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Abstract

Vehicle electrification is one of many technology solutions to reduce greenhouse gas
(GHG) emissions from the transport sector. The adoption of high voltage electrified
powertrains with some amount of all-electric range is more challenging for many large
pickup truck applications in the United States due to their inherently higher weight,
higher road loads and towing requirements. This study uses Gamma Technologies
GT-SUITETM vehicle modeling tools to explore various plug-in hybrid powertrain op-
tions having considerable all-electric capability and suitable for heavy-light-duty and
medium-duty pickup truck applications with significant towing capability. The primary
objective was to use GT-SUITE simulations to assess the potential CO. emissions re-
ductions achievable over U.S. regulatory cycles through the implementation of these
selected powertrains without compromising towing performance as determined under
the SAE J2807 standard. The GT-SUITE simulations of SAE J2807 modeled gross
combination weight ratings (vehicle and trailer weight combined) of approximately
8,850 kg for a heavy-light-duty pickup truck and 13,200 kg for a medium-duty pickup
truck. Simulation results for EPA GHG emissions regulatory cycles showed approxi-
mately 80% reductions in CO. emissions could be achieved while maintaining accepta-
ble towing performance requirements. Models developed as part of this study have
been incorporated into EPA’s ALPHA model and were used to support regulatory anal-
yses for the Multi-Pollutant Emissions Standards for Model Years 2027 and Later Light-
Duty and Medium-Duty Vehicles in the United States.
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1 Introduction

In 2022, the U.S. Environmental Protection Agency (EPA) conducted a study of heavy-
light-duty (LDT4) and medium-duty-vehicle (MDV) pickup trucks with contracted sup-
port from Southwest Research Institute [1] and with assistance from Argonne National
Laboratory [2] to determine how plug-in hybrid electric vehicles (PHEVs) with signifi-
cant all-electric capability, or “range extended electric trucks” (REET), may assist in
the transition to electrification for these vehicle classes in the United States.

Two vehicles representing high-sales-volume examples of LDT4 and MDV pickup
trucks with trailer towing capability above 5,000 kg were selected to serve as baseline
vehicles (Fig. 1). Simulations were conducted using Gamma Technologies GT-
SUITETM to model the baseline vehicles and potential REET vehicle designs over U.S.
regulatory drive cycles and to model simulations of the SAE J2807 "Performance Re-
quirements for Determining Tow-Vehicle Gross Combination Weight Rating and Trailer
Weight Rating" [3]. GT-SUITE modeling in this study included both GT-POWERTM en-
gine modeling and GT-DRIVETM vehicle modeling.

The base LDT4 pickup truck selected for the study was a model year 2021 Ford F150
equipped with a 3.5L turbocharged, direct- and port-injection gasoline engine with a
rated power of 298 kW. The F150 was equipped with Ford‘s "Max Trailer Tow Pack-
age" and had a gross combination weight rating (GCWR) of approximately 8,850 kg.
The base MDV pickup truck selected was a model year 2021 Stellantis RAM 2500
equipped with a 6.7L Cummins diesel engine with a rated power of 275 kW and a
GCWR of approximately 13,600 kg. Please refer to the final EPA docket report for this
study for additional details regarding study design, procedures used, and more detailed
results [4].

5 5 ‘
Fig. 1 MY2021 Ford F150 (left) and MY2021 RAM 2500 Diesel (right) selected as
the baseline LDT4 and MDV pickup trucks for this study.

2 Baseline Vehicle Specifications

GT-DRIVE modeling was used to develop conventional powertrain vehicle models for
both the 2021 F-150 3.5L EcoBoost® and the 2021 RAM 2500 Diesel that served as
the baseline vehicles for this study. The final conventional vehicle models were used
as a baseline reference for all-electric hybrid powertrain model development and anal-
ysis. Road load coefficients for both baseline vehicles were derived from publicly avail-
able A-B-C road load target coefficients, which are relevant only for the specific test
weights of the baseline vehicles [5] [6]. Therefore, to accurately predict changes in
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vehicle performance with changes in weight for hybrid configurations or in towing ap-
plications, these road load coefficients were converted into equivalent drag and rolling
resistance coefficients. The coefficients (shown in Tab. 1 and Tab. 2) were derived to
provide the same drag force at the nominal test weight but could then be applied to
vehicles with different test weights.

