over different drive cycles using a chassis dynamometer. This study is part
of a larger effort that included over 200 in-use heavy-duty vehicles, which is one of the
most extensive studies of emissions from modern HDDVs to date. For the UDDS cycle,
NOx emissions varied depending on the vocation and the technology. Average NOx
emissions across all vehicles ranged from 0.003 to 6.16 g/bhp-hr and from 0.02 to 17.2
g/mile. The in-use PEMS NOXx emissions were higher than those over the vocational and
UDDS cycles for most vehicles, except for goods movement vehicles 0.2Diesel #3 and #5.
NOx emissions for the HHDDT cruise cycles showed similar or lower NOx emissions
compared to those for the UDDS cycles, the vocational cycles, and the in-use PEMS testing
for all the vehicles in delivery and goods movement categories, except for the goods
movement vehicle 0.2Diesel #5. NH3z and N2O emissions are also pollutants of concern for
air quality and global warming, which were also further discussed.

Keywords: CNG vehicles; Diesel Vehicles; NOx, N2O, NHs Emissions, Chassis

Dynamometer Testing.
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4.2. Introduction

Heavy-duty diesel vehicles (HDDVs) and heavy-duty diesel engines (HDDES) are
the largest sources of NOx emissions in transportation sector in the United States (U.S.)
(EPA, 2008). In California, on-road heavy-duty vehicles are estimated to contribute 31
percent of all statewide NOx emissions in the transportation category, which represents the
largest single source category of NOx emissions. NOX is considered a precursor of ozone
formation through photochemical reactions with volatile organic compounds. NOx also
reacts with ammonia, moisture, and other compounds to form small particles that can
penetrate deeply into sensitive parts of the lungs and can cause or worsen respiratory
disease (EPA, 2015b). In some regions of California, there are still extreme challenges in
meeting the most recent federal ozone and PM2.5 standards. Therefore, the reductions of
NOXx emissions are critical for meeting the current and future air quality standards.

As part of efforts to reduce emissions from on-road heavy-duty engines, more
stringent U.S. EPA emissions standards of 0.20 g/bhp-hr NOx were introduced for 2010
and newer on-road heavy-duty engines. Since then, the heavy-duty vehicle population has
included vehicles with more advanced engines and technologies, such as Selective Catalyst
Reduction (SCR) for diesel vehicles. SCR utilizes ammonia that is hydrolyzed from an
aqueous urea solution as a reactant to convert NOXx into nitrogen and water (Guan et al.,
2014). Although SCR catalysts provide good NOx emissions reductions under certain
conditions, the conversion efficiency is highly dependent on the catalyst materials and
conditions, urea injection timing and volume, etc. Many studies have shown elevated NOx
emissions when the SCR inlet temperature is below 250 °C under various driving

conditions (Tan etal., 2019). Studies have also shown that NOx emissions under real-world
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conditions can significantly differ from those under more controlled laboratory conditions
using an engine or chassis dynamometer. Real-world conditions, such as frequent stop-go
events, extended idling, and low load/speed operation can have a large impact on SCR
efficiency and tailpipe NOx emissions (Grigoratos et al., 2019; Kotz et al., 2016; Mendoza-
Villafuerte et al., 2017). Studies have also found higher NOx emissions during cold start
operation when the SCR catalyst is well below its light-off temperature (Weilenmann et
al., 2009; Weilenmann et al., 2005).

Natural gas engines are another technology that can meet not only the 0.2 g/bhp-hr
NOx standard, but also an optional 0.02 g/bhp-hr NOx standard, which is 90% below 2010
certification standard. Current natural engines technologies utilized spark-ignited,
stoichiometric combustion with a three-way catalysts (TWC) aftertreatment system, as
well as exhaust gas recirculation (EGR) to control NOx emissions. Several chassis
dynamometer studies have demonstrated that late-model, stoichiometric, compressed
natural gas (CNG) engines can achieve emissions at or below 0.02 g/bhp-hr NOx levels
under a variety of conditions (Li etal., 2019; Zhu et al., 2020). Data from vehicles equipped
with 0.2 and 0.02 g/bhp-hr CNG engines is still relatively limited in terms of the number
of vehicles and testing over a wide range of mileages, so it is uncertain how effective these
engines are over a wide range of applications and over the full useful vehicle lifespan.
Additional data is also needed for emissions inventory models that are used for policy
development.

Aside from NOx emissions, NH3z and N2O emissions are also pollutants of concern.
NHz is considered to be a precursor to secondary inorganic aerosol formation (Liu et al.,

2015). N20 is an important greenhouse gas (GHG), which has a lifetime of about 121 years
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in the atmosphere and a GWP of 298 based on a 100-year time horizon (Seyboth, 2013).
Both NHz and N2O are generally formed through reactions over the surfaces of the catalyst.
A number of studies have demonstrated the formation of NHs over the surfaces of TWCs
or other catalytic surfaces (Bae et al., 2022; Wang et al., 2015). Relatively high NH3
emissions have been observed from heavy-duty CNG vehicles with TWCs in several
studies (Thiruvengadam et al., 2016). For SCR-equipped diesel vehicles, overdosing of
urea can also lead to “ammonia slip” that can in turn lead to elevated tailpipe NH3
emissions. In spark-ignited engines, elevated N2O emissions have been observed primarily
during the initial warm-up period of the catalyst between temperatures of 300 °C to 500
°C. The formation of N2O emissions under higher temperatures is minimal unless
deterioration of the catalyst happens. Over the SCR catalyst, N2O emissions form
preliminarily due to both ammonia oxidation and decomposition of ammonium nitrate
particles (Thiruvengadam et al., 2016). While the potential importance of NH3 and N2O
emissions from heavy-duty vehicles is recognized, data for these two pollutants is still
limited from heavy-duty vehicles, particularly over a wide range of operating conditions,
and for vehicles with different mileages.

The objective of the current study is to characterize in-use NOx, N2O and NHs
emissions from a fleet of 14 heavy-duty vehicles of different vocations (school bus, transit
bus, refuse hauler, delivery vehicle, and goods movement vehicle), fuels (diesel,
hydrogenated vegetable oil [HVO]/renewable diesel (RD), and CNG), engine types, and
aftertreatment controls (SCR or TWC), and over different drive cycles using a chassis
dynamometer. This study is part of a larger effort that included over 200 in-use heavy-duty

vehicles, which is one of the most extensive studies of emissions from modern HDDVSs to
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date. The goal was to better understand in-use NOx emissions, to evaluate a variety of
technologies for vehicles in different vocations, and to provide information for the
development of future regulations. This information has also been used as a key basis for
the development of CARB’s current and future EMissionFACtor (EMFAC) models. The
focus of this paper is on the results and implications of the emissions of nitrogenous species
that were measured during the chassis dynamometer testing part of this larger study.
4.3. Materials and Methods
43.1. Test Vehicles

The main technical specifications for each of the fourteen vehicles in this study are
provided in Table 4.1. All test vehicles were equipped with model year 2009 and later
engines, with the exception of one earlier model year 2000 engine which was retrofitted
with a DPF in 2013. They included a variety of different vocations, including transit buses,
school buses, refuse haulers, delivery trucks, and goods movement trucks.

It should be noted that a subset of eight CNG vehicles were also tested but are not
included in this paper due to a measurement issue that was identified. In particular, it was
found that these CNG vehicles showed some exhaust leaks that caused ambient air to be
drawn into the tailpipe section prior to the TWC under the vacuum created by the CVS
system. This in turn created an oxygen-rich environment for the catalyst, such that NOx
emissions were not converted over the catalyst, resulting in unrepresentatively high idle
emissions. Note that this issue would not be observed under typical operating conditions,
where the exhaust is not subject to a CVS vacuum, and this was demonstrated by some
additional tests. This issue is discussed in greater detail in the supporting information. It

should be noted that the observation of an inward leak under idle conditions raises the
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possibility that outward leaks of pre-catalyst exhaust emissions could be leaking outward

under higher load conditions. The evaluation of this possibility was beyond the scope of

the current study, however, but will likely be further explored in future studies.

Table 4.1 Testing Vehicles Specification

nt

Test ID Vocation | MY | Disp. | Mileage Test Aftertreatment
(L) Fuel System
Diesel (No | School 2000 | 7.2 312,185 ULSD/R | DOC/DPF
SCR) #1 Bus D
Diesel (No | Goods 2009 | 12.8 | 18,071 ULSD/R | DOC/DPF
SCR) #2 Moveme D
nt
0.2Diesel #1 Delivery | 2011 | 11.9 | 79,246 ULSD/R | DOC/DPF/SCR
D
0.2Diesel #2 Delivery | 2016 | 8.9 31,816 ULSD/R | DOC/DPF/SCR
D
0.2Diesel #3 Goods 2014 | 12.8 | 475,197 ULSD/R | DOC/DPF/SCR
Moveme D
nt
0.2Diesel #4 Goods 2015 | 11.9 | 329,480 ULSD/R | DOC/DPF/SCR
Moveme D
nt
0.2Diesel #5 Goods 2015 | 12.8 | 123,647 ULSD DOC/DPF/SCR
Moveme
nt
Diesel-Electric | Delivery | 2013 | 5.1 72,388 ULSD DOC/DPF/SCR
0.2CNG high | Transit 2011 | 8.9 392,006 CNG TWC (likely
emitter Bus nonfunctional)
0.2CNG #1 Transit 2009 | 8.9 376,912 CNG TWC
Bus
0.2CNG #2 Delivery | 2017 | 11.9 | 255,619 CNG TWC
0.02CNG #1 Refuse 2017 | 8.9 33,358 CNG TWC
0.02CNG #2 Goods 2017 | 119 | 119,514 CNG TWC
Moveme
nt
0.02CNG #3 Goods 2018 | 11.9 | 58,205 CNG TWC
Moveme
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4.3.2. Test Cycles

Each vehicle selected for chassis dynamometer testing was tested over several
driving cycles. All vehicles were tested over the Urban Dynamometer Driving Schedule
(UDDS), allowing the UDDS test results to serve as a cross-vocational comparison point
for all vehicles. Additionally, each vehicle was tested over one or more vocational cycles.
The vocational test cycles were assigned based on the vehicle vocation, as shown in Table
4.2. Delivery and goods movement vehicles were also tested with HHDDT cruise cycles.
Test cycles were conducted as hot starts in triplicate with a 20-minute soak between tests.
One cold start was conducted on the UDDS cycle for each vehicle. The test weights utilized
for testing were based on average test weights obtained during the activity data collection

portion of this study, with the exception of one box truck that had a considerably lower

GVWR.
Table 4.2 Test cycles and test weights
Test ID UDDS Vocational Cycle (HSx3) | HHDDT | Test weight
(CS+3xHS) Cruise
(HSx3)

Diesel (No SCR) #1 | Yes School Bus Cycle No 32500
Diesel (No SCR) #2 | Yes Goods Movement Cycle | Yes 69500
0.2Diesel #1 Yes Delivery Cycle Yes 56000
0.2Diesel #2 Yes Delivery Cycle Yes 56000
0.2Diesel #3 Yes Goods Movement Cycle | Yes 69500
0.2Diesel #4 Yes Goods Movement Cycle | Yes 69500
0.2Diesel #5 Yes Goods Movement Cycle | Yes 69500
Diesel-Electric Yes Delivery Cycle Yes 16000
0.2CNG high | Yes OCTA No 32500
emitter

0.2CNG #1 Yes OCTA No 32500
0.2CNG #2 Yes Delivery Cycle Yes 56000
0.02CNG #1 Yes Refuse Cycle (w grade | No 56000

change)

0.02CNG #2 Yes Goods Movement Cycle | Yes 69500
0.02CNG #3 Yes Goods Movement Cycle | Yes 69500
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43.3. Test Fuels

The diesel vehicles were tested with commercial grade #2, ultra-low sulfur diesel
fuel. Commercially available fuel was considered to be more representative of what in-use
vehicles would be using during normal in-use operation than certification fuel. Similarly,
for the CNG vehicles, locally supplied, commercially available CNG was used in the
testing. A subset of the diesel vehicles was also tested on a retail HVO/RD.
4.3.4. Emissions Measurements and Analysis

All testing was performed at CE-CERT’s Heavy-Duty Chassis Dynamometer
facility, consisting of an electric AC type design chassis dynamometer that can simulate
inertia loads from 10,000 Ib to 80,000 Ib, which covers a broad range of in-use medium
and heavy-duty vehicles. Emissions measurements were obtained using CE-CERT’s
Mobile Emissions Laboratory (MEL). At the entrance to the CVS, an exhaust flow rate
meter was installed to provide exhaust flow measurements that were used in conjunction
with the raw exhaust concentration measurements to determine the raw exhaust mass
emission rates. Detailed information of the facility and sampling setup have been discussed
previously (Cocker et al., 2004).

The focus of the emissions measurements for this study are NOx, NHz and N20.
NOx was measured using UCR’s MEL with a chemiluminescence analyzer. Tailpipe NH3
and N2O measurements were made using a Horiba MEXA-ONE-QCL-NX quantum
cascade laser infrared spectrometer (QCL). An FTIR was used for the measurement of
engine out emissions. The FTIR used was a Horiba FTX-ONE-CS with a rate of one scan
per 0.2 seconds, a cell volume of approximately 65 milliliters, and a pathlength of 2.4

meters. For the engine-out measurements, a section of the exhaust pipe between the
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turbocharger to the aftertreatment system was removed and was replaced with a fabricated
exhaust pipe that had provisions for installing a sample probe for the FTIR. In conjunction
with these measurements, additional measurements were made of total hydrocarbon
(THC), carbon monoxide (CO), non-methane hydrocarbon (NMHC), methane (CHa),
carbon dioxide (CO.), and PM mass, which will be discussed elsewhere.
4.4. Results and Discussion
4.4.1. NOx Emissions

NOx emissions for the test vehicles by vocation/technology group are shown for
the cold start and hot start UDDS on a g/bhp-hr basis in Figure 4.1, on a g/mile basis in
Table 4.3. Figure 4.2 shows the hot start NOx emissions for the UDDS cycles, vocational
cycles based on each vehicle’s vocation, and the HHDDT cruise cycles for delivery and
goods movement vehicles on a g/mile basis. In-use PEMS data based on real-driving
conditions and activities are also included in Figure 2 to provide a comparison between the
chassis dynamometer and actual driving. The in-use, real-world PEMS data are discussed
in greater detail in a previously published paper (McCaffery et al., 2021). Figure 4.1 and
Figure 4.2 also include a zoomed in figure for the 0.02 g CNG vehicles to better show their

low emission rates.
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Figure 4.2 Chassis NOx emissions for UDDS cycles, Vocational cycles, HHDDT
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Table 4.3 Chassis NOx emissions for UDDS cycle (g/bhp-hr and g/mile)

NOx
g/bhp-hr g/mile
Cold | Hot Start Cold | Hot Start
Start Start
School Bus | Diesel (No SCR) | 5.06 |5.42 + 0401574 | 1580 + 0.06
#1
HVO (No SCR) | 3.03 |3.54 + 0.11|9.31 9.70 + 0.39
#1
Goods Diesel (No SCR) | 1.42 | 136 + 0.03|5.91 5.18 = 0.06
Movement | #2
Vehicle HVO (No SCR) | 1.22 1.01 £+ 005|568 [432 <+ 0.10
#2
Delivery 0.2Diesel #1 216 (144 + 004|732 [475 <« 0.17
Vehicle 0.2HVO #1 2.82 132 £ 0.15]9.67 |448 <+ 048
0.2Diesel #2 0.52 10.19 £+ 0.02]2.21 0.69 =+ 0.10
0.2HVO #2 049 ]0.18 £+ 0.02]2.02 |067 £ 0.09
Goods 0.2Diesel #3 1.09 (045 + 0.04|4.84 1.75 £ 0.19
Movement | 0.2HVO #3 0.70 044 =+ 0.02]3.60 1.70 + 0.01
Vehicle 0.2Diesel #4 158 046 + 004[510 [1.70 =+ 0.17
0.2HVO #4 1.01 0.52 + 0.13]3.85 1.77 + 0.23
0.2Diesel #5 099 053 £ 008474 |240 <+ 0.36
Delivery Diesel-Electric* | - - - 1.58 (027 <+ 0.01
Vehicle
Transit Bus | 0.2CNG  high | 5.81 6.16 + 0.03]17.21 |16.74 + 0.06
emitter
0.2CNG #1 066 |007 £ 001224 |020 =+ 0.04
Delivery 0.2CNG #2 0.80 |047 =+ 0.03]347 1.62 + 0.10
Vehicle
Refuse 0.02CNG #1 0.04 001 =+ 0.01]0.17 |0.13 £ 0.04
Hauler
Goods 0.02CNG #2 0.09 |0.01 + 0.00]0.43 0.03 + 0.01
Movement | 0.02CNG #3 0.10 |0.01 + 0.00]0.43 0.02 + 0.01
Vehicle

