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Abstract

An engine-aftertreatment computational model was developed to
support in-loop performance simulations of tailpipe emissions and fuel
consumption associated with a range of heavy-duty (HD) truck drive
cycles. For purposes of this study, the engine-out exhaust dynamics
were simulated with a combination of steady-state engine maps and
dynamic correction factors that accounted for recent engine operating
history. The engine correction factors were approximated as dynamic
first-order lags associated with the thermal inertia of the major engine
components and the rate at which engine-out exhaust temperature and
composition vary as combustion heat is absorbed or lost to the
surroundings. The aftertreatment model included catalytic monolith
components for diesel exhaust oxidation, particulate filtration, and
selective catalytic reduction of nitrogen oxides (NOx) with urea. Both
the engine and aftertreatment models have been calibrated with
dynamometer measurements from a commercial 2010-certificated 15-
L Cummins diesel engine. The fuel consumption engine map with the
reduced data is attached in the appendix. Simulations with the
combined engine and aftertreatment models above appear to reveal
important trends among the fuel efficiency, emissions control, power
demand for HD trucks under realistic drive cycle conditions. Thus, this
type of computational simulation appears to have significant value in
choosing among options for HD vehicle design and operation.

Introduction

US transportation represents over 3 trillion vehicle-miles driven and
11 billion tons of freight transported annually, accounting for 70% of
the nation’s petroleum consumption [1]. The transportation sector also
contributes over 65% of CO2, 50% of NOx, 20% of PM in the nation,
which significantly impacts air pollution and climate change [1].
Heavy-duty (HD) vehicles represent only about 5 percent of total
highway traffic but account for 20 percent of transportation-related
fuel consumption and carbon emissions. [2]. Many nationwide fleets
have shown significant interest in expending their fleet using vehicles
equipped with innovative technologies, potentially improving society,
environment, and economy [3]. Thus, substantial research efforts are
expected to improve fuel consumption and emissions reduction in the
current and future HD trucks.

Unlike light-duty (LD) vehicles, which have seen the adoption of
advanced plug-in hybrid and battery electric vehicles, HD vehicles are
still expected to continue using conventional diesel engines as power
sources in future decades. This is because HD vehicles’ requirement

Page 1 of 12

7/20/2015

for extremely higher power and durability to withstand harsh working
environments, which are challenging to electric vehicle technologies
[4-5]. At present, nearly all HD diesel engines typically run under lean
burn mode, which achieves significant higher thermal efficiency than
stoichiometric gasoline engines. Moreover, the HD diesel engines are
expected to continue the efficiency improvement in future. For
example, the US DOE’s SuperTruck program with 15 industry partners
(including six truck manufacturers) already developed 50% braking
thermal efficiency in demonstration truck and aims to demonstrate
engines having thermal efficiency of 55% by 2021 [6]. However,
advanced lean diesel engine technologies bring a substantial challenge
for emissions control which requires complex and expensive exhaust
aftertreatment systems, particularly for NOx and PM emissions control
[7-9]. Advanced combustion efficiency improvements lower engine
exhaust temperature considerably, and hamper the performance of lean
exhaust aftertreatment devices [10].

On the other hand, HD vehicle emissions regulations are becoming
more and more restrictive (see Figure 1). For example, the US EPA
2010 emission standards for heavy-duty engines have established a
limit for oxides of nitrogen (NOx) emissions of 0.20 g/bhp-hr, a 90%
reduction from the previous emission standards. Furthermore,
California ARB required manufacturers to achieve NOx emissions
significantly lower than the current engine standard. The target NOx
emission rate of California ARB over the heavy-duty Federal Test
Procedure (FTP) is 0.02 g/bhp-hr [11]. To achieve such extremely
challenging targets, it is necessary to carry out significant co-
optimization between HD diesel engine and lean exhaust
aftertreatment systems in future HD conditions. This makes successful
computational simulation of emissions and fuel efficiency
performance extremely important in co-optimization of engine and
emissions control technologies. Specifically, the engine model must
accurately reflect the complex transients in fuel consumption and
engine-out exhaust temperature and composition that occur during
realistic driving conditions. Likewise, the response of the
aftertreatment system to these transient inputs should be able to
accurately reflect the resulting impact on tailpipe emissions of
regulated species. As far as we are aware, there is a significant lack of
readily available, calibrated computational tools to enable simulations
of how such aftertreatment components should respond to realistic
variations in HD engine-out exhaust under realistic drive cycles.