Tab. 1 Vehicle level specifications for GT-DRIVE model development of a LDT4
pickup truck based on 2021 Ford F150.
Parameter Value
Road load Coefficient A (Ibf) 50.95
Road load Coefficient B (Ibf/mph) 0.1601
Road load Coefficient C (Ibf / mph2) 0.04301
Test Weight — ETW* (pounds) 5500
Final Drive Ratio 3.73
Tire Size 275/65R18
Cd * A (m2) 1.6259
Coefficient of Rolling Resistance (CRR) - Calculated 0.00926
Speed Dependent Factor of CRR (1/kph) 0.00001819
*Estimated Test Weight — Curb weight + 300 pounds

Tab. 2 Vehicle level specifications for GT-DRIVE model development of a MDV
pickup truck based on the 2021 RAM 2500.

Parameter Value

Road load Coefficient A (Ibf) 49.74

Road load Coefficient B (Ibf/mph) 1.8882

Road load Coefficient C (Ibf / mph2) 0.0241
Test Weight — ALVW™ (pounds) 9000
Final Drive Ratio 3.73

Tire Size LT275/70R18E BSW

Cd* A (m2) 0.912

Coefficient of Rolling Resistance (CRR) — Calculated 0.00553

Speed Dependent Factor of CRR (1/kph) 0.00013

*Adjusted Loaded Vehicle Weight — Average of curb weight and gross vehicle
weight

2.1 Baseline Engine and Transmission Models

In GT-DRIVE modeling, the engine is represented using a map-based engine model
consisting of friction mean effective pressure (FMEP), brake mean effective pressure
(BMEP) and fuel consumption or brake thermal efficiency (BTE) maps. The model’s
engine controls use engine on/off, fuel cut and idle speed control parameters. The
transmission model consists of the gearbox, torque converter and torque converter
lock-up clutch. The model’s transmission controls use vehicle speed, pedal position,
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gear dependent upshift and downshift strategies, and a vehicle speed and pedal posi-
tion dependent torque converter lock-unlock table. The driver controller was modeled
as a proportional-integral (Pl) vehicle speed controller which generates power request

in the form of accelerator and brake pedal position.

Fuel properties used to represent gasoline and diesel fuel within all GT-POWER and

GT-DRIVE modeling for this study are shown in Tab. 3 and Tab. 4, respectively.

Tab. 3 Gasoline fuel properties for GT-DRIVE and GT-POWER

Fuel Type Quhv p RON | MON | AKI Ethanol Fuel Carbon
[MJ/kg] | [kg/L @ [% Volume] Intensity
15 °C] [gCO./gallon]
U.S. Tier 3 41.8 0.747 | 91.8 | 83.6 | 88 9.7 8,566
Certification
Gasoline

Tab. 4 Diesel fuel properties for GT-DRIVE and GT-POWER

Fuel Type Qrhv p Cetane Fuel Carbon Intensity
[MJ/kg] | [kg/L @ 15 °C] [9CO./gallon]
U.S. Certification 43.1 0.839 43 10,180
Diesel Fuel

A map (Fig. 2) of engine BTE relative to engine speed and torque for the 3.5L Eco-
Boost® engine was created by measuring tractive effort at the wheels during fixed-
gear chassis dynamometer testing of the 2021 Ford F150 [4]. The tractive effort was
multiplied by the final drive ratio, the final drive efficiency, the selected transmission
gear ratio, and the transmission efficiency to derive engine torque.