*Power based emissions factor may not be applicable for diesel-electric hybrid vehicles
For the UDDS cycle, NOx emissions varied depending on the vocation and the

technology. Average NOx emissions across all vehicles ranged from 0.003 to 6.16 g/bhp-

hr and from 0.02 to 17.2 g/mile. Based on the hot start UDDS cycle, the highest NOx

emissions were found for the transit bus 0.2CNG high emitter. The diesel (No SCR) and
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HVO (No SCR) school bus showed the second highest NOx emissions, ranging around 3.5
to 5.42 g/bhp-hr (9.7 to 15.8 g/mile). The diesel/HVO (no SCR) goods movement vehicle
also had relatively high emissions, but these were comparable to the 1.2 g/bhp-hr
certification standard for that engine vintage. The SCR-equipped 0.2 g diesel/HVO
vehicles in the delivery and goods movement categories showed significantly lower hot
start UDDS emissions than the Diesel/HVO (No SCR) vehicles in the school bus and goods
movement categories except for 0.2Diesel/HVO #1. The 0.2 g diesel vehicles excluding
0.2Diesel/HVO #1 showed a range of 0.18 to 0.46 g/bhp-hr for the hot start UDDS, which
is within 2.5 times higher than the certification standard. The SCR-equipped delivery
vehicle 0.2Diesel/HVO #1, on the other hand, showed an even higher emissions rate than
the no SCR-equipped goods movement vehicle Diesel/HVO (No SCR) #2. For the other
0.2 g diesel vehicles, the NOx emissions reduction efficiencies for SCR systems were
around 80% for the hot start UDDS. The 0.2Diesel #1 vehicle, however, had an SCR
efficiency of 60% and showed NOx emissions rates up to seven times higher than the
standard of 0.2 g/bhp-hr. This can be attributed to lower aftertreatment temperature
conditions (much below 250 °C), as discussed below. The cold start UDDS emissions for
all the 0.2 g diesel vehicles were higher than those for the hot start UDDS, ranging from
0.49 to 1.58 g/bhp-hr, for the vehicles excluding 0.2Diesel/HVO #1.

From Figure 4.2, emissions from both diesel (no SCR) vehicles for the vocational
cycles and the in-use PEMS testing were similar to the UDDS cycles, suggesting engine-
out emissions were not heavily cycle dependent. In contrast, the vocational cycle NOx
emissions for most of the 0.2 g diesel vehicles were lower than those for the UDDS cycle,

ranging from 0.6 to 2.9 g/mile, except for goods movement vehicle 0.2Diesel #4. For the

102



0.2 g diesel vehicles, the in-use PEMS NOx emissions were higher than those over the
vocational and UDDS cycles, except for goods movement vehicles 0.2Diesel #3 and #5,
suggesting, for most of cases, that there were elements of the in-use operations that are still
not necessarily captured in the vocational cycles. The higher emissions from the in-use
PEMS testing can be attributed to many factors, such as the strong influence of SCR
temperature on NOx reduction efficiencies, frequent stop-go events, and long idling times
or engine on/off events, which have been explained in more detail in a previously published
paper (McCaffery et al., 2021). In addition, during the in-use PEMS testing, some of the
highest emitting diesel vehicles, NOx emissions remained elevated even during periods
when the SCR temperature was above 250 °C during the in-use PEMS testing, suggesting
the possible malfunction or deterioration of the SCR system or inadequate urea dosing
(McCaffery et al., 2021). NOx emissions for 0.2 g diesel vehicles tested in this study
appeared to be more dependent on the engines/aftertreatment conditions and vehicle group,
rather than the pattern of test cycles (i.e., transient, cruise, idling).

NOx emissions for the HHDDT cruise cycles showed similar or lower NOXx
emissions compared to those for the UDDS cycles, the vocational cycles, and the in-use
PEMS testing for all the vehicles in delivery and goods movement categories, except for
the goods movement vehicle 0.2Diesel #5. This vehicle in particular showed lower NOXx
emissions for in-use PEMS testing than those for the HHDDT cruise cycles due to higher
exhaust temperatures. The HHDDT cruise cycle is essentially a steady-state cycle, which
stimulates highway driving with a high engine speed and catalyst temperature. As the SCR
generally operates at a higher temperature, NOx emissions for HHDDT cruise are expected

to be lower for most vehicles compared to the more urban/vocational cycles. Several
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researchers have conducted emissions testing for MY2010+ heavy-duty diesel trucks
(Jiang et al., 2018). Results from these studies have shown comparable emission rates to
most of the vehicles in this study except for 0.2Diesel/HVO #1, with emission rates in
general within 2 times of the 0.2 g/bhp-hr standard.

The potential benefits of biomass derived renewable diesel were also evaluated in
the study. The results from Figure 4.1 show that HVO provided significant reductions in
NOx emissions for the diesel (no SCR) vehicles. HVO showed reductions of 35% and 26%
for the Diesel no SCR#1 and Diesel no SCR #2 vehicles, respectively. The results in this
study agree with those at other studies that have shown lower NOx emissions with HVO
compared to diesel fuel for no SCR engines/vehicles (Heikkila et al., 2012; Karavalakis et
al., 2016b; Mueller et al., 2009; Murtonen et al., 2010; Na et al., 2015). The lower NOx
emissions with HVO are due to the absence of aromatics in the fuel, resulting in lower
combustion temperatures and less formation of thermal NOx (Glaude et al., 2010).
Additionally, the higher cetane number of HVO reduces ignitions delay, which can reduce
the fraction of fuel burned during the premixed phase of the combustion event (Happonen
et al., 2012; Heikkila et al., 2012). The 0.2 g diesel vehicles with model years newer than
2010 showed more similar emissions between diesel fuel and HVO, that were generally
comparable within the experimental variability for the hot start UDDS. Results were more
mixed for the cold start UDDS, with some vehicles showing higher emissions for the diesel
fuel (0.2Diesel/HVO#3 and 0.2Diesel/HVO#4) and others showing higher emissions for
the HVO (0.2Diesel/HVO#1).

The diesel hybrid delivery vehicle seen in Figure 4.2 showed emission rates of 1.58

g/mile for the cold start UDDS and 0.27 g/mile for the hot start UDDS. Note that the diesel

104



electric vehicle is not included in Figure 1, since the bhp-hr values only account for the
work done by the engine, and not the electric motor, and hence these values would not be
representative of the full work being performed by the vehicle. The diesel electric vehicle
showed emissions that were lower than the other 0.2 g diesel vehicles for the UDDS and
vocational cycles, and that were also comparable to or lower than those for the 0.2 g CNG
vehicles. It is also noted from Table 4.4 that the cold start UDDS emissions for diesel-
electric hybrid were more comparable to those the 0.2 g diesel and 0.2 g CNG vehicles.
NOx emission results for the 0.2 g CNG vebhicles differed for each vehicle over
both cold and hot start UDDS. The 0.2CNG high emitter showed tailpipe NOx emissions
levels of around 5.81 g/bhp-hr for the cold start UDDS cycle and 6.16 g/bhp-hr for the hot
start UDDS cycle, which were close to the engine-out levels. This vehicle did not show
any on board diagnostic (OBD) error codes before the testing, although was likely equipped
with a damaged or fully deteriorated TWC that needed to be maintained/replaced. Follow-
up discussions with the fleet indicated that the engine was rebuilt and a new TWC was
installed in this vehicle. Transit bus 0.2CNG #1, on the other hand, showed significantly
lower emissions than the delivery vehicle over the hot start UDDS cycle, with an emissions
rate of 0.07 g/bhp-hr and 0.2 g/mile. Compared to the 0.2 g diesel vehicles, the transit bus
0.2CNG#1 showed good NOx reductions. Emission rates for delivery vehicle 0.2CNG#2
were higher than the 0.2 engine certification level, with an emissions rate of 0.47 g/bhp-hr
and 1.62 g/mile. NOx emissions from the 0.2 g CNG vehicles for the in-use PEMS testing
showed mixed results compared to the UDDS cycle, with the delivery vehicle 0.2CNG#2
showing similar emissions to the UDDS cycle, while the transit bus 0.2CNG#1 showed

higher emissions than the UDDS cycle. Previous studies have shown the potential for lower
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NOx emissions for 0.2 g CNG vehicles compared to diesel vehicles. Many researchers have
conducted emissions testing for 0.2 g stoichiometric natural gas vehicles with TWC using
chassis dynamometers and PEMS, which have shown the NOx emissions rates vary from
around 1 g/mile over cruise cycles and around 10 g/mile over more transient cycles
(Hajbabaei et al., 2013; Li et al., 2019)

The 0.02 g CNG vehicles generally showed emissions that were considerably lower
than those for the other vehicle technologies. The 0.02 g CNG vehicles in the refuse and
goods movement category showed much lower emissions with emission rates ranging from
0.04 to 0.1 g/bhp-hr and from 0.17 to 0.43 g/mi for the UDDS cold start phase and around
0.01 g/bhp-hr and from 0.02 to 0.13 g/mi for the UDDS hot start. NOx emissions from 0.02
g CNG vehicles for in-use PEMS showed similar emissions to the UDDS for the refuse
hauler 0.02CNG#1, and with the goods movement 0.02CNG #2 and #3 showing higher
emissions for the in-use PEMS compared to the UDDS. Several recent studies have showed
NOx emissions below or close to the CARB optional low NOx emission standard of
0.02g/bhp-hr for several heavy-duty vehicles over a range of hot-start cycles (Li et al.,
2019; Zhu et al., 2020).

4.4.2. Nitrous Oxide (N20) and Ammonia (NH3) Emissions

NHs and N2O emissions are also pollutants of concern for air quality and global
warming. NHz and N2O emissions for cold start and hot start UDDS cycles in g/bhp-hr and
g/mile units for all tested vehicles are provided in Table 4.4. It is shown that the no SCR
equipped vehicles tested with both diesel fuel and HVO had very low or close to
measurement limit emissions of NHs and N2O. This is expected as both NHz and N.O are

mostly formed on the surface of the catalyst, such as TWC for the CNG vehicles or DPF-
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SCR for the 0.2 g diesel vehicles, rather than as direct products of combustion (Heeb et al.,
2006). The low level of engine out emission levels of N2O and NHz emissions (below 5
ppm for the entire cycle) for the diesel (no SCR) vehicles, are shown in greater detail in
Figure 4.3 and Figure 4.4 below.

The delivery and goods movement diesel vehicles equipped with SCR and diesel-
electric hybrid vehicle showed similarly low or close to measurement limit levels of NH3
emissions, except for 0.2Diesel/HVO #1 and 0.2Diesel/HVO #3 over hot start UDDS
cycle. Studies have shown that improper urea injection in an SCR catalyst or general
catalyst degradation can lead to excess NHz emissions, which is termed as “ammonia slip”.
Higher NHs emissions are mainly attributed to catalyst temperature, catalyst degradation
and optimization of urea injection (Girard et al., 2007; Johnson, 2010; Lambert, 2019;
Thiruvengadam et al., 2015). The delivery vehicle 0.2Diesel #1 and goods movement
vehicle 0.2Diesel #3 had NH3z emissions of about 0.19 (0.63 g/mile) and 0.02 g/bhp-hr
(0.08 g/mile), respectively, for the hot start UDDS cycle. The cold start NHz; UDDS
emissions, on the other hand, were lower for these vehicles compared to the hot start UDDS
results, since urea is not injected until later in the cycle when the catalyst was warmed up.
In addition, NHs emissions for the hot start UDDS cycle from 0.2Diesel/HVO #1 equipped
with a MY2011 engine were about 10 times higher than those from 0.2Diesel/HVO #3 with
a MY 2014 engine. Interestingly, higher NOx emissions were found for 0.2diesel/HVO #1,
which suggests that the higher NHz emissions, which could be due to more catalyst
degradation for the older engine resulting in a lower SCR catalyst reduction efficiency. The
0.2HVO #1 vehicle showed lower NHs emissions than 0.2Diesel #1, but the opposite trend

was found for 0.2 Diesel/HVO #3, suggesting that fuel effects may play a less important
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role in NHs formation than other factors, such as catalyst conditions and optimization of
urea injection. The comparable or low NHs emissions results seen from this study agree
with the findings from other studies that NHs emissions can form for diesel vehicles
equipped with SCR (Girard et al., 2007; Livingston et al., 2009; Thiruvengadam et al.,
2016).

Unlike SCR equipped diesel vehicles, CNG vehicles have characteristically high
NHs emissions due to NHz formation across the TWC catalyst under slightly rich
conditions for stoichiometric engines. Specifically, NHs forms in the catalyst from the
reaction of NO and H> through the water gas shift reaction, as discussed in section 3.3.
Except for the 0.2CNG high emitter vehicle, NHz emissions for the hot start UDDS cycle
for the 0.2 g CNG and 0.02 g CNG vehicles ranged from 0.13 to 0.34 g/bhp-hr and from
0.44 to 0.97 g/mile. The NHs emission rates were comparable to the NOx emission rates
for the 0.2 g CNG vehicles, while NH3 emission rates were higher than the NOx emission
rates for the 0.02g CNG vehicles, indicating the importance of NH3 emissions for CNG
vehicles. NH3z emissions from cold start UDDS cycles did not show any correlation to hot
start cycle NHz emissions for the same vehicle, which is likely due to the catalyst
temperature being below the light-off temperatures when NHs3 can form for a greater
percentage of the cycle for the cold-start tests. NHz emissions for the 0.2CNG high emitter,
on the other hand, were very low, consistent with the NOx emission findings that the TWC
showed no catalytic activity. NHz emissions from this study are comparable to those from
previous studies on heavy-duty CNG vehicles equipped with TWC, which ranged from 0.8
to 1.2 g/mile for most of the vehicles, although some vehicles did show higher NH3

emissions (Thiruvengadam et al, 2016,Karavalakis et al, 2016a, Zhu et al, 2020).
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N20 emissions exhibited some correlation with NH3z emissions for most of the
diesel vehicles. For the 0.2Diesel/HVO #1 and 0.2Diesel/HVO #3 vehicles, which had
higher NH3 emissions, their NoO emission rates were also high, with emissions rates of
0.60 g/bhp-hr (1.98 g/mile) and 0.19 g/bhp-hr (0.74 g/mile), respectively. The
0.2Diesel/HVO #2, 0.2Diesel/HVO #4 and diesel-electric hybrid vehicles, on the other
hand, emitted very low or close to measurement limit levels for N2O and NHz emissions.
Interestingly, 0.2Diesel #5 showed low NHs emissions, but high N2O emissions. Studies
have shown that N>O emissions for SCR equipped diesel vehicles can be formed from the
oxidation of NHz at high temperatures or the decomposition of ammonium nitrite at lower
temperatures and relatively high NO2/NO ratios (~50%) (Madia et al., 2002). Therefore,
the phenomenon of high N2O emissions and low NH3 emissions for 0.2Diesel #5 could be
attributed to these reactions at lower catalyst temperatures and high N2O/NO ratios. This

phenomenon will be further discussed in the following sections.