Our objective in this study, therefore, is to develop and demonstrate an
engine-aftertreatment computational approach that can be used to
simulate the effects of different combinations of component models
and also as a starting point for use in hardware-in-the-loop (HIL)



testing. Our component models are based on Oak Ridge National
Laboratory (ORNL) in-house component models that have been
successfully used to represent an experimentally studied HD engine
and commercial aftertreatment catalysts. We expect that this approach
can be extended to simulations where hardware components and/or
other commercially available or user-defined component models are
included (e.g. in Autonomie [12]). For demonstration here, the HD
truck is assumed to include a 15-L diesel engine ((engine rated power:
336kW)) and its aftertreatment DOC/CDPF/SCR system operating
over short and long-haul real-road driving cycles.
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Figure 1. US EPA regulation history for highway HD engines (data source:
[13]). The 2014 is California ARB data and others are EPA data.

Engine and aftertreatment model approach

We used the following simplified dynamic engine model to
approximate transient fuel consumption and engine-out exhaust
temperature and composition in combination with three specific types
of exhaust after-treatment component models: a diesel oxidation
catalyst (DOC), a selective catalytic reduction monolith (SCR), and a
catalyzed diesel particulate filter (DPF).

Transient engine model

Aftertreatment performance depends critically on engine-out exhaust
temperature and composition. The key chemical reaction rates vary
exponentially with temperature and also depend on species
concentrations. Thus it is critical to accurately predict the transient
engine-out exhaust properties as functions of speed, load, and previous
history (e.g. exhaust composition and temperature during cold-start
and start-stop transients). Experimental steady-state performance
maps have previously been used to relate engine-out exhaust
temperatures and species with engine speed and load, but this approach
is not capable of capturing the hysteretic effects associated with cold-
start, start/stop and other complex speed and load transients occurring
during typical driving conditions. To account for these hysteretic
effects, we reported a simple strategy described in detail elsewhere
[14]. Briefly, this approach assumes that instantaneous engine-out
exhaust temperature and emissions can be estimated by applying
dynamic correction factors to steady-state engine maps and limited
transient engine data as outlined in Figure 2. The correction factors are
modeled as dynamic first-order lags associated with a warm-up index
determined from the global heat balance on the engine. Lag parameters
are estimated from experimental measurements or based on known
engine characteristics. Given a set of initial engine conditions and
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drive cycle profile, it is thus possible to estimate the variations in
engine-out exhaust temperature and emissions over time.
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Figure 2. The methodology of map-based engine adjusted for transient
performance over cold-starts and stop-restarts [14].

The DOC component model

Diesel oxidation catalysts oxidize unburned hydrocarbons (HCs) and
carbon monoxide (CO) in lean exhaust. In modern after-treatment
assemblies, DOCs are often located upstream of NOx and particulate
control devices so that the catalyst can also oxidize NO in the engine
exhaust to NO,, improving the efficiency of the NOx and particulate
removal steps. Our DOC model used here considers three global one-
step reactions, including CO oxidation, HC oxidation, and NO
oxidation. We assume that the global performance of the DOC device
can be approximated by a single, representative one-dimensional
channel with transient plug flow. All reactions are assumed to occur in
the washcoat. A full-developed laminar flow is assumed for heat and
mass transfer between gaseous and solid-phase species. All
hydrocarbons are represented by equimolar concentrations of
propylene (C;Hg). In addition to transient species balances, the DOC
model also includes a differential energy balance to track axial and
temporal temperature variations. The effects of initial conditions,
engine-out temperature and species variations, and ambient heat loss
are all included in the boundary conditions. The details are provided in
Figure 3 or see [15]. The kinetic parameters used for the three reaction
rates were based on typical literature values and adjusted slightly to
match the testing data reported by Triana [16] and ORNL data [17] for
Johnson Matthey and EmeraChem DOC products, respectively.
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Figure 3. The 1-D transient differential balances and reaction mechanism
considered in the DOC component model [15].