Fig. 2
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The transmission model for the 2021 Ford F150 was based on previous benchmark
data for the Ford 10R80 10-speed automatic transmission [7]. The shift strategies
within the GT-DRIVE model of the Ford F150 were calibrated to maintain the engine
near a best efficiency island of approximately 150 N-m and 1600 rpm for all modeled
regulatory drive cycles. The charts in Fig. 3 show energy-based heat maps for the
UDDS, HWFET and USO06 regulatory cycles that use colors to indicate frequency of
drive cycle operation relative to engine speed, engine torque, engine power, and BTE.
Chassis dynamometer testing of the 2021 Ford F150 over the UDDS and HWFET
showed that most of the energy generated over the drive cycles was near the best
efficiency island (31 — 34%). For the US06 cycle, the engine operated in less efficient
zones (29 — 33%) due to the higher load, higher speed, and transient nature of the
cycle.
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Fig. 3 2021 Ford F-150 engine operation heat maps for UDDS, HWFET and US06
regulatory drive cycles with color coding to show frequency of operation.
Red designates higher frequency operation and blue designates lower fre-
quency operation. The pink line represents best BTE at each engine power
level.
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An engine map for the 275 kW MDYV rating of the Cummins ISB 6.7L engine (Fig. 4)
was derived using a GT-POWER engine model previously developed and validated by
SwRI for a light-heavy-duty engine (LHDE) rating of the ISB 6.7 [8]. The previous
model was modified by resizing the variable geometry turbocharger (VGT) to match
the increased airflow requirements of the MDV rating of the engine while maintaining
peak cylinder pressure below 180 bar and maintaining a pre-turbine temperature below
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750°C. The model was also adjusted so that the engine model targeted an air-to-fuel
ratio of 20.5 everywhere above the previous LHDE maximum torque points.

Fig. 4
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gine using GT-POWER modeling. The pink line represents the best BTE at
each engine power level.

The transmission model for the 2021 RAM 2500 Diesel was based upon experimental
benchmarking of the Chrysler MDRFE 6-speed transmission by SwRI. Modeling of the
transmission upshift and downshift strategy was developed based on engine speed,
gear ratios, and accelerator pedal position as load dependency. The following steps
were taken to derive the shift strategy:

1. At high pedal demand, upshift points were set near rated engine speed at max-

2.

imum torque.

At very light pedal demand (below 25%), upshifts were set to maintain a rea-
sonable engine speed after the upshift event (typically around 1000 to 1100
rpm). Forthe 1-2 and 2-3 shifts, it was assumed that the torque converter would
be open, so a lower theoretical engine speed was allowed after a light load up-
shift. The torque converter was assumed to be locked for all other shift events.
To avoid upshift-downshift hunting, a 10% hysteresis was imposed between
downshifts and upshifts for a given pedal position. For example, if the 4-5 upshift
at 50% throttle occurred at 3000 rpm, a 5-4 downshift would only be allowed if
the resulting engine speed in 4th gear was 2700 rpm or less.

For most of the shift schedule map (between 25% and 90% pedal), the shift
points were chosen in such a way that the engine would be near its best BTE
line on the regulatory drive cycles (UDDS, HWFET, US06) and over the Davis
Dam portion of the SAE J2807 procedure. This was done by checking the re-
sulting heat maps and adjusting shift points accordingly. Fig. 5 shows the re-
sulting shift strategy.
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Fig. 5 Modeled 2021 RAM 2500 Transmission upshift-downshift strategy with nor-
malized engine load dependency on y-axis.

2.2 Validation of Baseline Powertrain Models

Initial model validation for the Ford F150 was based upon comparison of engine speed
and transmission gear selection modeling to chassis-dynamometer experimental data.
Figure 3 compares the modeled transmission gear selection and engine speed to ex-
perimental data over three regulatory drive cycles for the Ford F150. Overall, the mod-
eled transmission controller matches the test data gear shift profile well over the drive
cycles. There were a few instances of upshift-downshift hunting caused by the ag-
gressive accelerator and brake pedal position command generated by the driver
model, as shown in the figure.

Final model validation for both the 2021 Ford F150 was via comparison to CO: emis-
sions data from chassis dynamometer testing and is summarized within Tab. 5. Final
model validation for the 2021 RAM 2500 Diesel was via comparison to CO. emissions
from EPA certification data and is summarized within Tab. 6. Modeled CO: emissions
for both baseline vehicles were within approximately 5% of test data and certification
data over the UDDS, HWFET and USO06 regulatory drive cycles.
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Fig. 6 Examples of transmission gear selection between test data and model re-
sults (left) and resulting engine speed (right) for three regulatory drive cy-
cles.