N20 emissions for natural gas vehicles showed some variance between vehicles
with different engine technologies. N2O also forms via reactions on the TWC surface, as
discussed in section 3.3. Hot start UDDS N20O emissions ranged from 0.09 g/bhp-hr (0.25
g/mile) to 0.16 g/bhp-hr (0.55 g/mile) for the 0.2 g CNG vehicles, except for the 0.2CNG
high emitter, and from 0.01 g/bhp-hr (0.06 g/mile) to 0.02 g/bhp-hr (0.08 g/mile) for the
0.02 g CNG vehicles. N2O emissions for the 0.2CNG high emitter, on the other hand, were
very low, consistent with TWC not showing any catalytic activity. N2O emissions were
more prevalent for the cold-start cycles, which is consistent with previous studies that have
shown N2O is generally formed over the surface of the TWC during its initial warm up

period (Huai et al., 2004). Cold start UDDS emissions for 0.2 g CNG vehicles range from
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0.11 g/bhp-hr (0.37 g/mile) to 0.17 g/bhp-hr (0.73 g/mile), which are around 10 times
higher than those from the 0.02 g CNG vehicles, which had emissions rates ranging from
0.01 g/bhp-hr (0.06 g/mile) to 0.02 g/bhp-hr (0.08 g/mile). Many studies have found that
N20 emissions from gasoline and natural gas stoichiometric burn spark-ignited engines are
correlated with air fuel ratio (Hiroyasu and Kadota, 1976; Li et al., 2021). The lower N2O
emissions seen from the 0.02 g CNG vehicles compared to the 0.2 g CNG vehicles could
be attributed to the better air-fuel ratio control for the more advanced engine technology.
The N20 emission levels found in this study are comparable to those seen in previous
studies. For example, (Karavalakis et al., 2016a)found N2O emissions for two 0.2 g CNG
vehicles equipped with stochiometric burn 9L and 12L. Cummins engines were on the order

of 0.12 g/mi and 0.35 g/mile, respectively.
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Table 4.4 NH3z and N20 emissions for cold start and hot start UDDS cycle in units of

g/bhp-hr and g/mile

NH3
g/bhp-hr g/mile
Cold Cold
Start Hot Start Start Hot Start

Dleselgo SCR) | 9.00 | 0.00 | | 0.00 | 0.00 | 0.00 | = | 0.00
School Bus

HVO (1:10 SCR) 1 9.00 | 0.00 [+ 0.00 | 0.00 | 0.00 | <] 0.00
Goods Diesel %" SCR) | 0.00 | 0.00 | «| 0.00 | 0.00 | 0.00 | = | 0.00
Movement
Vehicle | HYO 0;20 SCR) | 0.00 | 0.00 || 0.00 | 0.00 | 0.00 | = 0.00

0.2Diesel #1 0.09 | 0.19 |+| 002 | 030|063 | <] 0.05
Delivery 0.2HVO #1 N/A | 0.15 |+| 0.01 | N/A | 050 | =] 0.03
Vehicle 0.2Diesel #2 0.00 | 0.00 || 0.00 | 0.00 | 0.00 | | 0.00

0.2HVO #2 0.00 | 0.00 |+| 0.00 | 0.00 | 0.00 | £| 0.00

0.2Diesel #3 0.01 | 0.02 |+| 0.00 | 0.03 | 008 | =] 0.01

0.2HVO #3 0.00 | 0.03 |+| 001 | 000|011 | £/ 0.02
Goods
Movement 0.2Diesel #4 0.00 | 0.00 | £| 0.00 0.00 | 0.02 | £ 0.00
Vehicle

0.2HVO #4 0.00 | 0.00 |+| 0.00 | 0.00 | 0.00 | £| 0.00

0.2Diesel #5 0.00 | 0.00 |+| 0.00 | 0.00 | 001 | ]| 0.01
Delivery Diesel-Electric | 0.00 | 0.00 | =| 0.00 | 0.00 | 0.00 | | 0.00
Vehicle

02CNGhigh | 00 | 0.00 [+ 000 | 0.00 | 0.01 |+ 0.00
Transit Bus emutter

0.2CNG #1 027 | 034 |+| 006 | 092|097 |+]|0.16
Delivery 0.2CNG #2 013 | 0.13 |+| 0.04 | 056 | 044 | £ | 0.12
Vehicle
B 0.02CNG #1 0.19 | 0.17 | +| 0.02 | 087 | 0.79 | + | 0.08
Hauler
Goods 0.02CNG #2 0.18 | 0.17 | +| 0.01 | 0.86 | 0.87 | £ | 0.06
Movement
Vehicle 0.02CNG #3 0.10 | 0.16 |+| 001 | 047 | 070 | £ 0.05
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Table 4.4 (continued) NH3 and N20 emissions for cold start and hot start UDDS cycle

in units of g/bhp-hr and g/mile

N2O
g/bhp-hr g/mile
Cold Cold
Start Hot Start Start Hot Start

D‘esel(go SCR) 1 001 | 001 | =] 0.00 | 0.02 | 0.04 | =001
School Bus

HVO (No SCR)#1 | 0.01 | 0.01 |+ | 0.01 | 0.04 |0.03 |+ | 0.02

Goods | Diesel (#1\210 SCR) 1 0.00 | 0.00 | <] 0.00 | 0.00 | 0.00 |+ 0.00
Movement

Vehicle | HVO (No SCR)#2 | 0.01 | 0.01 || 0.00 | 0.03 [ 0.04 |+ 0.01

0.2Diesel #1 0221060 || 013 | 075|198 | =040

Delivery 0.2HVO #1 N/A | 047 |+£] 002 | NA | 1.61 | | 0.08

Vehicle 0.2Diesel #2 0.01 | 0.02 | =] 000 | 0.06 |0.09 | =] 002

0.2HVO #2 0.03 | 006 || 001 |0.12]021|=]003

0.2Diesel #3 028 | 019 || 002 | 124|074 |+ 008

0.2HVO #3 0.15 | 023 || 003 [ 079|090 |+]0.11
Goods

Movement 0.2Diesel #4 0.04 | 0.00 |+| 001 |0.14 | 0.00 | =003
Vehicle

0.2HVO #4 0.00 | 0.05 || 001 | 000|019 |=]003

0.2Diesel #5 0.16 | 0.16 || 003 | 074 | 070 | = | 0.16

Delivery Diesel-Electric | 0.03 | 0.04 |+ | 0.00 | 0.06 | 0.06 | = | 0.00
Vehicle

0.2CNG high

Transit omitter 0.03 | 003 |+| 000 | 0.08 |0.09 =000

Bus 0.2CNG #1 0.11 | 009 |+| 003 | 037 |025|+1]0.10

Delivery 0.2CNG #2 017 | 0.16 | = | 0.01 | 0.73 | 055 |+ 0.03
Vehicle

B 0.02CNG #1 0.02 | 001 |£| 000 | 008|006 %] 0.02
Hauler

Goods 0.02CNG #2 0.01 | 0.00 |+| 0.00 | 0.06 | 0.00 | = |0.01
Movement

Vehicle 0.02CNG #3 0.02 | 001 |+| 000 | 007|004 |+] 001
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4.4.3. Real-Time Emissions Profiles
4.4.3.1. Real-Time Emissions Profile for Diesel Vehicle

Figure 4.3(a-g) shows real-time emissions profiles for NOx, NHz, and N2O
emissions, including engine out emissions, and the SCR inlet temperature and vehicle
speed profiles for the 0.2Diesel#1 delivery vehicle on a hot start UDDS cycle. This is the
0.2 diesel vehicle that had the highest NOx, NHs, and N2O emissions, so it provides a good
example of the formation mechanisms of these pollutants. Figure 4.3 (a) shows that NOx
emissions accumulated during the cold start phase during the first 400s where the SCR
catalyst was below 250 °C. Figure 4.3 (c) also shows that the tailpipe NO concentrations
in this period are similar in magnitude with the engine out NO concentrations, indicating
that the SCR is not providing significant reductions under these conditions. At 400s, the
catalyst reached around 250 °C and NHs emissions started to accumulate, suggesting that
urea injection began. Accordingly, the SCR efficiency for NO and NO; emissions
improved, as seen by comparing the engine out and tailpipe emissions concentrations in
Figure 4.3 (d). As the urea injection and NOXx reduction reaction began, from
approximately cycle time 400s to 450s, a corresponding increase in NHs emissions was
seen. NHz emissions remained at a high level for the rest of the cycle with a peak
concentration of 150 ppm, which is comparable to the tailpipe NO emissions level peaking
around 200 ppm.

Figure 4.3f shows that tailpipe N2O emissions were only observed for a limited
number of driving conditions, with peaks right after the cold start and a peak at around 450
seconds. The engine-out N2O emissions emitted by this engine were less than 2 ppm, which

IS consistent with the expectation that most N2O emissions form on the catalyst surface, as
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opposed to during combustion. Studies have shown that the formation mechanism for N2O
on a SCR catalyst surface can be understood in the context of the following reactions at
temperatures above 200 °C (Madia et al., 2002). The N2O emissions peak between 400 to
450 seconds could be attributed to this pathway, as the SCR is warmed up to a temperature
range of above 200 °C and as NHz emissions are present on the catalyst surface. Smaller
N20 peaks were also seen around 600 and 700 seconds, which is where NOXx also tended
to peak during the main highest speed driving portion of the cycle.

2NH; + 20, - N,0 + 3H,0
4NH, + 4NO + 30, — 4N,0 + 6H,0

There is also a spike in N2O emissions at the beginning of the test, when the catalyst
was below 200 °C, and N2O emissions would not form from these reactions. The N2O
emissions formed near the beginning of the test could form from decomposition of nitrite
particles. As the urea is injected prior to the SCR, it can generate NH4NO3 particles that
will decompose and generate N>O emissions at lower temperatures of around 100°C to
200°C. This reaction is also favored under higher NO2/NO ratios (Zhang et al., 2018). The
elevated N2O emissions during the start of the test are attributed to residual NHsNO3
particles. It is known that controlled thermal decomposition of NHsNOsz at low
temperatures is a standard laboratory method of generating N.O (Wallington and Wiesen,

2014).
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Figure 4.3 Real time tailpipe emissions(g/s), pre-catalyst and post catalyst emissions
concentration(ppm) and catalyst intake temperature(°C) and cycle trace (mph) for
0.2Diesel #1 hot start UDDS cycle

4.4.3.2. Real-Time Emissions Profile for Natural Gas Vehicle
Figure 4.4(a-g) shows real-time emissions profiles for NOx, NHs, and N2O

emissions, including engine out emissions, and the TWC inlet temperature and vehicle
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speed profiles for the 0.02CNG#1 goods movement vehicle on a cold start UDDS cycle.
Figure 4.4 shows higher NOx emissions were also seen during the cold start phase before
100s, when the TWC was below its light-off temperature. Once the TWC reaches its light-
off temperature, NOx emissions drop significantly and remain at very low levels for the
rest of the cycle. Compared to the SCR-equipped diesel vehicle, the CNG vehicle with a
TWC took a shorter time to warm up, suggesting temperature fluctuations have less impact
for the TWC-equipped CNG vehicles compared to the SCR-equipped diesel vehicles. This
finding suggests the potential for CNG vehicles in reducing NOx emissions under certain
more idling or stop-go conditions that can lead to cooler catalyst temperatures for diesel
vehicles.

Higher NH3z emissions from CNG vehicles are attributed to the following reaction
of NO-Hz and NO-CO under rich conditions and at temperatures above 250 °C:

2NO + 5H, — 4NH; + 2H,0
4NO + 4CO + 2H,0 + 2H, — 2NH; + 4CO0,

Where H: is generally generated from the water-gas shift reaction and steam

methane reforming as follows:
CO + H,0 - CO, + H, (Water-Gas Shift)
CH, + H,0 — CO + 3H, (Steam Methane Reforming)

N20 is another byproduct from reactions of NO with CO and H2 on the catalyst
surface (Cant et al., 1998; Hirano et al., 1992; Prigent and De Soete, 1989).The formation
of N2O is favored at catalyst temperatures below 350°C (Nevalainen et al., 2018). It is
clearly observed from Figure 4.4 that N2O emissions from CNG vehicles form during the

initial part of the cold start test (0 to 100 s) when the catalyst temperatures were below
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350°C, and then remain at low levels for the rest of the cycle after the catalyst has lite-off.
The observation in this study of N>O emissions forming under lower temperature
conditions is consistent with the findings from other studies (Hirano et al., 1992; Huai et

al., 2004).
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Figure 4.4 Real time tailpipe emissions (g/s), pre-catalyst and post catalyst emissions
concentration(ppm) and catalyst intake temperature(°C) and cycle trace (mph) for
0.02 CNG #3 cold start UDDS cycle
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4.5. Conclusions

NOXx, N2O and NHs emissions were measured from a fleet of 14 different heavy-
duty vehicles over different drive cycles using a chassis dynamometer. The results showed
that the UDDS NOXx emissions varied depending on the vocation and the technology with
average NOx emissions across all vehicles ranged from 0.003 to 6.16 g/bhp-hr. NOx
emissions for vocational cycle and HHDDT cruise cycles showed some variances
compared with the UDDS cycle but in the same range. For the 0.2 g diesel vehicles, the in-
use PEMS NOx emissions were higher than those over the vocational and UDDS cycles,
except for goods movement vehicles 0.2Diesel #3 and #5, suggesting, for most of cases,
that there were elements of the in-use operations that are still not necessarily captured in
the vocational cycles. HVO provided significant reductions in NOx emissions for diesel
(no SCR) vehicles. The 0.2 g diesel vehicles with model years newer than 2010 showed
more similar emissions between diesel fuel and HVO, that were generally comparable
within the experimental variability for the hot start UDDS. NH3 and N2O emissions are
also pollutants of concern for air quality and global warming, which originates from the
catalyst reaction. N2O emissions from SCR equipped diesel vehicles originate from the
catalyst reaction involving NHz and NOx emissions as well as the decomposition of nitrite
particles. The formation of N2O for CNG vehicles is favored at catalyst temperatures below
350°C.
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5. Emissions From In-Use Heavy-Duty Diesel and Natural
Gas Trucks - Part. 2 PM, Unregulated, and Greenhouse Gas

(GHG)

5.1. Abstract

This study characterized particulate matter (PM), greenhouse gases (GHG), total
hydrocarbon (THC), carbon monoxide (CO), and carbonyl emissions from a fleet of
fourteen in-use heavy-duty vehicles of different vocations (school bus, transit bus, refuse
hauler, delivery vehicle, and goods movement vehicle), fuels (diesel, hydrogenated
vegetable oil [HVO], and CNG), engine types, and aftertreatment controls (SCR or TWC),
and over Urban Dynamometer Driving Schedule (UDDS) cycles using a chassis
dynamometer. Results showed PM emissions were below the 10 mg/bhp-hr certification
for all vehicles over both cold and hot start cycles, with the exception for the goods
movement vehicle Diesel (No SCR) #2 and one CNG vehicle with a non-functional
catalysts. CNG vehicles showed generally higher total particle number emissions than the
DPF diesel vehicles except for the vehicle equipped with a non-functional catalyst. CO>
emissions are the main contributor to GHG emissions for all vehicles. CH4 contributes the
second largest to GHG emissions for CNG vehicles over most cycles. THC and CO
emissions levels for diesel vehicles were at or below the background levels. Compared to
the 0.2 CNG vehicles, the 0.02 CNG vehicles have lower N.O CH4 and CO emissions,
which is attributed to more optimized air-fuel ratio. Formaldehyde and acetaldehyde

emissions were comparable to other studies.
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5.2. Introduction

Particulate matter (PM) is considered an important risk factor for adverse health
effects (WHO, 2013). Particulate matter with a diameter less than 2.5 pum (PMzs)
represented the largest environmental risk for human health in 2019(Murray et al., 2020).
Ultra-fine particles, which have diameters less than 100 nm, are also associated with short-
term cardiorespiratory and nervous system disease. Compared to fine particles (PM2s),
these smaller particles have higher surface area, which cause more pulmonary
inflammation and stay longer in the lung(Schraufnagel, 2020).