The SCR component model

The SCR component model also utilizes 1-D differential transient
balances similar to the above DOC model. It is assumed that the rate
limiting steps in the SCR device occur after urea is converted to NHj,
thus the model does not account for vaporization and thermolysis of
the urea slurry. Since SCR technology is still rapidly evolving, three
SCR models were developed for commercial Cu-ZSM-5, chabazite
Cu-zeolite and Cu-SSZ-13, respectively. All these models account for
three main global catalytic reactions: (1) the standard reaction between
NHj; and NO; (2) the fast reaction between NH; and equimolar levels
of NO and NO,; and (3) the reaction between NH;3 and NO,. Details of
the SCR models are summarized in Table 1. As mentioned earlier,
SCR technology is still rapidly evolving. It is likely that urea injection
strategies and catalyst parameter values will continue to improve as
more advanced catalytic materials are developed and more
understanding is gained about their functionality. Therefore, in this
study, we assumed a simple urea injection strategy such that the
instantaneous urea rate was always adjusted to produce the optimal
stoichiometric ratio of NH; to NO at the SCR catalyst inlet when the
inlet temperature was above 150°C. For lower temperatures, urea
injection was stopped.

Table 1. Three SCR models for Cu-ZSM-5 [15], commercial chabazite Cu-
zeolite [18] and Cu-SSZ-13 [19].

Material Cu-ZSM-5 Cu-chabazite Cu-SSZ-13
Storage site Single site Single site Two sites
AdtEpilen NH; adsorption NHj; adsorption NH;/H,O adsorption
reactions 2 £ C
NHy/NO NHy/NO NH3/NO oxidation,
Surface oxidation, Std oxidation, Std Sl SCIR, R SEIR,
i ’ NO, SCR, N,O

reactions SCR, Fast SCR, Fast SCR,

SCR,NO,SCR  NO, SCR mEttom, Mgk

nitrate formation

NHj oxidation,

Gas't?hase N/A Std SCR, Fast N/A
reactions SCR, NO2 SCR
The DPF component model

Catalyzed diesel particulate filters (CDPFs) remove particulates from
engine exhaust by mechanical filtration and subsequently oxidize the
solid carbon and residual HCs. Adequate oxidation of the particulate
is necessary to prevent buildup of back pressure, which penalizes
engine output. Some degree of PM oxidation is always occurring, but
the rate is an exponential function of local temperature in the DPF. So
in cases where PM oxidation rates are low, it is necessary to
occasionally stimulate PM oxidation by burning extra fuel to raise the
engine-out exhaust temperature. This is referred to as active DPF
regeneration. Thus accurate simulation of the accumulated DPF soot
levels is important for determining fuel economy. Here a simplified 3-
zone catalytic DPF model was used to approximate the catalyzed DPF
as a combination of an inlet channel zone, an outlet channel zone, and
a filter wall. Temperature can vary from zone to zone but is assumed
to be uniform within each zone. Deposited PM is considered to
effectively include two layers: a deeper layer in close proximity to the
catalyst and an outer bulk soot cake (see Figure 4). DPF wall Filtration
model is based on a collection of spherical ‘“unit collector’’ (see Figure
4). In the CDPF model, PM oxidation by O, and NO, is considered in
the cake layer without any catalytic acceleration, while considered
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oxidation by O, is catalytically accelerated in the deeper layer. Details
of the global oxidation kinetics parameters have been published
elsewhere [20]. We also included one-step reactions in the deep layer
for oxidation of CO, HCs, and NO. Except for catalyst loading, the
kinetic parameters for these oxidation reactions are assumed to be
identical to those in the DOC model described above. The active DPF
regeneration is considered in the engine-aftertreatment in closed-loop
integration based on the assumption that active DPF regeneration
would only be required when the engine-out back pressure reached a
specified threshold.
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Spacein 0 v Soot deposition inside the
unit cell\ porous wall and surface

v 0,/NO,soot oxidation via

Unit | thermal/catalyticreaction

collector
The evolution of size of the unit collector

for DPF wall filtration Soot cake layer (3;)

Substrate
wall (3,)

h

Deeper sootlayer close
to the catalyst(3,)

Figure 4. DPF filtration submodel used in the three-zone CDPF model
accounting for the inlet channel, outlet channel, and filter wall zones [20].

Engine and aftertreatment in closed-loop integration

The integration of engine-aftertreatment in closed-loop modeling was
established based on the engine and aftertreatment models discussed
above. The modeling loop were developed into special
Matlab/Simulink modules which can be implemented into any
commercial vehicle simulation platform (e.g. Autonomie) to carry out
software in loop or hardware in loop for any HD truck powertrain
systems (see Figure 5) [21]. Moreover, the Matlab/Simulink modules
can be used to study both conventional and hybrid electric vehicles for
both LD/HD vehicles. In addition, the CPU computing timing of the
modules is 20 time faster than real-time.
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Figure 5. The configuration of engine-aftertreatment in loop integration and its
application examples to software in loop or hardware in loop.