Tab. 5 Modeled 2021 Ford F150 CO: emissions and fuel economy compared to
chassis dynamometer test data.

CO: FE

Drive Chassis Dy- | Simulation | Error | Chassis Dy- | Simulation | Error
cycle namometer [9/mi] [%] namometer [MPG] [%]

Data Data

[g/mi] [MPG]
uUbDDS 474 458 -3.5% 18.4 18.9 2.9%
HWFET 362 347 -4.0% 24 1 24.9 3.4%
USO06 553 570 3.0% 15.7 15.2 -3.2%
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Tab. 6 Modeled 2021 RAM 2500 Diesel CO: emissions and fuel economy com-
pared to EPA certification data [6].
CO: FE
Drive EPA Certifi- | Simulation | Error | EPA Certifi- | Simulation | Error
cycle cation Data [9/mi] [%] cation Data [MPG] [%]
[9/mi] [MPG]
uUbDDS 599 577 -3.7% 17.0 17.4 2.4%
HWFET 370 390 5.4% 27.5 25.8 -6.2%
US06 635 604 -4.9% 16.0 16.7 4.4%

3 Trailer Specifications for Modeling of SAE J2807 Trailer Towing Procedures

Trailer parameters for SAE J2807 modeling of LDT4 and MDV trailer towing are shown
in Tab. 7 and Tab. 8, respectively. Trailer rolling resistances and aerodynamic coeffi-
cients were based on findings of the Heavy-Duty Greenhouse Gas Phase 2 Regulatory
Impact Analysis [9]. Maximum trailer weights were determined based upon manufac-
turer’'s maximum rated SAE J2807 tow capacities for the 2021 Ford F150 and 2021

RAM 2500 used as the baseline vehicles for this study.

Tab. 7 Trailer parameters for SAE J2807 modeling of LDT4 towing.
Parameter Value
Coefficient of Rolling Resistance (kg / 1000 kg) 4.7
Trailer Frontal Area (A) (m2) 6.74
Aero Drag Coefficient (Cd) 0.55
Maximum Trailer Weight (kg) 5,898
Trailer Tire Specifications ST225/75R15/D

Tab. 8 Trailer parameters for SAE J2807 modeling of MDV towing.
Parameter Value
Coefficient of Rolling Resistance (kg / 1000 kg) 4.7
Trailer Frontal Area (A) (m2) 7.1
Aero Drag Coefficient (Cd) 0.5
Trailer gross weight (kg) 9,063
Trailer Tire Specifications ST235/85R16/D
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4 Range Extended Electric Truck Design

4.1

REET Design Targets

EPA set the following targets for the modeled LDT4 REET designs:

-

. Battery sizing consistent with CARB ACC Il Light-duty PHEV Requirements [10]

50-mile electric vehicle label range
40-mile all-electric-range (AER) on the US06 drive cycle
a. 0-60 mph equivalent to baseline 2021 Ford F150 at a REET equivalent
test weight (ETW) of 2,950 kg
b. 0-60 mph acceleration during towing at approximately 8,850 kg GCWR
of less than 30 seconds as per SAE J2807, 4.3.1 [3]; and SAE J1491,
4.3.2and 4.3.3 [11].
0-30 mph acceleration during towing at approximately 8,850 kg GCWR of less
than 12 seconds as per SAE J2807, 4.3.1; and SAE J1491, 4.3.2 and 4.3.3.
40-60 mph acceleration during towing at approximately 8,850 kg GCWR of less
than 18 seconds as per SAE J2807, 4.3.1; and SAE J1491, 4.3.2 and 4.3.3.
Launch on 12% grade at approximately 8,850 kg GCWR as per SAE J2807,
4.34.
Highway gradeability on the Davis Dam Grade towing approximately 8,850 kg
GCWR while maintaining a minimum speed of 45 mph in sections with a 45-
mph speed limit and 55 mph in sections with speed limits of 55 mph or 65 mph
sections as per SAE J2807, 4.3.5.

EPA set the following targets for the modeled MDV REET designs:

1.

2.