Regulators and policy makers worldwide have been implementing regulations that
will control the PM emissions. Particle emission standards worldwide are generally based
on the PM mass emissions. In the United States (U.S.), the Environmental Protect Agency
(EPA) has imposed more stringent emissions standards for light-duty or heavy-duty
vehicles to regulate PM mass emissions in the recent years. More advanced emissions
control systems such as diesel particulate filters (DPFs) for diesel vehicles and alternative
fuels such as compressed natural gas, have been playing an important role in meeting PM
mass standards. However, these advanced systems may be limited in reducing particle
number emissions. Many recent studies have found that both DPF-equipped diesel vehicles
and compressed natural gas vehicles emit more particle number emissions for the ultra-fine
particles than larger size particles (Toumasatos et al., 2021). The European Union (EU)
introduced solid particle number (SPN) emissions standards for diesel light-duty vehicles

in 2011, which utilized the Particle Measurement Program (PMP) method to measure SPN
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with a cut size of 23 nm (Giechaskiel et al., 2017). There are still questions about the
methodology of measuring “real” particle number emissions, however, due to different
sampling artifacts (i.e. the sampling system, sampling location, instrument measurement
accuracy, and particle loss rates) that may lead to significantly different results. The U.S.
has also been considering total particle number emissions as key factor of PN regulation.
Therefore, it is important to show total particle number emissions with different cut size to
compare the PM and PN emissions standards and provide insights on setting the
appropriate cut size for PN emissions.

Greenhouse gas emissions have become more and more important due to global
climate change. Carbon-dioxide (CO.), nitrous oxide (N20) and methane (CHas) are
combustion products or catalyst artifacts from diesel or natural gas engines that need to be
considered. Starting from 2017, U.S. EPA has regulated GHG emissions from medium- or
heavy- duty vehicles based on the vocations of the engine (EPA, 2011). In 2020, the
transportation sector accounted for 27% of total greenhouse gas emissions, representing
the largest source of GHG emissions in the transportation sector (EPA, 2022). CO;
emissions come mostly from burning fossil fuels such as diesel or natural gas in the
combustion process, which represent the largest contributor of GHG emissions (EPA,
2020). CH4 emissions in the transportation sector mainly come from natural gas vehicles,
since the major component of natural gas fuel is CH4. N2O emissions are mostly observed
during the cold start operation for spark-ignited engines. N2O emissions are also commonly
seen for TWC-equipped vehicles where N2O is a byproduct of catalyst reactions.

The chemical and toxicological properties of emissions from vehicles with more

advanced technologies are also a concern. Many studies have been investigating the impact

126



of advanced engine/aftertreatment technologies or fuel composition on emissions
components with high toxicity(Li et al., 2021; Yoon et al., 2013). Yoon et al. showed
stochiometric combustion with a three-way catalyst can be effective for reducing
particulate compounds. Another recent study showed that renewable natural gas (RNG)
may also be a strategy that could lead to reductions in the toxicity of the emissions.

The objective of this study is to evaluate THC, CO, greenhouse gases, carbonyls,
and particulate mass/number emissions from 14 heavy-duty vehicles over UDDS cycle
using a chassis dynamometer. These vehicles have different vocations (school bus, transit
bus, refuse hauler, delivery vehicles, and goods movement vehicles), powered by different
fuel (ultra-low sulfur diesels [ULSD], hydrogenated vegetable oil [HVO], and CNG),
different engine types, and emissions control aftertreatment systems (SCR or TWC). The
characteristics of the particulate emissions were also characterized to understand their
formation mechanism.

5.3. Materials and Methods
5.3.1. Test Vehicles

The main technical specifications for each of the 13 vehicles in this study are given
in Table 5.1. All test vehicles were equipped with model year 2009 and later engines,
except for one earlier model year 2000 diesel engine. The vehicle matrix was designed to
include a variety of different vocations, such as transit buses, school buses, refuse haulers,
delivery trucks, and goods movement trucks. All the diesel vehicles were equipped with
DOC, DPF, and SCR systems to control THC and CO emissions, PM emissions, and NOx

emissions, respectively. All the CNG vehicles were equipped with TWCs. Two exceptions
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were Diesel (No SCR) #1 and Diesel (No SCR) #2, which were only equipped with

DOC/DPF systems.
Table 5.1 Test vehicles main specifications
Vocation MY Dis | Mileage | Test Fuel | Aftertreatmen
p. t System
(L)

Diesel (No | School Bus | 2000* 7.2 | 312,185 | ULSD/R | DOC/DPF
SCR) #1 D
Diesel (No | Goods 2009 12.8 | 18,071 | ULSD/R | DOC/DPF
SCR) #2 Movement D
0.2Diesel Delivery 2011 119 | 79,246 | ULSD/R | DOC/DPF/SC
#1 D R
0.2Diesel Delivery 2016 89 (31,816 | ULSD/R | DOC/DPF/SC
#2 D R
0.2Diesel Goods 2014 12.8 | 475,197 | ULSD/R | DOC/DPF/SC
#3 Movement D R
0.2Diesel Goods 2015 11.9 | 329,480 | ULSD/R | DOC/DPF/SC
#4 Movement D R
0.2Diesel Goods 2015 12.8 | 123,647 | ULSD DOC/DPF/SC
#5 Movement R
Diesel- Delivery 2013 51 |72,388 |ULSD DOC/DPF/SC
Electric R
0.2CNG #1 | Transit Bus | 2009 8.9 |[376,912 | CNG TWC
0.2CNG #2 | Delivery 2017 11.9 | 255,619 | CNG TWC
0.2CNG #3 | Transit Bus | 2011 8.9 |[392,006 | CNG TWC
0.02CNG Refuse 2017 89 (33,358 |CNG TWC
#1
0.02CNG Goods 2017 11.9 | 119,514 | CNG TWC
#2 Movement
0.02CNG Goods 2018 119 | 58,205 | CNG TWC
#3 Movement

* This vehicle is equipped with retrofitted engine in 2013.
5.3.2. Test Cycles and Fuels

Each vehicle was tested over cold start and hot start Urban Dynamometer Driving
Schedule UDDS cycles on a heavy-duty chassis dynamometer. Test cycles were conducted
as hot starts in triplicate with a 20-minute soak between tests. One cold start was conducted
on the UDDS cycle for each vehicle. The test weights utilized for testing were based on
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average test weights obtained during the activity data collection portion of this study. Test
weight was set based on the vocation of each vehicle, with 32,500 Ibs. for school bus and
transit bus, 56,000 Ibs. for delivery vehicle and 69,500 Ib for goods movement vehicles. It
should be noted that the diesel-electric truck in delivery vehicle category was tested at
16,000 Ibs., as its gross vehicle weight rating (GVWR) rating was considerably lower than
the specified test weight of 56,000 Ibs.

The diesel vehicles were tested with commercial ultra-low sulfur diesel fuel
(ULSD). Commercially available fuel was more representative of what in-use vehicles
would be using during normal in-use operation than certification fuel. Similarly, for the
CNG vehicles, locally supplied, commercially available CNG was used in the testing. A
subset of the diesel vehicles was also tested on hydrogenated vegetable oil (HVO) or
renewable diesel (RD).

5.3.3. Emissions Measurements and Analysis

All testing was performed at CE-CERT’s heavy-duty chassis dynamometer facility,
consisting of an electric AC type design chassis dynamometer that can simulate inertia
loads from 10,000 Ib to 80,000 Ib, which covers a broad range of in-use medium and heavy-
duty vehicles. Emissions measurements were obtained using CE-CERT’s Mobile
Emissions Laboratory (MEL) (Cocker et al., 2004). Emissions measurements included
THC, CO, methane (CHa), carbon dioxide (CO2), and PM mass. Carbonyl compounds were
sampled onto 2,4-dinitrophenylhydrazine (DNPH) coated silica cartridges from the
secondary dilution tunnel with a flow rate of 1L/min through the cartridge. The DNPH
cartrdges were analysis for 13 C1-Cg carbonyl compounds. The DNPH cartridges were

eluted with 2 mL of acetonitrile (HPLC grade, EMD Millipore Corporation, Billerica, MA,
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USA) and analyzed with a high-performance liquid chromatography (HPLC) system
(Waters 2690 Alliance System with 996 Photodiode Array Detector) according to US EPA
TO-11A method.

The gravimetric PM mass was measured with the CVS and collected on 47 mm
diameter 2 um pore Teflon filters (Whatman brand). The filters were measured for net
gains using a UMX2 ultra precision microbalance with buoyancy correction in accordance
with the weighing procedure guidelines set forth in the Code of Federal Regulations (CFR).
The EEPS (TSI 3090, firmware version 8.0.0) was used to obtain real-time second-by-
second size distributions between 5.6 to 560 nm. Elemental carbon (EC), organic carbon
(OC), metals, and carbonyl compounds were measured on all vehicles. EC/OC fractions
were collected on QAT Tissuquartz quartz-fiber filters that were pre-cleaned by firing for
5 h at 600 °C to remove carbonaceous contaminants and were quantified using a
Thermal/Optical Carbon Aerosol Analyzer according to NIOSH (National Institute of
Occupational Safety and Health) Method 5040. PM-bound metals and trace elements were
collected on 47 mm Teflon filters and measured using the X-Ray fluorescence (XRF)
method, according to EPA 10-3.3. A schematic setup of particle sampling system is shown
in Figure 5.8.

5.4. Results
5.4.1. Particulate Emissions

5.4.1.1. Particle Mass and Total Particle Number Emissions

Figure 5.1(a)(b) show the PM mass emissions for the test vehicles by
vocation/technology group for the cold start and hot start UDDS cycles on a mg/bhp-hr

basis, respectively. For vehicles where the PM mass levels were at or below the background
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levels, the PM emissions are reported as zero values. The PM emissions for the school bus
Diesel (No SCR) #1 were not available due to an instrument issue. PM emissions were
below the 10 mg/bhp-hr certification limit for the DPF-equipped diesel engines for both
test cycles, which is attributed to the high reduction efficiency of the DPF. An exception
was seen for the goods movement vehicle Diesel (No SCR) #2 . Although this vehicle was
equipped with a DPF catalyst, PM emissions were over 15 times higher than the other DPF-
equipped diesel vehicles for the cold start test and around 20 times higher for the hot start
tests, indicating that this vehicle was likely equipped with a defected or poorly maintained
or tampered DPF (i.e., cracked or melted substrate).

Another exception was the 0.2CNG #3 vehicle that was equipped with a model year
2011 engine with a mileage of around 400,000 miles. This vehicle was found to be
equipped with a cracked TWC, as indicated by the tailpipe NOx emission levels that were
close to the engine-out levels. This vehicle showed almost no NH3 emissions in contrast to
the other CNG vehicles, suggesting no catalytic activity in the TWC. In particular,
ammonia typically forms over the catalyst via steam reforming of hydrocarbons or from
reactions of nitrogen monoxide with hydrogen that is produced from a water-gas shift
reaction with CO (Suarez-Bertoa et al., 2014; Whittington et al., 1995). Although PM
reduction is not the primary function of a TWC, the elevated PM emissions, as a possible
result of catalyst aging and engine deterioration, may indicate increased lubricant oil
penetration into the combustion chamber as this is a source of PM emissions for CNG
vehicles. Trace elements and metals originate from lubricant oil may have poisoned the

active centers of the TWC leading to catalyst deactivation. Lubricant oil consumption and
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infusion into the combustion chamber was more notable during cold start conditions, where
PM emissions were higher than those for the hot start testing.

The very low PM mass emissions from DPF-equipped heavy-duty diesel vehicles are
consistent with the results of previous chassis dynamometer studies(Jiang et al., 2018;
Quiros et al., 2016), (CARB, 2015a, 2015b). For the previous CARB EMFAC2014 study,
PM emission rates were below 15 mg/mi for most vehicle/cycle combinations as well,
although three vehicle/cycle points did show PM emission rates ranging from 28 to 55
mg/mi (CARB, 2015a, 2015b). (Quiros et al., 2016) found PM emissions of <0.010 g/mi
for a 2010+ SCR-equipped truck over a range of cycles including a UDDS, and near-dock,
local, and regional drayage cycles. A more recent study (Jiang et al., 2018) shows PM mass
emissions were below 15 mg/mi for all vehicles over most of cycles. There were no clear
PM mass emissions reductions for RD compared to ULSD, despite the fact that RD is free
of aromatics and sulfur compounds that are soot precursors (Singh et al., 2018). Natural
gas has a soot-free combustion since methane has no carbon-carbon bonds. The origin of
PM in natural gas engines is primarily from lubricant oil consumption that enters the
combustion chamber (Karavalakis et al., 2016; Pirjola et al., 2016; Thiruvengadam et al.,
2014). PM mass emissions from all CNG vehicles were comparable to those of the DPF-
equipped diesel vehicles. Recent studies have shown that CNG vehicles emit comparable
to or in some cases even higher PM emissions than DPF-equipped diesel vehicles
(Thiruvengadam et al., 2015).

Total particle number emissions for the test vehicles by vocation/technology group
are also shown for the cold start and hot start UDDS cycles on a #/bhp-hr basis in Figure

5.1(a)(b), respectively. TPN emissions for most vehicles were between 1x10%° #/bhp-hr
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and 1x10%3 #/bhp-hr, except for the goods movement vehicle Diesel (No SCR) #2 over both
cold and hot start UDDS cycles, and 0.2CNG #2, 0.2CNG #3, and 0.02CNG #3 over the
cold start UDDS cycle ranging between 8.4x10% and 9.4x10%** #/bhp-hr. TPN emissions
for the CNG vehicles were higher than those for the diesel vehicles equipped with DPFs
over both cold start and hot start UDDS cycles. The TPN emissions for CNG vehicles were
also comparable or higher than the current Euro 6 solid particle number emissions standard
of 4.47 x 10 #/bhp-hr (1 x 102 #/kw-hr), noting that it is expected that TPN emissions
would be naturally higher than SPN emissions. An exception was seen for the Diesel (No
SCR) #2 with the damaged or tampered DPF over the hot start UDDS, which showed TPN
emissions 200 times higher than the Euro 6 solid particle number standard and 7 times
higher than the U.S. PM mass emission standard. The results reported here indicate that
during cold start conditions CNG vehicles showed 50 to 500 times higher TPN emissions
than the current Euro 6 SPN standard and within 20 times higher than the standard over the
hot start UDDS.