In the integration, active DPF regeneration was established between
engine and DPF models. As mentioned earlier, the active DPF
regeneration would only be triggered when the engine-out back
pressure reached a specified threshold. Under these circumstances,
active regeneration is accomplished by changing engine combustion
mode via adding extra fuel to raise the exhaust temperature and
stimulate accumulated PM oxidation. Otherwise, passive regeneration
(where no extra fuel is needed) can occur when engine out



temperatures are sufficiently high to promote spontaneous PM
oxidation.

HD drive cycle simulations

We utilized the transient and steady state data measured from a 2010-
certificated 15-L Cummins diesel engine and aftertreatment
components at ORNL vehicle system integration (VSI) lab to generate
engine maps and validate the engine-aftertreatment modeling in
closed-loop. The aftertreatment system comprises a 5.8-L DOC, a 19-
L catalyzed DPF, and a 24-L SCR catalyst. The integrated engine and
aftertreatment assembly system are shown in Figure 6(a). Three groups
of engine data have been measured, including engine maximum torque
curves, steady-state engine performance data, and transient engine
performance data operating over heavy-duty FTP cycles. The FTP
cycle takes a running time of 1200s and account for a variety of heavy-
duty truck and bus driving patterns in American cities [22]. The
average load factor of the FTP cycle is roughly 20-25% of the
maximum engine power available at a given engine speed. The
normalized speed and torque with time is shown in Figure 6(b). Figure
6(c) displays the tested engine speed and torque profiles of the 15-L
diesel engine according to the normalized speed and torque requested
in FTP.
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Figure 6. (a) A 2010-certificated 15-L Cummins engine, (b) heavy-duty FTP
transient cycle and (c) the tested engine speed and torque profiles.

We used both the maximum torque curves and steady-state data to
create comprehensive engine maps which account for fuel
consumption, exhaust temperature, and engine-out emissions. Figure 7
depicts example plots of the steady-state engine map for efficiency,
exhaust temperature and engine-out NOx emissions. The peak
efficiency of the engine is around 45%. In these figures, the red
markers represent the measured engine operating points within the
performance map, covering a range from 620 to 2100 rpm with up to
2200 Nm maximum torque. The fuel consumption engine map with the
reduced data is attached in the appendix section. The steady-state
engine performance maps have been implemented into our transient
engine model to proficiently and accurately simulate power and
exhaust characteristics of advanced HD diesel engines operation.
Unlike the first two group data, the FTP transient data encompass
engine-out exhaust properties and aftertreatment device (i.e.
DOC/DPF/SCR) tailpipe emissions. The data were used to calibrate
and validate our transient HD engine and aftertreatment component
models.
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Figure 7. The steady-state engine map for engine efficiency, exhaust
temperature and engine-out NOx emissions using ORNL VSI lab data measured
at a 2010-certifcated HD 15-L Cummins engine.

Table 2 summarizes the predicted cumulative engine-out emissions
and fuel consumption with the experimental measurements. Most of
the prediction errors are less than 5%, particularly for hot start cases.
However, the modeled THC and NOx emissions during the cold start
cycle are significantly higher than the experimental results. We
conjecture that the major reason could be impact of cold-start which
makes a completely different combustion mechanism compared to hot-
start cases. The steady-state engine performance maps could have
constraints in predicting THC and NOx emissions, especially during a
cold-start. The engine runs at 20°C at the beginning in the cold-start
cases, while the hot-start cases typically reruns engine with a ten-
minute engine-off after completing a previous FTP cycle.



Table 2. Comparison of predicted cumulative engine-out emissions and fuel
consumption with the experimental measurements.