Battery sizing sufficient for a 75-mile UDDS AER consistent with California ACT
NZEV PHEYV definition [12]

0-60 mph equivalent to baseline 2021 RAM 2500 at a REET adjusted load ve-
hicle weight (ALVW) of 4,310 kg.

0-60 mph acceleration during towing at approximately 13,600 kg GCWR of less
than 30 seconds as per SAE J2807, 4.3.1 [3]; and SAE J1491, 4.3.2 and 4.3.3
[11].

0-30 mph acceleration during towing at approximately 13,600 kg GCWR of less
than 12 seconds as per SAE J2807, 4.3.1; and SAE J1491, 4.3.2 and 4.3.3.
40-60 mph acceleration during towing at approximately 13,600 kg GCWR of
less than 18 seconds as per SAE J2807, 4.3.1; and SAE J1491, 4.3.2and 4.3.3.
Launch on 12% grade at 13,600 kg GCWR as per SAE J2807, 4.3.4.

Highway gradeability on the Davis Dam Grade towing approximately 13,600 kg
GCWR while maintaining a minimum speed of 45 mph in sections with a 45-
mph speed limit and 55 mph in sections with speed limits of 55 mph or 65 mph
sections as per SAE J2807, 4.3.5

SAE J2807, “Performance Requirements for Determining Tow-Vehicle Gross Combi-
nation Weight Rating and Trailer Weight Rating”, is considered the preeminent deter-
mination of truck towing capacity in North America. One of the requirements is to
maintain a minimum speed while towing up the Davis Dam Grade, an 18 km route on
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SR 68 between Bullhead City and Golden Valley, Arizona ranging between 4 and 7%
grade and includes 1100 m of total elevation gain. The test is conducted at maximum
GCWR with minimum ambient temperatures of 38 deg C and using the maximum cabin
A/C setting. It has traditionally been a benchmark test for North American OEMs to
evaluate not only maximum trailer rating, but also powertrain performance and cooling
at maximum loads and high temperatures. Most manufacturers light- and medium-duty
pickup trucks sold in the U.S. have adopted SAE J2807 requirements in the determi-
nation of their published maximum towing capacities and GCWR [13].

4.2 Vehicle Kinematic Analysis

The Vehicle Kinematic Analysis (VKA) tool in GT-DRIVE runs a backward-looking anal-
ysis to determine the approximate torque, power, energy requirements for each power-
train component based on the demand at the wheel imposed by a vehicle speed profile.
The VKA approach does not account for control strategies and component dynamics
other than inertia, but it provides a good first estimation for initially scoping powertrain
component parameters [14].

The VKA study was conducted for vehicle configurations using all-electric drive as the
main goal was to size the REET electric drive components and battery. The electric
machine and inverter specifications used for the VKA and all other modeling in this
study were based on internal-permanent-magnet synchronous machines using SiC in-
verters. The electric machine and inverter efficiency maps were provided by EPA and
are based on proprietary data [15]. The motor gear reduction and the final drive at the
differential were each assumed to be 98% efficient. The battery model used an
NMC811 chemistry and is described in more detail in section 4.4.

The VKA analysis was conducted for the following driving conditions:

1. Regulatory drive cycles
a. UDDS
b. HWFET
c. US06
2. 0 -60 mph performance (non-towing) comparable to baseline vehicles
12% grade launch up to 10 mph at GCWR
4. Towing up the SAE J2708 Davis Dam grade at GCWR and at a speed of at least
55 mph