Cold start conditions played a more important role for particle number emissions
than for PM mass emissions for the CNG vehicles. The CNG vehicles over the cold start
UDDS cycle showed higher TPN emissions than those over the hot start UDDS, with
emissions rates ranging from 1 x 10 to 2 x 10* #/bhp-hr. Higher TPN emissions during
cold start operation are expected due to the TWC being below its light-off temperature and
the cold surfaces of the engine cylinder lines, which will cause the inefficient oxidation of
the semivolatile hydrocarbon species that mostly contribute to the nucleation mode
particles. Hot start emissions for CNG vehicles were generally lower than 10 times of the

Euro 6 solid particle number standard. For the diesel vehicles, TPN emissions were within
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5 times of the limit over both the cold start and hot start UDDS cycles, indicating less
impact of cold/hot operation on TPN emissions for diesel vehicles. RD was found to be a
factor that may lead to less TPN emissions due to the absence of sulfur and aromatic
compounds. Studies have shown that renewable diesel can provide reductions in total and
solid particle number emissions compared to ULSD (McCaffery et al., 2022). The results
showed that 0.2 RD were generally lower than the 0.2 Diesel vehicles except for one 0.2
RD, with emission rates of 1.5 x 102 #/bhp-hr for the cold start cycle and around 1 x 10*2

#/bhp-hr for the hot start cycle.
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135



5.4.1.2. Total Particle Number Emissions With Different Cut Sizes

A number of studies have focused on emissions measurements for exhaust particles
below 23 nm in diameter (Giechaskiel et al., 2017; Samaras et al., 2022). While the
majority of these studies have been focused in light-duty applications, there is limited
information for heavy-duty diesel or natural gas applications. Figure 5.2 shows the TPN
emissions with a cut size of 10 nm (TPN_10) and TPN emissions with a cut size of 23 nm
(TPN_23) for all the tested vehicles, based on the fuel and aftertreatment technology.
Results in Figure 5.2 can be categorized into three regions: region A represents both
TPN_23 and TPN_10 being below the current SPN_23 Euro 6 standard; region B
represents TPN_23 emissions being below the Euro 6 limit but the TPN_10 emissions
being higher than the Euro 6 limit, and region C represents both the TPN_23 and TPN_10

exceeding the Euro 6 limit.
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Figure 5.2 TPN_10 vs TPN_23 over hot start UDDS cycles (#/bhp-hr)

TPN_23 emissions for all 0.2diesel vehicles equipped with SCR were lower than
the current Euro 6 SPN_23 limit. The 0.2RD vehicles showed lower TPN_23 and TPN_10
emissions than the 0.2Diesel vehicles except for one 0.2RD vehicle. This is consistent with
the PM mass emissions being lower for the vehicles tested with renewable diesel. The
diesel- hybrid electric vehicle showed the lowest TPN_23 and TPN_10 at 1.5 x 10*? and 1
x 10'° #/bhp-hr, respectively, suggesting heavy-duty hybridization could provide important
benefits for particle number emissions reductions. The CNG vehicles exhibited higher
TPN_23 emissions than the Euro 6 limit, with the 0.02CNG vehicles showing lower

TPN_23 emissions than the 0.2CNG vehicles, indicating more advanced engine technology
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and more robust TWC systems. TPN_23 and TPN_10 emissions for the Diesel (No SCR)
with the damaged or tampered DPF showed TPN emissions around 1x 10 #/bhp-hr.
5.4.1.3. Elevated Particle Number Emissions During Deacceleration Events

With the exception of the high emitting goods movement Diesel (No SCR) #2
vehicle, most DPF-equipped diesel vehicles showed TPN emissions comparable to or
lower than those for CNG vehicles. Previous studies have shown that CNG vehicles emit
more TPN emissions than DPF-equipped diesel vehicles, especially nucleation mode
particles. It has been found that the smaller volatile or semi-volatile particles (i.e., with a
diameter less than 23 nm) in stoichiometric CNG vehicles originate from lubricant oil
metals that are part for the additive package and are emitted as metal oxides in the
nucleation mode (Karavalakis et al., 2016; Thiruvengadam et al., 2014).

For the CNG vehicles tested, the elevated ultrafine particle emissions were similar
to those reported in recent studies of CNG light-duty vehicles (Toumasatos et al., 2021).
The results reported here suggest that a significant part of the total particle emissions reside
below the 23nm size threshold. Figure 5.3 shows the real-time particle number emissions
profile and particle size distribution over the hot start UDDS cycle between 740s and 820s
for 0.02CNG #1. This vehicle was chosen because it was a high emitting vehicle with an
emissions factor around 10 times higher than the Euro 6 PN emissions standard and this
phenomenon was consistent for this vehicle across all three UDDS cycles. Particle number
emissions were elevated during the deacceleration event between 775s and 800s, where the
fuel to the engine was cut off. The majority of the particles reside in the nucleation mode
region with an average geometric mean diameter (GMD) in the order of 10 nm. High

particle concentration emission peaks were only detected during deceleration events while
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no significant emissions were observed during the acceleration events or during idle
operation. In particular, during the 760s to 800s timeframe, three high emission events were
detected during deceleration events under motoring engine operation conditions (fuel cut-
off). The current findings suggest that CNG particle emissions are mostly related to the
lubricant oil escape from the oil ventilation system, from piston rings or valves. This
phenomenon was more pronounced during deceleration, where a decrease of the pressure
of the intake air due to the closed throttle valves favored the lubricant oil infusion into the

combustion chamber (Amirante et al., 2015; Tonegawa et al., 2006).
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Figure 5.3 Real-time particle number emissions and particle size distribution profile
with vehicle speed and engine parameters for 0.02CNG #1

Figure 5.4 shows the high-emitting goods movement Diesel (No SCR) #2 vehicle.
This vehicle was selected to provide a comparison of the particles size distributions
between a functioning DPF-equipped vehicle and a non-functioning DPF-equipped vehicle
to better understand the characteristics of particle number emissions from diesel vehicles.
The diesel vehicle with the non-functioning DPF showed elevated particle number
emissions during most acceleration events. During these events. A large population of

particles was detected in the area of 20 nm to 200 nm size range. The composition of these
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particles was likely comprised of soot and metallic ash particles that were failed to be
retained in the non-functioning DPF. Particle concentrations from the other properly
functioning DPF vehicles were very low across the entire cycle, which is an indication of
high collection efficiency of a properly functioning DPF. CPC-related PN emissions at
2.5nm cut-off size and particle size distributions, suggest that the majority of the diesel
particle emissions coincided with vehicle acceleration, while the nature of these particles
was mostly soot due to the fuel enrichments under the specific acceleration events.
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Figure 5.4 Real-time particle number emissions and particle size distribution profile
with vehicle speed and engine parameters for Diesel (No SCR) #2

5.4.1.4. EC/OC and Metal Emissions

Figure 5.5(a-b) shows the EC/OC emissions on a mg/mile basis for the test vehicles
by vocation/technology group over the cold and hot start UDDS cycles. Except for the
Diesel/RD (No SCR) with the non-functioning DPF, EC/OC emissions for all vehicles over
the cold and hot start UDDS cycles were below 15 mg/mile. EC emissions for the CNG
vehicles were below 2 mg/mile, except for 0.02CNG #3 whose emissions ranging between
10 to 15 mg/mile. The low EC emissions for the CNG vehicles were expected due to that
natural gas is comprised by methane and other low-molecular weight hydrocarbons that do
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not contribute to soot formation. OC emissions showed some reductions for the RD when
compared to regular ULSD for most diesel vehicles except for 0.2Diesel/RD#3 and
0.2Diesel/RD#4. These reductions in OC emissions ranged from 6% to 60%. OC emissions
dominated the PM composition for both diesel and CNG vehicles over the hot start UDDS.
The same trend was found for the cold start UDDS except for the no SCR-equipped diesel
vehicles and one CNG vehicle. This particular CNG vehicle had high mileage and was
equipped with a non-functional TWC. EC emissions for most diesel and CNG vehicles
were below 15 mg/mile except for Diesel/RD #1. EC emissions for diesel vehicles are
generally low due to the high reduction efficiency of PM from DPF. The diesel (No SCR)
vehicle that was equipped with the non-functioning DPF shows high EC emissions over

both cold and hot UDDS cycles.
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Metal emissions for the test vehicles by vocation/technology group are shown for
the cold and hot start UDDS cycles on a mg/mile basis in Table 5.2. Values below detection
limits were removed. Most CNG vehicles showed higher emissions of PM-bound metals
and elements compared to diesel vehicles. Phosphorus (P), sulfur (S), calcium (Ca), zinc
(Zn), and iron (Fe) were the dominant metallic and non-metallic species in PM. The
presence of Fe suggests that some of the PM may originate from engine wear. The presence
of P, Ca, Zn confirm the hypothesis that PM from CNG engines are mostly originated from
lubricant oil contribution, since these elements are typically found in the additive package.
Zinc and sulfur are emitted from lubricant oil and its additives, such as zinc
dithiophosphate. For diesel vehicles, the majority of metals and trace elements were close
to the detection limits of the test method.

5.4.2. Greenhouse Gas (GHG) Emissions

Figure 5.6 shows the GHG emissions of CO2, CHa, and nitrous oxide (N20O) and their global
warming potential (GWP) for all vehicles over the cold and hot start UDDS cycles. For the
diesel vehicles, 0.2Diesel/RD #1 showed the lowest CO2 emissions at around 1800 g/mile
and 1500 g/mile over the cold start and hot start UDDS cycles, respectively, due to smaller
engine size (7.2L) of this vehicle. The other diesel vehicles showed higher CO2 emissions
ranging from 1900 g/mile to 2200 g/mile. CO. emissions for the diesel-hybrid electric
hybrid vehicle were the lowest among all test vehicles due to the smaller engine size of this
vehicle. Natural gas vehicles showed some variability in CO2 emissions, with 0.2CNG#1
showing the lowest CO», followed by 0.2CNG #2, and then the 0.02CNG vehicles. CO>
emissions for the 0.02CNG vehicles were generally higher than those from 0.2CNG

vehicles with similar engine size.
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Natural gas engines are generally characterized by their relatively high CHs
emissions. Figure 5.6 showed significantly higher CH4 emissions from a stoichiometric
natural gas engine equipped with a TWC compared to conventional diesel and diesel-
electric hybrid engines equipped with DPF and SCR systems. CH4 emissions for natural
gas engines mainly originate from unburned natural gas fuel. For a stoichiometric CNG
engine, higher CH4 emissions indicate lack of oxygen in the exhaust to react with unburn
CH4 emissions. From Figure 5.6, higher CH4 emissions were observed for the 0.2CNG
vehicles than the 0.02CNG vehicles, suggesting higher efficiency of TWC to oxidize the
unburn CH4 emissions. In addition, CH4 emissions for the CNG vehicles were influenced
by the cold-start cycles.

The CO2 equivalent (CO2eq) GWP in a unit of g/mile was derived by assuming
CHa to be 25 times higher than CO2 and for N2O to be 298 times over a 100-year time
horizon (Stocker, 2014). Figure 5.6 showed that CO; still is the dominant pollutant for
GHG emissions. Interestingly, both the 0.02CNG vehicles over the cold start UDDS cycles
showed the highest GWP among all vehicles. CH4 contributes the second largest to GHG
emissions for CNG vehicles over mostly the cold start UDDS cycles. N2O was known as a
product formed from the catalyst reactions for SCR-equipped diesel vehicles and for TWC
equipped natural gas vehicles. N2O also is considered to be 298 times higher than COz in
terms of the heat trapping ability. Therefore, N2O contributes significantly to GWP for
SCR-equipped diesel vehicles. The N2O formation in a TWC is favored under rich burn
condition and the N2O emissions showed strong correlations to the CO emissions. Figure

5.6 shows that compared to the 0.2 CNG vehicles, the 0.02 CNG vehicles have lower N2O
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emissions suggesting better control of air-fuel ratio control to achieve a more complete

combustion.
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Figure 5.6 GHG Emissions and CO2 equivalent GWP (g/mile)
5.4.3. THC and CO Emissions

THC and CO emissions for the test vehicles by vocation/technology group are shown
for the cold start and hot start UDDS cycles on a g/mile basis in Figure 5.9. Both THC and
CO emissions levels for diesel vehicles were at or below the background levels. CO
emissions for MY 2010-compliant diesel engines that are equipped with DOC are in the
relatively low level(Quiros et al., 2016). Cold start UDDS showed higher THC emissions
than the hot starts for all the CNG vehicles and the 0.2CNG vehicles showed relatively

higher THC emissions than the 0.02CNG vehicles. THC emissions over hot start UDDS
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cycles ranged from 3.7 g/mile to 7.0 g/mile for the 0.2CNG vehicles and from 0.24 g/mile
to 1.04 g/mile for the 0.02CNG vehicles. This study also found that most of the THC
emissions for the CNG vehicles were CH4 emissions.

Similar trends were observed for CO emissions over hot start UDDS cycle that the
emissions rates were from 33 g/mile to 36 g/mile for the 0.2CNG vehicles and from 6.4
g/mile to 10.7 g/mile for the 0.02CNG vehicles. CNG vehicles with stochiometric-burn
engines show higher CO emissions than all diesel vehicles, which is due to stochiometric
burn natural gas engines. Previous studies showed CO emissions from the TWC equipped
CNG vehicles ranging between 6 to 27 g/mile depending on the cycle, model year and
vocation (Thiruvengadam et al., 2015; Yoon et al., 2013).

5.4.4. Carbonyl Emissions

Figure 5.7(a-b) shows the formaldehyde and acetaldehyde emissions for the test
vehicles by vocation/technology group over the cold start and hot start UDDS cycles.
Formaldehyde and acetaldehyde were the predominant aldehydes in the tailpipe, with
heavier aldehydes and ketones being below the detection limits. Previous studies have also
shown the abudance of low molecular weight aldehydes in diesel exhaust. Aldehydes are
not present in the fuel composition, but rather combustion products from the partial
oxidation of hydrocarbons (Fontaras et al., 2009; Karavalakis et al., 2017). Compared to
regular diesel, RD showed some variability, with 0.2RD#1 and 0.2RD#2 higher than the
vehicle 0.2Diesel #1 and 0.2Diesel #2, respectively, and with the other diesel vehicles
lower than RD. Although RD is a paraffinic fuel that tend to reduce carbonyl emissions,
there are studies showing higher carbonyl emissions with RD than regular diesel fuel.

Additionally, cold start UDDS for most of the diesel vehicles showed higher carbonyl
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emissions than hot start UDDS except for Diesel/RD (No SCR) #1 and 0.2Diesel/RD #2.
Interestingly, It is noted from Figure 5.7 that cold start UDDS cycle for 0.2Diesel#3
showed the highest carbonyl emissions among all vehicles over all test cycles. The CNG
vehicles showed comparable carbonyl emissions to the diesel vehicles over hot start cycles,
with the formaldehyde emissions ranging from 5 mg/mile to 33 mg/mile, and with the

acetaldehyde emissions ranging from 3 mg/mile to 14 mg/mile.
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5.5. Conclusion

This study provides information on particulate matter (PM), greenhouse gases (GHG), total
hydrocarbon (THC), carbon monoxide (CO), and carbonly emissions from a fleet of
fourteen in-use heavy-duty vehicles over Urban Dynamometer Driving Schedule (UDDS)
cycles using a chassis dynamometer. Results showed PM emissions were below the 10
mg/bhp-hr certification for all vehicles over both cold and hot start cycles, with the
exception for the goods movement vehicle Diesel (No SCR) #2 and one CNG vehicle with
a non-functional catalyst. Total particle number emissions for most of the CNG vehicles
were above the European particle number limit, although the Euro limit is only for solid
particles. This indicates that more efforts need to be made to reduce particle number
emissions from natural gas vehicles to the emission certification levels. Most DPF-
equipped diesel vehicles showed particle number emissions below the standard. Particle
number emissions were elevated during the deacceleration event, where the fuel to the
engine was cut off. Furthermore, the majority of the particles reside in the nucleation mode
region with an average geometric mean diameter (GMD) in the order of 10 nm. The current
findings suggest that CNG particle emissions are mostly related to the lubricant oil escape
from the oil ventilation system, from piston rings or valves. Phosphorus (P), sulfur (S),
calcium (Ca), zinc (Zn), and iron (Fe) were the dominant metallin and non-metallic species
in PM. The presence of Fe suggests that some of the PM may originate from engine wear.
CO and THC emissions were found in relatively high levels, with more advanced 0.02CNG
vehicles significantly lower than the 0.2CNG vehicles, indicating significant
improvements in engine calibration and catalyst formulation. CO2 emissions are the main

contributor to GHG emissions for all vehicles. Natural gas engines are generally
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characterized by their relatively high CH4 emissions. CH4 contributes the second largest to
GHG emissions for CNG vehicles over mostly the UDDS cycle.
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5.8. Supplemental Materials
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Table 5.2 SM-3 Metal emissions (pg/mile)

Fuel type

Mg
(ng/mile)

Si
(ug/mile)

P
(pg/mile)

S
(pg/mile)

Cl
(ug/mile)

Ca
(ug/mile)

Diesel (No
SCR) #1
RD (No
SCR) #1

Diesel (No
SCR) #2
RD (No
SCR) #2

0.2Diesel #1
0.2RD #1
0.2Diesel #2
0.2RD #2
0.2Diesel #3
0.2RD #3
0.2Diesel #4
0.2RD #4
0.2Diesel #5
Diesel-
Electric

0.2CNG #1

0.2CNG #2

0.2CNG #3

0.02CNG #1
0.02CNG #2
0.02CNG #3

244.7+102

66.2+14.2
131.1+30.2

372.5+29.3

42.5+17.8
70.4+17.8

75.616.0
77.1£7.6

51.6x11.1
222.0+8.0
126.0+8.0

12.2+4.5

100.0+6.0
68.0+7.6

233.8+8.0
13.5+7.6

49.1+9.6

93.1+9.3

36.9+32.4

280.7+20.7
368.7+27.6

63.8+53.1
729.8+28.5
365.1+27.6
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Table 5.2 (continued) SM-3 Metal emissions (pug/mile)