Fuel/ Cold-start Hot start
engine-out . R

e Measured Simulated Measured Simulated
Fuel (kg) 4.34 4.12 4.03 3.96
CO (g) 12.00 11.44 9.47 9.93
THC (g) 5.66 6.78 6.70 6.73
NOx (g) 59.66 73.33 69.31 73.71
CO2 (g) 14.10 13.55 13.07 13.28
02 (kg) 25.14 25.76 25.60 25.51
Exh (kg) 174.36 171.41 170.74 169.46

Figures 8 and 9 compare the resulting fuel consumption and exhaust
temperature predictions with the measurements for both cold and hot
start FTP cycles, respectively. The observations demonstrate that the
transient engine model is reasonably well able to predict the transient
fuel consumption and exhaust temperature variation. The latter is fairly
important to the downstream aftertreatment component models in
order to achieve accurate tailpipe emissions control. Based on Table 2
and Figures 8-9, we conclude that our transient engine model is fairly
consistent to predict HD engine fuel consumption and exhaust
properties including temperature, as was also reflected in our previous
results for LD gasoline and diesel engines [14].
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Figure 8. Comparison of the fuel consumption and exhaust temperature
between the prediction and measurement over the cold-start HD FTP cycle.
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Figure 9. Comparison of the fuel consumption and exhaust temperature
between the prediction and measurement over the hot-start HD FTP cycle.

Table 3 shows the results of predicted and measured cumulative
CO/THC/NOx tailpipe emissions over the HD FTP cycles. For the
cold-start case, all the predicted tailpipe emissions are reasonably close
to the measurements, not more than 6%. Figure 10 shows transient
CO/THC/NOx emissions at a ls interval, which demonstrates a
reasonably simulated trend in a 20°C transient cold-start. For the hot-
start case, the predicted errors for CO and THC are more than 70-85%
compared to the tested data while the predicted error of NOx emissions
is 8%. The main reason is that, in the hot-start case, the net emissions
are actually very low so that a tiny difference could cause a remarkable
error. In fact, the predicted CO/HC oxidation efficiencies are very
reasonably close to the measurements in the hot-start case (see Table
3).

Table 3. Comparisons of predicted and measured cumulative tailpipe emissions
over cold- and hot-start HD FTP cycles.

Tailpipe Cold-start Hot start

Emissi M ed Simulated Measured Simulated
CO (2) 0.47 0.48 0.02 0.03
CO eff 96% 96% 99.8% 99.7%

THC (g) 0.39 0.37 0.16 0.02

THC eff 93.2% 93.6% 97.5% 99.6%
NOx (g) 27.79 27.22 8.20 8.85
NOx eff 53.4% 54.4% 86.4% 85.3%
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Figure 10. Comparison of predicted and measured CO/THC/NOx tailpipe
emissions of the 2010 15-L Cummins diesel engine with DOC/CDPF/SCR
aftertreatment system over a cold-start HD FTP transient cycle.

Figures 11 and 12 plot the predicted and measured catalyst-out exhaust
temperature and DPF preesure drop over the cold-start and hot-start
HD FTP transient cycles, respectively. Although the measurement
system did not provide these catalyst internal temperatures, the
comparison of predicted and measured catalyst-out exhaust
temperatures could still reflect the capability of the current
aftertreatment model in predicting their performance very well in
accuracy, particularly in reflecting the transient thermal conditions of
these catalysts. The transient thermal conditions are important to
simulate the kinetic reaction performance of these catalysts. Also,
Figures 11 and 12 show a good agreement of the transient predicted
and measured pressure drop within the equipped DPF. The result
exhibits the sufficient capability of our DPF model in reflecting actual
DPF pressure drop performance. DPF pressure drop could cause higher
engine back pressure, leading to substantial engine fuel penalty. Thus,
the precise prediction of DPF pressure drop is vital to evaluate fuel
economy and emissions control of HD trucks equipped with DPF
device. In general, the aftertreatment component models described
here appear to be capable of providing useful insights and can play an
important role for assessing different engine and aftertreatment in loop
optimization in order to accomplish HD drive-cycle emissions control
and fuel saving goals.
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Figure 11. Comparison of predicted and measured catalyst-out exhaust

temperature and DPF preesure drop of the 2010 15-L Cummins diesel engine
equipped with DOC/CDPF/SCR aftertreatment system over a cold-start HD
FTP transient cycle.



2350 | =—Measurement

| ==Simulation

§250 —— o © Ve
o ()

£.200 A ) < s
IVISS

E150 |

o 0 T T T T

a 0 200 400 .600 800 1000 1200
Time (s)

2350 - —Measurement

| ==Simulation —

2200 1 Da e NP S
£ 150 |

ﬂd T T T T T
= 0 200 400 .600 800 1000 1200
ime (s)

5350 | —Measurement

| ==Simulation

0 200 400 600 800 1000 1200
Time (s)

=25 - =—Measurement

| =<=Simulation

0-0 T T T T T T
800 1000 1200

600
Time (s)
Figure 12. Comparison of predicted and measured catalyst-out exhaust
temperature and DPF pressure drop of the 2010 15-L Cummins diesel engine
equipped with DOC/CDPF/SCR aftertreatment system over a hot-start HD FTP
transient cycle.