w

For U.S. regulatory test cycles, LDT4 and MDV trucks are tested at different weights
that reflect differences between predominantly personal use and predominantly com-
mercial use, respectively. Vehicles in the LDT4 category are tested using an equiva-
lent test weight (ETW) defined as the curb weight plus an additional 300 pounds (136
kg). MDV trucks are tested using adjusted loaded vehicle weight (ALVW) which is
equivalent to the average of the curb weight and the gross vehicle weight. For the VKA,
the weight of electrified components was estimated to increase the vehicle curb
weights by approximately 450 kg. For subsequent, forward-looking REET modeling,
curb weight was adjusted to account for component weight differences, in particular
battery weight differences, for the final modeled REET configurations.
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For the test cycle VKA, ETW for the LDT4 REET was estimated at 2,950 kg, while the
ALVW for the MDV REET was estimated at 4,310 kg. For the VKA of trailer towing, a
target gross combined weight rating (GCWR, vehicle and trailer combined) of 8,845 kg
was chosen for the LDT4 REET. A target GCWR of 13,380 kg was chosen for the MDV
REET VKA. Both represent competitive ratings for these vehicle classes in the U.S.
Rolling resistance and aerodynamic drag coefficients were identical to those described
earlier for the baseline powertrain and vehicle model validation. VKA regulatory drive
cycle and non-towing results are summarized in Tab. 9 and Tab. 10 for LDT4 and MDV,
respectively. VKA trailer towing results are summarized in Tab. 11 and Tab. 12 for
LDT4 and MDV, respectively.

Tab. 9 LDT4 VKA Regulatory Drive Cycle and Non-towing Performance Results
Test Battery En- | Peak Trac- Peak Duration of
ergy (kWh) | tive Power | Torque (N- Peak
(kW) m) Power
(s)
ubDS 2.24 68 118 -
HWY 4.66 59 113 -
USO06 4.95 180 282 4
AER* UDDS+HWFET 27.62 - - -
(70 miles)
AER* US06 (40 miles) 24.78 - - -
0-60 mph*™ @ ETW - - 417 -
*All-electric-range
**5 second 0-60 mph acceleration target

Tab. 10 MDV VKA Regulatory Drive Cycle and Non-towing Performance Results

Test Batt. Energy | Peak Trac- Peak Duration of
(kWh) tive Power | Torque (N- | Peak Power
(kW) m) (s)
uUbDDS 2.72 96 175 -
HWY 5.36 83 168 -
US06 5.49 242 420 4
AER* UDDS 27.53 - - -
(75 miles)
0-60 mph** - - 618 -
@ ALVW
*All-electric-range
**8 second 0-60 mph acceleration target
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Tab. 11 LDT4 VKA J2807 Trailer Towing Results
Test Peak Trac- | Avg. Tractive | Peak Torque | Duration of
tive Power | Power (kW) (N-m) Peak Power
(kW) (s)
12% Grade Launch - - 457 5
Davis Dam @ 40 mph 144 117 185 -
minimum
Davis Dam @ 55 mph 219 178 205 -
minimum
Tab. 12 MDV VKA J2807 Trailer Towing Results
Test Peak Trac- | Avg. Trac- | Peak Torque | Duration of
tive Power | tive Power (N-m) Peak Power
(kW) (kW) (s)
12% Grade Launch - - 704 5
Davis Dam @ 40 mph 209 165 279 -
minimum
Davis Dam @ 55 mph 312 246 303 -
minimum

Based on the VKA, two REET architectures were selected for further simulation runs
and analysis. One was an all-wheel-drive P2-P4 configuration. The other was an all-
wheel-drive series-parallel hybrid (S-P) with two P4 machines and a separate motor-
generator. Functional schematics of these two systems are shown in Fig. 7. Other ar-
chitectures, namely PO, P1, P2, and power-split were ruled out due to vehicle packag-
ing constraints and power/torque limitations when maintaining the target GCWR.
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Fig. 7 Schematic showing functional details of the two hybrid drive architectures

selected for this study: P2-P4 (top) and Series-Parallel (bottom).

Subsequent modeling of the LDT4 REET was conducted using both S-P and P2-P4
configurations. Only the P2-P4 architecture was considered for MDV modeling. While
S-P architectures (with the exception of power-split) could potentially be used for MDV
applications, they would require significantly larger traction motors and generator that
may be limited by vehicle packaging space. At very high loads, e.g., during towing
acceleration, the series-mode energy conversion would also be less efficient than a
conventional vehicle with a high efficiency gearbox or the P2-P4 architecture consid-
ered selected within the study. Simulations were conducted with both gasoline and
diesel dedicated hybrid engines.

4.3 Electric Hybrid Drive System Design

The hybrid drive-system specifications are summarized in Tab. 13 and Tab. 14 for
LDT4 and MDV REET modeling, respectively.
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Tab. 13  Hybrid drive system specifications used for LDT4 REET simulations.