Ni Zn

Fuel type Cr (ug/mile) | Fe (ug/mile) | (ug/mile) Cu (pg/mile) | (ug/mile)

Diesel (No SCR)

#1 8.1+2.7 111.8426.9 | 6.1+1.3 - 18.6+4.5

RD (No SCR) #1 | 10.4. £2.7 55.6+26.7 - - -

Diesel (No SCR) | 38.0+5.7

#2 143.8+56.3 | 6.1+2.8 - -
13.845.5

RD (No SCR) #2 134.7454.0 | 11.0+2.7 - 42.3+9.2

0.2Diesel #1 ) _ 225422 | 10.9+4.6 -
7.7+4.5 -

0.2RD #1 - - -

0.2Diesel #2 ) ] ] ] ]
5.7+3.4

0.2RD #2 - - - -

0.2Diesel #3 ) ) 101426 | - ;

0.2RD #3 ) ) ] ] ]

) 8.2+4.5 77.0+44.6

0.2Diesel #4 - - 30.1+7.6
6.6+4.5 -

0.2RD #4 - - -
15.5+5.4 318.1+53.3

0.2Diesel #5 6.4+2.6 - -

_ _ 4.5+1.9 -

Diesel-Electric - - -
5.7+3.4 190.1+£33.7

0.2CNG #1 3.2+1.7 100.0+6.0 121.045.7
19.5+4.6 54.1+44.6

0.2CNG #2 - 68.0+7.6 145.8+7.6

0.2CNG #3 ) ) ; ; ;
- 103.4+36.7

0.02CNG #1 - - -
14.7+4.6 129.2+44.7

0.02CNG #2 - 233.848.0 347.618
29.6+4.6 -

0.02CNG #3 - 13.5+7.6 192.0+8

156




6. On-Road NOx Emissions Measurements From In-Use

Heavy-Duty Diesel and Natural Gas Trucks

6.1. Abstract

This study characterized NOx emissions from five in-use goods movement vehicles
(including one diesel vehicle without SCR, two diesel vehicles with SCR, and two ultra-
low NOx CNG vehicles equipped with three-way catalysts (TWCs)) under real-world
driving conditions. NOx emissions varied depending on the vehicle and the route. Diesel
(NO SCR) showed the highest emissions over all the routes. The 0.2Diesel #2 vehicle
showed NOx emission rates that were two times higher than those from 0.2Diesel #3,
which may be attributed to catalyst deterioration. The SCR equipped diesel vehicles were
within two to three times 0.2 g/bhp-hr certification standard. The 0.02CNG vehicles
showed average NOx emissions around or below the optional NOx emission standard of
0.02 g/bhp-hr. The three-bin moving average window (MAW) method was utilized to show
the NOx emissions across various modes of operation conditions, including idle, low load,
and medium/high load, with the highest fraction of operation was found in either the low
load or med/high load bins, depending on the route.
Keywords: CNG; Diesel; NOx emissions; Emissions testing; Real-world Emissions
6.2. Introduction

Nitrogen oxide (NOx) emissions are one of the most important pollutants from the
transportation sector contributing to the degradation of air quality and climate (Anenberg
et al., 2017). NOx emissions are a key precursor in ground-level ozone formation in the

presence of volatile organic compounds (VOCs) via photochemical reactions (Simon et al.,
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2015; Zhao et al., 2022). Ozone is a known respiratory irritant and has been strongly
associated with respiratory diseases, such as asthma and bronchitis (Lin et al., 2008; Peel
etal., 2007). Most NOx emissions in the atmosphere originate from anthropogenic sources,
of which on-road vehicles account for the largest part (EPA, 2022). In California, on-road
heavy-duty vehicles represent the largest single source category of NOx emissions at
around 31 percent of the total emissions source inventory (CARB, 2018). California is still
facing extreme challenges in meeting the federal ozone standards, and therefore reducing
NOx emissions from mobile sources is critical in meeting the air quality goals.

In order to reduce emissions from on-road heavy-duty engines, the United States
(U.S.) Environmental Protection Agency (EPA) introduced NOx emissions standards of
0.2 g/bhp-hr for 2010 and newer on-road heavy-duty engines (EPA, 2022). To meet these
standards, selective catalyst reduction (SCR) was widely implemented in diesel engines
(Piumetti et al., 2015). Although SCR provides good NOx emissions reductions under well
controlled conditions during laboratory engine/chassis dynamometer testing, there are still
uncertainties as to how well these systems perform under real-world driving conditions.
Studies have shown that the reduction efficiencies of NOx emissions from SCR-equipped
engines vary significantly under real-world conditions due to patterns of operation that are
different from laboratory testing, such as more frequent stop-go driving, extended idling
and more low load/speed events (Haugen and Bishop, 2018; McCaffery et al., 2021; Misra
etal., 2017; Preble et al., 2019; Tan et al., 2019).

Other engine technologies and alternative fuels could also play an important role in
reducing NOx emissions. Natural gas engines technology can meet the NOx emission

standard of 0.2 g/bhp-hr, with recent advancements in natural gas engine technology being
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capable of meeting the optional 0.02 g/bhp-hr NOx emission standard, which is 90% below
the 2010 certification standard. Several recent studies have shown that late-model,
stoichiometric compressed ignition engines can achieve emissions at or below the 0.02
g/bhp-hr NOx levels under various conditions during chassis dynamometer and portable
emissions measurement system (PEMS) testing (Li et al., 2019; McCaffery et al., 2021;
Zhu et al., 2020). However, in-use emissions data under real-world operations is still
limited compared to that for diesel vehicles, so there is still uncertainty about how effective
these engines are over a wide range of applications, over a variety of driving operations,
and over the vehicle’s full lifetime.

Controlling NOx emissions for on-road heavy-duty vehicles under real-world
driving conditions is challenging. In the U.S, heavy-duty engines are typically certified
using an engine dynamometer over two main test cycles, the transient Federal Test
Procedure (FTP) and the Supplement Emissions Test (SET). In-use compliance testing is
also conducted that covers operation during not-to exceed (NTE) events, which are
characterized by operation in the NTE zone, with the engine load above 30% and SCR
operational temperatures greater than 250°C, as well as other requirements, for a period 30
continuous seconds, as specified in 40 CFR 86.1370-2007. A number of studies, however,
have shown that only a small fraction of in-use operation occurs under conditions meeting
the conditions for an NTE event (Badshah et al., 2019; McCaffery et al., 2021; Posada et
al., 2020; Tan et al., 2019). As such, the U.S. EPA and the California Air resources Board
(CARB) are in the process of setting forward and implementing new methodologies for in-
use compliance testing. It is still important in the near term, however, to understand how

vehicles will perform under these different types of operation on a wide scale.
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The objective of this study is to characterize NOx emissions from five in-use goods
movement vehicles with different engine/aftertreatment technologies using a mobile
emissions laboratory (MEL). Testing was performed on one diesel vehicle without SCR,
two diesel vehicles with SCR, and two ultra-low NOx CNG vehicles equipped with three-
way catalysts (TWCSs) over for different test routes in the greater Los Angeles (L.A.) area.
Both diesel vehicles with SCR were certified to 0.2 g/bhp-hr. NOx emissions standard and
both CNG vehicles are certified to 0.02 g/bhp-hr NOx emissions standard. Results are
discussed as a function of the impacts of engine/aftertreatment technology and driving
conditions on the in-use NOx emissions. NOx emissions results were further analyzed
using the 3-bin moving average window (MAW) method to evaluate the NOx emissions
across different modes of operation that will be evaluated for upcoming in-use compliance
testing.

6.3. Materials and Methods

6.3.1. Test Vehicles and Fuels

A total of 5 vehicles were tested in this study. All test vehicles were goods movement
Class 8 trucks equipped with model year 2009 and later engines. The test matrix included
one diesel vehicle without an SCR system (Diesel (NO SCR) #1), two diesel vehicles with
engines certified to the 0.2 g/bhp-hr NOx level (0.2Diesel #2 and 0.2Diesel #3), and two
CNG vehicles with engines certified to the 0.02 g/bhp-hr NOx level (0.02CNG#1 and
0.02CNG #2). All three diesel vehicles were equipped with diesel oxidation catalysts
(DOCs) and diesel particulate filters (DPFs). Both CNG vehicles were equipped with

TW(Cs. The main technical specifications for each vehicle are provided in Table 6.1.
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The diesel vehicles were tested with commercially available grade #2, ultra-low sulfur
diesel (ULSD) fuel. Similarly, for CNG vehicles, locally supplied, commercially available
CNG was used. Commercially available fuel was considered to be more representative of
what in-use vehicles would be using during normal in-use operation than certification fuel.

Table 6.1: Main specifications of the test vehicles

Vehicle | Manufacturer | Model | Model | Displacement | Mileage | Aftertreatment
Year (L) System

Diesel Detroit 2009 DD13 12.8 18,071 DOC/DPF

(No

SCR) #1

0.2Diesel | Detroit 2014 DD13 12.8 372,814 | DOC/DPF/SCR

#2

0.2Diesel | Detroit 2017 DD13 12.8 364,473 | DOC/DPF/SCR

#3

0.02CNG | Cummins 2019 ISX12N | 11.9 68,873 TWC

#1 400

0.02CNG | Cummins 2019 ISX12N | 11.9 59,586 TWC

#2 400

6.3.2. Test Routes

A description of the test routes is provided in Table 6.2, routes on the map are
shown in Figure 6.9. Each vehicle was tested over four different routes developed by
analyzing vehicle activity data collected in an earlier phase of this research. The routes
were selected to represent grocery delivery operation, drayage truck operation, goods

movement operation with elevation change, and highway goods movement operation in
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the South Coast Air Basin (SCAB). The routes were developed by researchers at West
Virginia University (WVU) with cross checks performed by the University of California,
Riverside (UCR) to ensure the routes were representative of real-world driving activities
for goods movement vehicles. As part of these four routes, “loading-unloading” areas were
identified where the vehicles were stopped to simulate loading and unloading of goods.
This simulation only represented the time of engine shutdown during the “loading-
unloading” process and not any change in weight of the test vehicle.

Table 6.2 Route Statistics for On-road Testing

Goods Highway
Grocery Port-Drayage Movement Goods
Distribution with Elevation
Movement
Change
Route # 1 2 3 4
Distance 177.8 156.7 109.8 176
(miles)
Time (hours) 6.74 6.56 3.12 4.63
Average speed | ;4 23.9 352 38
(miles/hour)
Maximum
speed 64.8 62.9 69.6 72.1
(miles/hour)
Maximum
acceleration 10.2 55 6.5 5.4
(miles/hour/s)
Minimum
acceleration -6.1 -10.4 -7.3 -6.1
(miles/hour/s)
Idle time (%) 0.7 4 2.6 2.9
Engine off time | g 13.9 14.8 20.9
(%)
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6.3.3. Emissions Measurements

All test vehicles were loaded with UCR’s mobile emissions laboratory (MEL). The
combined weight of the trailer and the MEL is typically in the range of 65,000 Ibs, which
is close to the national average weight of operating trucks. Detailed information of the
facility and sampling setup have been discussed previously (Cocker et al., 2004). Briefly,
emissions measurements included total hydrocarbons (THC) and methane (CHa4) using a
flame ionization detector (FID), carbon monoxide (CO) and carbon dioxide (CO3) using
non-dispersive infrared (NDIR), and NOx using chemiluminescence technique. Tailpipe
ammonia (NHs) and nitrous oxide (N20) measurements were made using a Horiba MEXA.-
ONE-QCL-NX quantum cascade laser infrared spectrometer (QCL). This paper will only
discuss NOx and NHs emissions results.
6.3.4. Data Analysis

The emissions results were calculated on a g/bhp-hr, g/mile, g/hour, and g/gallon
basis. The g/gallon emission rates were calculated using fuel use rates determined using
the carbon balance method. The results were also calculated based on the 3-MAW method.
The 3-bin MAW method aims to cover a broader range of operating conditions compared
to the previous not-to-exceed (NTE) method. The California Air Resources Board
(CARB,2021) adopted this calculation methodology as part of a new regulation for NOx
and PM emissions from heavy-duty diesel vehicles with model years from 2024 to 2031
on December 22" 2021, which included new in-use compliance procedures (CARB,
2022). The 3-bin MAW method starts with establishing a test interval for every 300 second
interval after the key-on event and creates a new window starting 1 second after the start

of the previous window. The mean mass rate of CO> over the valid window (Mcoz win) iS
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then determined for the real-world emissions. The Mcoz2 win IS then compared to the CO>
emissions value for the engine’s maximum power and its FTP Family Certification Level
(FCL), which is defined as the maximum mass rate of CO2 (Mcozmax). The ratio of Mcoz
win t0 Mco2ma IS then used to define the load level of the event as a percentage of the
maximum load. The results from each 300 second window over the shift-day were
separated based on their mean mass percent of CO2 (Wco2 win) into one of the following
three bins: Idle bin with Wco2 win < 6%, Low load bin with 6% < Wco2 win < 20%, and
Medium/High load bin with Wco2 win > 20%.
6.4. Results and Discussion
6.4.1. NOx and NH3 Emissions

Figure 6.1 shows the NOx emissions for each vehicle and route on a g/mile and
g/bhp-hr basis. Additional data is provided in Table 6.3 for NOx emissions expressed in
g/hour and g/gal basis. Note that Route 4 of vehicle 0.02CNG #2 was not available due to
a technical issue with the instruments. NOx emissions varied depending on the route.
Diesel (no SCR) #1 showed the highest NOx emissions for all routes compared to the other
diesel and CNG trucks. For Diesel (no SCR) #1, average NOx emissions ranged from 2.0
to 3.5 on a g/mile basis and from 0.6 to 1.1 on a g/bhp-hr basis, with the overall emissions
for all test routes being below the engine’s certification limit of 1.2 g/bhp-hr. Although the
engine’s certification limit is based on the results from engine dynamometer testing over
the Federal Test Procedure (FTP) cycle, comparisons to the certification limit can still
provide some valuable information on how real-world emissions are correlated with
laboratory testing. On a g/bhp-hr, g/mile, and g/gal basis, the highest emissions for Diesel

(no SCR) #1 were found over the Grocery Distribution route (Route 1), with emission rates
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around 1.08 g/bhp-hr and 3.46 g/mile. The lowest emissions were generally seen for the
Highway Goods Movement route (Route 4), with emission rates around 0.59 g/bhp-hr and
1.99 g/mile. The Grocery Distribution route is characterized by more extensive freeway
driving in traffic in the greater Los Angeles (L.A.) area, while the Highway Goods
Movement route is characterized by more steady-state open freeway driving out to Indio,
CA and back to Riverside, CA. The Port-Drayage (Route 2) and Goods Movement with
Elevation Change routes (Route 3) showed similar NOx emissions on a g/bhp-hr, g/mile,
and g/gal basis, even though they represent considerably different driving conditions. The
Port-Drayage route represents driving from the port of L.A. and port of Long Beach to
inland warehousing areas, while the Goods Movement with Elevation Change route
represents mountain driving conditions. The NOx emissions on a g/hour basis were the
highest for the Goods Movement with Elevation Change route, which is characterized by
extended operation on a steep climb, combined with an extended downhill driving on the
return trip, and were lowest for the Port-Drayage route, which represents driving through
the greater L.A. area.

These results can be compared to other results in literature. Emission factors from
EMFAC for 2007-2009 vehicles range from 6.4 to 7.7 g/mile, which are generally lower
than those measured here (CARB, 2011). McCaffery et al (2021) tested vehicles with the
same engine technology over their typical daily operation using PEMS as part of a
companion work to this study, with NOx emission rates ranging from 0.7 to 1.2 g/bhp-hr.
For older pre-2010 non-SCR equipped diesel vehicles, Durbin et al. found considerably
higher emission factors ranging between 5-30 g/mile depending on the engine model year

and cycles (Durbin et al., 2008), indicating that later MY pre-2010 non-SCR vehicles show
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significant advancements in engine technology and better control of post-engine NOXx
emissions. Although the fraction of pre-2010 non-SCR vehicles continues to decline, and
particularly in California, emissions results from non-SCR equipped vehicles still provide
information on potential emission reductions for other transportation sources where SCR
has just started to be implemented or even for other parts of the U.S. where emissions
standards are less stringent compared to those in California.