Modeling in closed-loop application for
advanced HD powertrains

In demonstrating the modeling in-loop application for HD powertrains,
a conventional Class 8 truck configuration was specified using
Autonomie. This truck configuration was based on the authors’
previous truck model developed for a Class 8 truck [23, 24]. The
previous conventional truck model has been validated well against the
experimental data measured from a 2005 Volvo tractor powered by the
2004 Cummins diesel engine at West Virginia University (WVU) [23,
24]. The predicted and measured fuel economies were 4.55 mpg vs.
4.63 mpg, respectively, for a measured urban dynamometer driving
schedule truck cycle.
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In the current studies, the new conventional HD Autonomie truck was
updated to be powered by the 2010-certificated, Cummins 15-L, 6-
cylinder diesel engine and a 10-speed manual transmission. The key
vehicle parameters include rolling resistance coefficient is 0.007 and
aerodynamic drag coefficient is 0.58. The simulated truck weight is
65000 1b. For the more detailed specifications of the baseline Class 8
conventional truck, see our previous literature [23, 24].

To evaluate the emissions control of long-haul trucks over real road
conditions, a freeway-dominant heavy-duty truck (FDHDT) driving
cycle from Knoxville to Nashville was selected from ORNL duty cycle
database [23, 24]. The drive cycle was measured during normal
operations from Class 8 tractor trailers in a fleet engaged in freight
delivery. The FDHDT covers 196.4 mi in 3.72 h and includes
significant grades (see Figure 13). The cycle is dominated by highway
operating conditions, but it also contains considerable idling and
limited city driving conditions. Specifically, the cycle consists of 12%,
13%, and 75% time for idle condition, for 0 to 50 mph, and for above
50 mph, respectively. Such a cycle has been found to be rather typical
of highway dominant trucking operations, and the driving cycle is able
to reasonably reflect the impact of real road conditions on Class 8 long-
haul truck fuel consumption and emissions.
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Figure 13. Speed profile of the simulated freeway-dominated heavy-duty truck
driving cycle with real grade [23].

Figure 14 displays emissions transients in the simulated conventional
baseline case. The major CO and HC emissions are oxidized through
DOC, and then further reduced in the following catalyzed DPF which
is also capable of CO and HC oxidation. For CO and HC tailpipe
emissions, their reductions are more than 99%. For NOx tailpipe
emissions, SCR achieves slightly less than 80% of NOx reduction.
Meanwhile, the results show that the truck idle time located at the
period of 3000s-4000s and 9000s-9500s still achieves a fairly good
CO/HC/NOx reduction. Figure 15 shows that the 2010 certificated
engine exhaust and catalysts temperature during idling can reach
200°C, which is a typical light-off temperature for CO/HC/NOx
reduction.

Moreover, we simulated the transient details of the simulated
conventional truck powered by 2004, 2007, and 2010 Cummins 15-L
engines. Figure 16 shows an example of exhaust temperature for these
engines in the above conventional truck simulation. Compared to 2004
and 2007 Cummins 15-L diesel engines, the results show that this
2010-certificated diesel engine is capable of achieving better engine
efficiency and low engine-out PM emissions with the penalty of higher
NOx emissions and lower exhaust temperature during loading, as



reflects the current engine technology trend is more reliant on
advanced aftertreatment for improved fuel economy. Although we
observe that the 2010 engine achieves a lower exhaust temperature
during loading (see Figure 16), the idle temperature of the 2010 engine
is close to 200°C, as is probably designated to satisfy 2010 emissions
regulation.

For PM emissions, PM layer in the catalyzed DPF keeps fairly a
constant level, which means that PM emissions are continuously
oxidized in the catalyzed DPF. This is mainly due to the fact that the
majority of exhaust temperature is between 250°C and 300°C, which
is a typical temperature for catalyzed DPF passive regeneration. Such
continuous and passive DPF regeneration could reduce fuel penalty
relative to the proactive regeneration events. Since the rates of PM
accumulation in the DPF is still sufficiently low to keep below the back
pressure threshold during the drive cycles, our models do not trigger
active regeneration, shown in Figure 15. Future studies may consider
multi-cycle periods in order to address the impacts of active
regeneration.
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Figure 14. Emissions transients in the simulated conventional Class 8 long-haul
tractor powered by the 2010 15-L Cummins diesel engine integrated with
DOC/CDPF/SCR aftertreatment system over the cold-start FDHDT. Truck
weight is 65000 Ib.
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We included aerodynamic drag and rolling resistance in our additional
simulations, as well as engine downsizing, on conventional and hybrid
long-haul trucks. The hybrid powertrain configuration used is a pre-
transmission parallel configuration with a sustainable charge control
strategy, which has been reported in our previous literature [23, 24]. In
the studies, we considered aggressive 35% rolling resistance reduction
and 35-54% aerodynamic drag reduction, while engine downsizing is
15%. Based on the 65000 Ib conventional truck baseline weight, the
mass penalties relative to extra device for hybridization and lower
aerodynamic drag and rolling resistance were added in the appropriate
simulations. The simulated results are summarized in Table 4. The
observations show aerodynamic drag and rolling resistance reductions
are capable of increasing fuel economy due to load reduction
significantly. Hybridization improves the long-haul truck fuel
economy due to better engine efficiencies, particularly with the
aggressive aerodynamic drag and rolling resistance reductions. Under
the condition of aggressive acrodynamic drag and rolling resistance
reductions, engine downsizing become possible due to significant load
reduction, and achieves 1.7% fuel economy benefit in the simulated
case. In summary, lower aerodynamic drag and rolling resistance
technologies enable to reduce truck heavy power demand or shift
heavy power demand to lower level. This particularly benefits
hybridization and engine downsizing.

Table 4 also shows emissions control in the simulated long-haul trucks.
Obviously, load reductions decrease engine-out CO/HC/NOx
emissions. As expected, hybridization and engine downsizing are
capable of further reducing the level of engine-out emissions.
However, tailpipe emissions demonstrate different phenomenon. For
CO and HC tailpipe emissions, their reductions are up to 99%. Thus
the impact of aerodynamic drag and rolling resistance, engine
downsizing, as well as hybridization is limited so that the tailpipe CO
and HC emissions in the simulated cases are very close. For NOx
tailpipe emissions, aerodynamic drag and rolling resistance reductions
could still benefit NOx reduction, but hybridization could increase
NOx slightly.
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Table 4. Summary

downsizing on fuel economy,
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Conclusions

Based on our observations in studying a comprehensive combination
of engine and aftertreatment component computational models for
simulating HD truck drive cycle performance trends, we conclude that
such an approach is useful for demonstrating the effects of variations
in system design and operation on fuel consumption and emissions
controls performance. It is possible to calibrate a simplified engine
component model with steady-state dynamometer measurements to
represent recent commercial HD diesel engines and then add dynamic
correction factors to account for recent engine history. Aftertreatment
assembly components, such as DOCs, DPFs and SCRs, can be
effectively represented with transient 1D integral reactor models. We
expect the same methodology could also be used to include the effects
of other aftertreatment components such as lean NOx traps (LNTs) and
hydrocarbon traps (HCTs) to evaluate how to meet future emissions
regulation targets.

Therefore, based on these results, we conclude that similar
computational simulations with relatively simple engine and
aftertreatment component models can be used to assess a wide range
of technology options for optimizing both the fuel consumption and
emissions control of HD trucks operating over realistic drive cycles,
including complex cycles with varying engine size, cold start, large
speed and load transients, varying aerodynamic drag and rolling
resistance characteristics, and hybridization. Because of the rapid
simulation speed of such models, we also expect that they can be
readily utilized in combination with actual component hardware for
HIL studies.
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Appendix: The Fuel Consumption Engine Map for the commercial 2010-certificated 15-L. Cummins
diesel engine with the Reduced Data (In Unit of g/s)
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9.577

10.167
10.760
11.373
11.991
12.569
13.109
13.611
14.085
14.581
15.231
16.365
17.593
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840
17.840

2200
4.442
4.771
5.115
5.491
5.907
6.361
6.844
7.334
7.802
8.240
8.671
9.128
9.625

10.161
10.733
11.333
11.956
12.592
13.228
13.862
14.499
15.167
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756
15.756