For both the SCR-equipped diesel vehicles, average NOx emissions ranged from
0.21 to 0.62 on a g/bhp-hr basis and from 0.69 to 2.24 on a g/mile basis. On a g/mile basis,
the highest NOx emissions for both diesel trucks were found over the Goods Movement
with Elevation Change route, with the steep climb, while the lowest emissions were
generally seen for the Grocery Distribution route through the greater LA area. On a g/bhp-
hr basis, the Goods Movement with Elevation Change Route (Route #3) and the Highway
Goods Movement route (Route #4) showed around 50% higher emissions than the Port-
Drayage route (Route #2) and the Grocery Distribution route (Route #1). For both SCR
equipped diesel vehicles, all four routes were higher than the 0.2 g/bhp-hr certification
limits. For 0.2Diesel #3 on a g/bhp-hr basis, the Grocery Distribution route (Route #1) and
the Port-Drayage route (Route #2) showed NOx emissions around the 0.2 g/bhp-hr level
which were 1.5 times higher than the limit over the other two routes. On the other hand,
0.2Diesel #2 showed emissions about twice those for 0.2Diesel #3 over all four test routes
with emission rates ranging between 0.41 to 0.62 g/bhp-hr. This may indicate 0.2Diesel #2
had a greater level of deterioration. A number of studies have found that real-world
deterioration of diesel vehicles emissions is highly dependent on vehicle mileage

(Boveroux et al., 2021; Chen et al., 2020). In addition, real driving conditions and the
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vocation of the vehicles may also impact the deterioration rate (Hao et al., 2022).0n a
g/hour basis, the Goods Movement with Elevation Change and Highway Goods Movement
routes showed the highest NOx emissions, while the Port-Drayage and Grocery
Distribution routes both showed lower emissions.

The emissions results for this study are comparable to those found in some other
studies. In evaluating data from the Heavy-Duty In-Use Testing (HDIUT) program,
Badshah et al. (2019) found emissions rates of 0.42 g NOx/bhp-hr when the data were
averaged over all operation (Badshah et al., 2019). The results are also comparable to those
obtained from similar in-use SCR-equipped vehicles when tested PEMS, with NOXx
emissions ranging from 0.3 to 0.6 g/bhp-hr (McCaffery et al., 2021). (Jiang et al., 2018)
evaluated NOx emissions from five heavy-duty diesel trucks equipped with DPFs and SCR
systems on a chassis dynamometer and showed emissions around 0.13 to 0.39 g/bhp-hr
over the UDDS cycle and around 0.07 to 0.25 g/bhp-hr over the high-speed cruise cycle.
The NOx emission rates are lower than those found in the 202x EMission FACtors
(EMFAC) model developed by CARB. The 202x EMFAC model indicates that most of
MY 2013 to 2015 heavy heavy-duty (HHD) vehicles showed emissions higher than the
standard, with some low mileage vehicles showing six times higher. Furthermore, the late
model year (after MY 2016) vehicles showed NOx emissions three to four times higher
than the standard, ranging from 2 to 4 g/mile over a UDDS cycle (CARB, 2020). Some
other studies also showed generally higher NOx emissions than this study depending on
the cycles. Misra et al. also found higher NOx emissions, but in the range of the engine
certification limit depending on the test cycles and cold-starts (Misra et al., 2013). A

number of other investigations have indicated that engine deterioration can be caused by
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higher mileage, improper dosing of urea in the SCR system, and non-functional or poorly
maintained aftertreatment system that may lead to excessive NOx emissions that
sometimes can be two times or even higher than the engine certification limits (Jiang et al.,
2021; Misra et al., 2013; Thiruvengadam et al., 2015).

NOx emissions for both CNG vehicles were considerably lower than those for both
the diesel vehicles equipped with or without SCR systems, with average NOx emissions
ranging from 0.01 to 0.02 on a g/bhp-hr basis and from 0.04 to 0.07 on a g/mile basis.
These emissions were all at or below the certification standard for all routes, with slightly
higher emission rates for the Goods Movement with Elevation Change and Highway Goods
Movement routes compared to the Port-Drayage and Grocery Distribution routes. Other
studies have also indicated the potential of ultra-low NOx CNG engines of reaching NOx
emissions levels at or below 0.02 g/bhp-hr (Li et al., 2019; Zhu et al., 2020). These NOx
emission rates are lower than those found for similar CNG in-use vehicles tested with

PEMS and ranged from 0.03 to 0.13 g/bhp-hr (McCaffery et al., 2021).
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Figure 6.1 Real-World NOx Emission Results

NHz emissions for each vehicle and route are shown on a g/mile and g/bhp-hr basis
in Figure 6.2, except for Route 4 for 0.02CNG#2. Note that Route 4 of vehicle 0.02CNG
#2 was not available due to a technical issue with the measurement instruments. NHs
emissions varied depending on the vehicle and test route. Diesel (no SCR) #1 showed
almost no NHz emissions due to lack of SCR catalyst system. It is well known that NH3 is
not a combustion product but rather can form due to NHs slip through the SCR catalyst.
For diesel engines, SCR systems utilize atomized urea to form NHs which serves as a
reducing agent in converting NOx to N2 and water (Heywood, 2018). NH3 emissions can
slip through the catalyst depending on urea dosing and other conditions (Suarez-Bertoa and
Astorga, 2016), although most SCR-equipped engines are also equipped with an NH3z slip
catalyst to minimize this. Figure 6.2 shows that for both SCR-equipped diesel vehicles

when operating over Route #1, Route #2, and Route #4 showed NHs emission rates ranging
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from 0.01 to 0.03 g/bhp-hr (0.02 to 0.09 g/mile). NHs emissions over Route #3 were close
to the measurement limits of the instrument, possibly due to better control of urea-dosing
of this route.

Although CNG vehicles provide a solid potential for reducing NOx emissions in
heavy-duty applications, elevated tailpipe NHs emissions could be a concern, due to the
contribution of NHs to the formation of secondary fine particulate matter (PM) (Nowak et
al., 2010). In the TWC, NHz is formed via the reduction of nitric oxide (NO) by molecular
hydrogen produced from a water-gas shift reaction between CO and water or via steam
reforming of hydrocarbons. The formation of hydrogen is favored under fuel rich
conditions and at catalyst temperatures above 250 °C (Suarez-Bertoa and Astorga, 2016;
Nevalainen et al., 2018; Whittington et al., 1995). Our results showed about 20 times higher
NH3 emissions for the CNG vehicles compared to the SCR-equipped diesel vehicles, even
though the CNG vehicles exhibited over 90% NOx emissions reductions compared to the
SCR-equipped vehicles. NH3z emissions ranged from 0.1 to 0.19 g/bhp-hr (0.42 to 0.69
g/mile), with the Grocery Distribution route (Route #1) and the Port Drayage Route (Route
#2) having the highest NH3 emissions. Both these routes represented more urban driving
with more transient driving patterns due to more frequent stop-and-go events. The lowest
NHs emissions were seen for the Highway Goods Movement route (Route #4) for
0.02CNG #1, with NHz emissions rates of 0.19 g/bhp-hr (0.69 g/mile), which is 34% lower

than those for the Grocery Distribution route.
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Figure 6.2 Real-World NHs Emission Results
6.4.2. Three Bin Moving Average Window (MAW) Method

Figure 6.3 shows the fraction of windows for each of the 3-bin MAW bins over the
four routes based on the emissions and engine data from 0.2Diesel #2 and 0.2Diesel #3.
The figure provides information on the fraction of vehicle operation on a time duration
basis in each of the bins for each route. The bins are determined load level determined
based on the ratio of Mcoawin t0 Mcoama, as discussed in section 2.4. The highest fraction
of operation was found in either the low load or med/high load bins, depending on the
route. The fraction of valid windows for the low load bin ranged from 33% to 52%
depending on the routes. The Grocery Distribution route showed the highest fraction for
the low load bins of 52%, which represents more of urban driving conditions consisting of
frequent stop-and-go events. The fraction of valid windows for the med/high load bin
ranged from 37% to 48%. The Highway Goods Movement route showed the highest
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fraction of valid events for the medium/high load bins of 48%, which represents more
freeway driving conditions consisting of high vehicle speed and engine power events.

For the idle windows, the highest fraction of valid idle windows was found for the
Port-Drayage route (Route #2) and Goods Movement with Elevation Change route (Route
#3), at 23% and 25%, respectively. The Port-Drayage route includes an extended idle and
creep operation, which simulates port activity while the vehicle is waiting at the port
terminals to load shipping containers. The Goods Movement with Elevation Change route,
interestingly, also showed a large fraction of idle activity, though the vehicle was operating
at a relatively high speed for most of this time. Deeper investigation of the real-time data
showed that prolonged downhill driving was the main contributor to idle activity for the
Goods Movement with Elevation Change route. The extended downhill driving
(deceleration) is classified similarly to the idle because the the fuel is cut-off for long
periods, as indicated by the CO2 emissions. The Grocery Distribution route showed the
lowest fraction of valid idle windows at 6%, followed by the Highway Goods Movement

route at 11%.
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Figure 6.3 Fraction of valid window in each bin over the testing routes

Figure 6.4(a-d) shows NOx emissions results for the 3-bin MAW method for
0.2Diesel #2, 0.2Diesel #3, and 0.02CNG #1 vehicles for each route. The average NOXx
emissions over the full Route, including all operational modes, are also shown in Figure
6.4(d) to serve as a baseline comparison to the binning results. Average SCR/TWC inlet
temperatures are also provided to show the difference in catalyst conditions between
routes/engine technology types. Diesel (No SCR) #1 was excluded as non-SCR equipped
diesel vehicles and are not subject to the 3-bin MAW regulation and are being phased out.
CNG vehicles with spark-ignited engines are also generally not evaluated over the 3-bin
MAW method, especially under low load and idle conditions, since the CO. mass
emissions for this type of combustion engine platform do not show as much consistency
compared to compression ignition engines. However, it is valuable to provide a

comparison between the CNG and diesel vehicles using this method. Only one CNG
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vehicle is included in the analysis since both CNG vehicles showed almost identical trends.
Although vehicles manufactured prior to 2024 will not be subject to monitoring using the
3-bin MAW method, it is still useful to evaluate the current results in this context to see
how current technology vehicles perform against this metric. For the 3-bin MAW window,
the in-use compliance limits for the medium/high load are set to be 2 times the emissions
certification value for 2024 to 2029 vehicles, and 1.5 times the emissions certification value
for 2030 and beyond vehicles. The idle emissions will be compared to the idle limit, which
is currently 20 g/h, but will be reduced to 10 g/hr in 2024. The 2 times limits for the
medium/high load and the current 30 g/h limit are also included in the Figure 6.4 for
illustrative purposes. The low load bins compliance limits for future engines will be based
on 2 times the certification limit for the low load cycle that will be implemented in 2024,
but this is not shown in the figures, as these engines were not certification over this cycle.

For the medium/high load bins, 0.2Diesel #3 showed emissions that were well
below the in-use compliance limits over all routes, while 0.2Diesel #2 showed NOXx
emissions that ranged from 0.4 to 0.6 g/bhp-hr, which were between 1.3 and two times
higher than the future 0.3 g/bhp-hr in-use compliance limits. The 0.2Diesel #2 vehicle
showed lower NOx emission rates than 0.2Diesel#3 over all four routes despite their
similar average temperature profiles, as shown in Figure 6.4(d). The average SCR inlet
temperatures for the medium/high load bins were higher than those averaged over the full
route, ranging between 300°C and 400°C. For the low load bins, NOx emissions for the
0.2Diesel #3 showed greater variation compared to those for 0.2Diesel #2, with Route #1
and Route #2 showing lower emissions and Route #3 and Route #4 showing higher NOx

emissions. For the idle bin results, the emissions were all below the current 30 g/h limits,
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except for 0.2Diesel #3 over the Goods Movement with Elevation Change route. Both
vehicles showed average SCR inlet temperatures well below 200 °C for the idle periods.
The idle emissions trends between different diesel vehicles are discussed in greater detail
in section 3.3.2. The 0.02CNG #1 vehicle showed emissions well below those of the 0.2
SCR-equipped diesel vehicles for all three bins, with the medium/high bin emissions being
well below 2 times the certification standard limits. There were some trends of slightly
higher emissions for the Goods Movement with Elevation Change and Highway Goods

Movement routes, which are discussed in greater detail in section 3.3.3.
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6.4.3. Real-Time Emission Profile Snapshots

This section discusses the real-time emissions profiles for different vehicles over
different routes. Real-time emissions plots are shown for both 0.2 diesel vehicles and 0.02
CNG #1 over the Grocery Distribution route and over the idle creep segment of the Port-
Drayage route, and for 0.02 CNG #1 over the Goods Movement with Elevation Change
route. The Grocery Distribution Route was chosen as it is the most representative route of
goods movement vehicles in SCAB whose activities include a mix of urban, highway, and
loading/unloading events. The idle creep segment represents traffic congestion in the port
area while transferring goods, which is highlighted to help illustrate emissions under idle
or low load/speed conditions. The Goods movement with elevation change route was
chosen for the CNG vehicle since it is the only route that showed appreciable NOx emission
event beyond the start of the route for these vehicles. The 3-bin analysis results shown
previously for this route also indicate elevated NOx emissions during the low load bin, and
thus more investigation on the real-time emissions plot is necessary.

6.4.3.1. Grocery Distribution Route

Figure 6.5 shows the real-time emissions profiles for tailpipe NOx emissions,
tailpipe NHs emissions, the SCR inlet temperature, and vehicle speed profiles over the
initial segment of the Grocery Distribution Route for the two 0.2 Diesel vehicles and one
CNG vehicle. Figure 6.5 provides a clear comparison for NOx emissions between the
different engine technologies over the first segment of the Grocery Distribution Route. The
0.2Diesel #2 vehicle showed almost two times higher NOx emission rates than 0.2Diesel
#3, which is shown by comparing the real-time NOx emission profiles. Both diesel vehicles

showed emissions during the initial cold start phase and during the first 800s, when the
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SCR inlet temperatures were below around 250 °C, with emission rates reaching up to 0.1
g/s and 0.15 g/s for 0.2Diesel #2 and 0.2Diesel #3, respectively. Elevated NOx emissions
were observed mostly during accelerations, where higher cylinder temperatures and
combustion pressures will favor NOx formation. In contrast, 0.2Diesel #3 showed elevated
NOx emissions even during periods where the SCR catalyst was above 250 °C, indicating
inefficient NOx reductions from the SCR catalyst, which could be due to catalyst
degradation or improper urea dosing for this vehicle. The 0.2Diesel #2 vehicle showed NH3
emissions spikes at around 1000s, which could be due to the over-dosing of urea that results
in high NH3/NOx and thus high ammonia slip.

For 0.2Diesel #3, a DPF regeneration event occurred in segment 5 at around
28,000s, where the SCR inlet temperatures exceeded 500 °C, which is illustrated in Figure
6.8. During the regeneration event, NOx emission rates were two times higher than those
under normal driving conditions, with emission rates around 0.4 g/bhp-hr. Higher NOXx
emissions during DPF regeneration events have been reported in previous studies and were
largely attributed to the fuel-rich mode during regeneration that can increase the post
injection fuel quantities, retard post injection timing, and increase the exhaust temperatures
(Ko et al., 2019). Other studies have shown little influence in NOx emissions during DPF
regeneration events (Huang et al., 2022; Papadopoulos et al., 2020). The 0.02CNG #1
vehicle showed elevated NOx emissions during the initial cold start phase when the TWC
was below its light-off temperature. NOx emission rates during the cold start phase reached
up to 0.025 g/s, which were comparable to those from the SCR-equipped diesel vehicles.
NH3s emissions, however, occurred over the course of the whole route for the 0.02CNG #1

vehicle, with emissions rate reaching up to 0.06 g/s during acceleration events.
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Figure 6.5 Real-time tailpipe NOx emissions (g/s), catalyst intake temperature (°C),
and vehicle speed (mph) for 0.2Diesel #2, 0.2Diesel #3, and 0.02CNG #1 over the
Grocery Distribution route.

6.4.3.2. Idle Creep Segment of the Port-Drayage Route

Figure 6.6 shows the real-time emissions profiles for tailpipe NOx emissions,
tailpipe NHz emissions, the SCR inlet temperature, the EGR rate and vehicle speed profiles
over a window of the idle-creep segment of the Port-Drayage Route for the two SCR-
equipped vehicles and one CNG vehicle. Idle creep activity is important to understand
since different factors may affect NOx emissions under this engine operating condition.

For both diesel vehicles, SCR inlet temperatures were constant during the idle
period at around 100 °C, such that almost no NOx emissions reductions from the SCR
catalyst was observed. For 0.2Diesel #2, the idle period showed emission rates ranging
from 0.002 to 0.004 g/s (7.2 to 14.4 g/hour), with almost no engagement of EGR, except
for two times at 1,200s and 2,600s, respectively. In contrast, 0.2Diesel #3 showed higher
idle emission rates of around 0.006 g/s (21.6 g/hour). The EGR rate for 0.2Diesel #3

reached up to 30%, with NOx emissions spiking when the EGR rate decreased and vice

178



versa. This indicated that lower EGR rates contribute to higher NOx emissions. For the
0.02CNG #1 vehicle, a different phenomenon was observed where NOx emissions were
mostly close to the detection limit, except for the NOx emissions between 1400s to 1600s,
which was due to lower catalyst temperatures during this period. During this period, EGR
rates were close to zero. NHs emissions spikes were observed after 1700s when the catalyst
was above 400 °C, with the highest NHsz emission rate of around 0.0016 g/s at around
1,900s. NH3 emissions are usually seen at lower air/fuel ratios that are associated with rich

combustion conditions that favor the formation of CO emissions (Suarez-Bertoa et al.,

2017).
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Figure 6.6 Real-time tailpipe NOx emissions (g/s), catalyst intake temperature (°C),

and vehicle speed (mph) for 0.2Diesel #2, 0.2Diesel #3, and 0.02CNG #1 over idle
creep segment of Port Drayage route.
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6.4.3.3. Goods Movement With Elevation Change Route (Route #3)
Figure 6.7 shows the real-time profiles for tailpipe NOx emissions, TWC inlet
temperatures, and vehicle speed for a CNG vehicles over the Goods Movement with
Elevation Change route. This route was selected because the NOx emissions for the other
routes were generally very low or close to the detection limit over the entire duration of the
routes for the CNG vehicles, with the exception of some NOXx spikes at the very beginning
of each testing day, when the engine was cold and the TWC was below its light-off
temperature. A fully warmed-up TWC is expected to provide high NOx reduction
efficiencies, which was the case for the majority of the routes. Elevated NOx emissions
were observed during downhill driving at around 4,000s and 10,000s due to the TWC
temperatures being below 200 °C. NOx emissions during the downhill segment when the
engine falls into the idle or low load bin accounted for about 70% of the total emissions for
this route. NHs emissions across the entire route ranged from 0.08 g/s to close to zero
during the downhill driving phase, which also indicates no catalyst reactions occurring to
reduce NOx. NOXx emissions during the cold-start phase accounted for about 15% of the
total emissions for this route, compared to 25 % for Grocery Distribution route without

significant downhill driving.
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Figure 6.7 Real time tailpipe NOx emissions(g/s), catalyst intake temperature(°C)
and vehicle speed (mph) for 0.02CNG #1 over Goods Movement with Elevation
Change route.

6.5. Conclusions

This study measured and characterized NOx emissions from five heavy-duty diesel
and natural gas goods movement vehicles with different engine technologies. All five
vehicles were tested on-road under four pre-defined goods movement routes in SCAB,
representing grocery distribution, port-drayage operation, and highway driving with and
without elevation change. NOx emissions were measured using a mobile emissions
laboratory. NOx emissions varied depending on the vehicle and the route. The diesel (no
SCR) vehicle showed the highest NOx emissions over all routes, ranging from 0.6 to 1.1
g/bhp-hr. For the SCR-equipped diesel vehicles, the NOx emission rates ranged from 0.21
to 0.62 g/bhp-hr, with the NOx emissions rates for 0.2Diesel #2 being about two times
higher than those from 0.2Diesel #3. This could be due to deterioration of the engines or
SCR catalyst, since it showed higher NOx emissions even during section of the route where
the SCR inlet temperature was at its optimal operating range. CNG vehicles showed

average NOx emissions at or below the optional NOx emission standard of 0.02 g/bhp-hr.
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The three-bin MAW method was utilized to show the NOx emissions across various modes
of operation conditions, including idle, low load, and medium/high load. The highest
fraction of operation was found in either the low load or med/high load bins, depending on
the route, with the highway routes showing a greater fraction operation in the med/high
load bin, and the Grocery Distribution and Port-Drayage routes showing a greater fraction
operation in the low load bin. For the idle windows, the highest fraction of valid idle
windows was found for the Port-Drayage route (Route #2) and Goods Movement with
Elevation Change route (Route #3), at 23% and 25%, respectively.
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6.8. Supplemental Materials
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Figure 6.8 DPF regeneration event for Diesel #3

(a): Topographic map of the grocery distribution route, mix of urban, rural and
highway driving including 3 or 4 stops at grocery centers with total soak time of 2.5
hours per day to simulate unloading of goods.
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(b): Topographic map of the port-drayage route, mix port operation, and urban and
highway driving including simulation of idle/creep, operation during container
loading.
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(c): Topographic map of the goods movement route with elevation change (i.e., UPS
Route), extended highway driving including larger elevation changes.
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(d): Topographic map of the highway goods movement route, extended highway
operation with short urban links.

Figure 6.9 SM-2(a-d) Topographic maps of the test routes: (a) Grocery Distribution
route (route #1), (b) Port-Drayage route (route #2), (¢) Goods Movement with
Elevation Change route (route #3), and (d) Highway Goods Movement route (route
#4)
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Table 6.3 SM-3 On-road NOx emissions for UDDS cycle

g/hour g/gal g/route
Dsleég)(ylo Grocery Distribution route 91.26 23.10 615.41
Port-Drayage route 65.37 16.48 428.57
Goods Movement with Elevation 98.29 14.83 306.32
Change route
Highway Goods Movement route  75.51 12.56 349.46
0.2Diesel #2 Grocery Distribution route 38.59 8.34 244.75
Port-Drayage route 39.26 11.06 245.38
Goods Movement with Elevation 74.77 13.05 935 85
Change route
Highway Goods Movement route  72.72 11.54 304.63
0.2Diesel #3 Grocery Distribution route 20.14 4.09 112.82
Port-Drayage route 18.83 7.99 115.63
Goods Movement with Elevation
- 12.07 -
Change route
Highway Goods Movement route  37.68 11.65 163.72
0.02CNG #1 Grocery Distribution route 0.90 1.00 5.29
Port-Drayage route 0.86 1.19 6.00
Goods Movement with Elevation 5 49 160 8.95
Change route
Highway Goods Movement route 2.27 1.82 10.26
0.02CNG #2 Grocery Distribution route 1.24 1.53 7.48
Port-Drayage route 2.02 1.80 7.67
Goods Movement with Elevation 5 42 156 773

Change route
Highway Goods Movement route
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7. Conclusions

For Chapter 2 Emission Measurements were made for 10 pieces of Tier 4 final
equipment with SCR and DPF aftertreatment systems which included 3 excavators, 3 wheel
loaders, 2 backhoe/loaders, and 2 crawler tractors with PEMS. This information will be
useful for developing emissions inventory models, understanding the differences between
certification levels and real-world emissions, and in understanding the effectiveness of
advanced aftertreatment systems for off-road applications. The main conclusion in this
study can be summarized as follows:

For all types of equipment, the highest NOx emissions were seen for the cold start phase
due to exhaust temperatures being below the activation temperatures for the SCR system.
This was followed by the travel mode operation. NOx emissions under idle ranged from
12.8 to 50 g/hour, which in many cases was higher than the NOx emissions for work modes
on a time basis.

NOx emissions from all equipment categories for trench and backfill operations showed a
range from 0.07 to 0.69 g/bhp-hr, and from 11.4 to 34.2 g/hour. NOx emissions for the
trench and backfill modes were generally close or below the in-use compliance emission
rate, except for a few pieces of equipment that had higher NOx emissions due to cooler
aftertreatment systems. NOx emissions for the work modes are comparable to the
OFFROAD model prediction for most of the equipment. Compared to the previous studies,
the Tier 4 final equipment showed an average reduction of 91% for NOx emissions. This
indicates a significant benefit could be achieved for NOx emissions by deploying Tier 4

final advanced technology, such as SCR, from an emission reduction perspective.
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PM and CO emissions for all the different types of equipment were below the certification
standard. PM emissions for Backhoe/Loader is higher than other equipment categories
because both pieces of equipment in Backhoe/Loader category lacked a DPF to reduce PM
emissions. PM emissions were generally lower than those for the OFFROAD model,
suggesting PM emissions might be overestimated in categories where DPFs are more
prevalent than predicted.

For Chapter 3, the work investigated the emissions impacts from two near-zero NOx
emissions natural gas heavy-duty vehicles in different vocations. Both vehicles were
exercised over different driving cycles on a chassis dynamometer. The results reported here
showed very low NOx emissions levels for both vehicles and dramatic reductions of up to
90% compared to the 2010 certification standard. This study highlighted the potential
importance of using ultra-low NOXx stoichiometric natural gas platforms in captive fleets,
seaport equipment, and goods movement vehicles to alleviate ground-level ozone
formation in urban areas of the South Coast Air basin. The impact of the cold-start period
on NOx emissions was found to be relatively small considering the real-world fraction of
time natural gas heavy-duty vehicles of any vocation operate in cold mode compared to
hot mode. Both vehicles showed elevated solid particle number emissions that were above
the European particle number limit, indicating that significant work should be undertaken
to reduce solid particle number emissions from natural gas vehicles to levels comparable
to those of diesel vehicles equipped with DPFs. In addition, a significant fraction of smaller
sub 23 nm particles exists in natural gas engine exhaust, which could be a major concern
from regulatory and health effects perspectives. For the 12L goods movement vehicle, the

profile of the particle size distribution was highly dependent on the test cycle. For some
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test cycles, high particle concentrations in the nucleation mode regime were observed
during acceleration events, whereas for other test cycles particles in the accumulation mode
were seen during deceleration. Both driving patterns favor the infusion of lubrication oil
via the piston ring into the combustion chamber, which will result in particle formation.
For the 6.7L yard tractor, nucleation mode particles in the 5-10 nm diameter dominated the
particle size distribution, with the higher load cycle producing greater populations of both
nucleation and accumulation mode particles than the lower load cycles. CO emissions were
found in relatively high levels, but lower than older technology stoichiometric natural gas
engines, indicating significant improvements in engine calibration and catalyst
formulation. Emissions of N2O and NHs were highly dependent of the cold-start cycles
showing higher concentrations for both vehicles compared to the hot-start tests. CHa, the
principal component of natural gas, showed elevated emission levels associated with the
incomplete combustion of CHg, especially during transient operation and at higher engine
speeds.

For Chapter 4 and 5, NOx, N2O, NHz, particulate matter (PM), greenhouse gases
(GHG), total hydrocarbon (THC), carbon monoxide (CO), and carbonly emissions were
measured from a fleet of 14 different heavy-duty vehicles over different drive cycles using
a chassis dynamometer. Chapter 4 showed that the UDDS NOx emissions varied depending
on the vocation and the technology with average NOx emissions across all vehicles ranged
from 0.003 to 6.16 g/bhp-hr. NOx emissions for vocational cycle and HHDDT cruise
cycles showed some variances compared with the UDDS cycle but in the same range. For
the 0.2 g diesel vehicles, the in-use PEMS NOx emissions were higher than those over the

vocational and UDDS cycles, except for goods movement vehicles 0.2Diesel #3 and #5,
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suggesting, for most of cases, that there were elements of the in-use operations that are still
not necessarily captured in the vocational cycles. HVO provided significant reductions in
NOx emissions for diesel (no SCR) vehicles. The 0.2 g diesel vehicles with model years
newer than 2010 showed more similar emissions between diesel fuel and HVO, that were
generally comparable within the experimental variability for the hot start UDDS. NH3 and
N20 emissions are also pollutants of concern for air quality and global warming, which
originates from the catalyst reaction. NoO emissions from SCR equipped diesel vehicles
originate from the catalyst reaction involving NHsz and NOx emissions as well as the
decomposition of nitrite particles. The formation of N.O for CNG vehicles is favored at
catalyst temperatures below 350°C.

Chapter 5 showed PM emissions were below the 10 mg/bhp-hr certification for all
vehicles over both cold and hot start cycles, with the exception for the goods movement
vehicle Diesel (No SCR) #2 and one CNG vehicle with a non-functional catalyst. Total
particle number emissions for most of the CNG vehicles were above the European particle
number limit, although the Euro limit is only for solid particles. This indicates that more
efforts need to be made to reduce particle number emissions from natural gas vehicles to
the emission certification levels. Most DPF-equipped diesel vehicles showed particle
number emissions below the standard. Particle number emissions were elevated during the
deacceleration event, where the fuel to the engine was cut off. Furthermore, the majority
of the particles reside in the nucleation mode region with an average geometric mean
diameter (GMD) in the order of 10 nm. The current findings suggest that CNG particle
emissions are mostly related to the lubricant oil escape from the oil ventilation system,

from piston rings or valves. Phosphorus (P), sulfur (S), calcium (Ca), zinc (Zn), and iron
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(Fe) were the dominant metallic and non-metallic species in PM. The presence of Fe
suggests that some of the PM may originate from engine wear. CO and THC emissions
were found in relatively high levels, with more advanced 0.02CNG vehicles significantly
lower than the 0.2CNG vehicles, indicating significant improvements in engine calibration
and catalyst formulation. CO2 emissions are the main contributor to GHG emissions for all
vehicles. Natural gas engines are generally characterized by their relatively high CH4
emissions. CH4 contributes the second largest to GHG emissions for CNG vehicles over
mostly the UDDS cycle.

Chapter 6 measured and characterized NOx emissions from five heavy-duty diesel
and natural gas goods movement vehicles with different engine technologies. All five
vehicles were tested on-road under four pre-defined goods movement routes in SCAB,
representing grocery distribution, port-drayage operation, and highway driving with and
without elevation change. NOx emissions were measured using a mobile emissions
laboratory. NOx emissions varied depending on the vehicle and the route. The diesel (no
SCR) vehicle showed the highest NOx emissions over all routes, ranging from 0.6 to 1.1
g/bhp-hr. For the SCR-equipped diesel vehicles, the NOx emission rates ranged from 0.21
to 0.62 g/bhp-hr, with the NOx emissions rates for 0.2Diesel #2 being about two times
higher than those from 0.2Diesel #3. This could be due to deterioration of the engines or
SCR catalyst, since it showed higher NOx emissions even during section of the route where
the SCR inlet temperature was at its optimal operating range. CNG vehicles showed
average NOx emissions at or below the optional NOx emission standard of 0.02 g/bhp-hr.
The three-bin MAW method was utilized to show the NOx emissions across various modes

of operation conditions, including idle, low load, and medium/high load. The highest
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fraction of operation was found in either the low load or med/high load bins, depending on
the route, with the highway routes showing a greater fraction operation in the med/high
load bin, and the Grocery Distribution and Port-Drayage routes showing a greater fraction
operation in the low load bin. For the idle windows, the highest fraction of valid idle
windows was found for the Port-Drayage route (Route #2) and Goods Movement with

Elevation Change route (Route #3), at 23% and 25%, respectively.
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