Vehicle eMachine Scaled | Scaled Max. Base Gear Ratio
Hybrid | and Drive Loca- | Max. Max. Speed Speed
Config. tion Power | Torque | (RPM) (RPM)
(kW) (Nm)
P2-P4 | Transmission-in-| 120 828 6,000 1,500 3.73:1
tegrated P2, rear
drive”
P4, front drive 150 311 18,000 4,200 17:1
S-P Generator? 240 619 13,500 3,500 0.75:1
P4, front drive 150 276 18,000 4,200 17:1
P4, rear driveT 150 276 18,000 4,200 17:1
*P2 gear ratio is for the final drive. Note that the P2 also incorporates a 10-speed
automatic transmission prior to the final drive.
1P4 front drive uses a single final-drive gear ratio. S-P P4 rear drive combines a
4.557:1 electric machine gear reduction and a 3.73:1 final drive.
FGear reduction from engine to generator.

Tab. 14  Hybrid drive system specifications used for MDV REET simulations.

Electric Motors Max. Max. Max. Base Gear Ra-
Power Torque Speed Speed tio
(kW) (N-m) (RPM) (RPM)

P2, rear drive” 150 1036 6,000 1,500 3.73:1

P4, front drivet 195 405 18,000 4,200 17:1

*P2 gear ratio is for the final drive. Note that the P2 also incorporates an 8-
speed automatic transmission prior to the final drive.
1P4 uses a single final-drive gear ratio.

4.3.1 P4 Gear Ratio Selection

The final drive, or e-axle, ratio for the front P4 machines used for both the S-P and P2-
P4 hybrid electric drive architectures has a significant impact on both efficiency and
drivability. In this study a parametric sweep of the ratio with the vehicle operating in all-
electric mode was simulated over the UDDS cycle for 70 miles and then the US06 for
40 miles. Gear ratios spanning from 17:1 to 21:1 were selected as representative of
current and near-term (e.g., through 2027) ratios for high-speed motors. Fig. 8 shows
an example of the LDT4 P4 configuration. For modeled motor configurations, battery
energy consumption increased with gear ratio. The increase in energy consumption
was due to the P4 motor operating inefficiently in the high-speed region of its speed-
torque curve. Therefore, the smallest axle ratio of 17:1 was selected. For the S-P ar-
chitecture’s rear P4 machine, this was achieved via a 3.73:1 rear final drive and an
electric machine gear reduction of 4.557:1 to create a net electric drive ratio of approx-
imately 17:1.
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Fig. 8 P4 E-axle energy consumption as a function of gear ratio.
43.2 P2-P4 Modeling

For the LDT4 REET P2-P4, a single step gear ratio was used between the engine and
rear axle and for the front P4 machine. For the P2-P4 model, the original 10R80 trans-
mission shift strategies were re-optimized for the dedicated hybrid engine (see section
4.5) and a single step gear ratio was used for the front P4 machine. The following steps
were used to modify the shift strategy for P2 operation:

1. For maximum vehicle performance, upshift points were set at the rated engine
speed of 4500 rpm at wide open throttle.

2. Below 25% pedal demand, upshifts were set to maintain a reasonable engine
speed after the upshift event (typically around 1000 rpm). Like the 2021 Ford
F-150 baseline model, the torque converter would be unlocked for the 1-2 and
2-3 shifts, and a lower theoretical engine speed was allowed after a light load
upshift. The converter was assumed to be locked for all other shift events.

3. To avoid gear hunting , a speed margin was imposed between downshifts and
upshifts for a given pedal position. For example, if the 5-6 upshift at 50% throttle
occurred at 50 mph, a 6-5 downshift would only be allowed if the vehicle speed
was around 38 mph, resulting in an engine speed of 2300 rpm or less in 5th
gear.

4. For most of the shift schedule map (between 25% and 90% pedal), the shift
points were chosen so the engine would be near its best BTE line on the regu-
latory drive cycles (UDDS, HWFET, US06) and during the J2807 Davis Dam
procedure. The operation was confirmed by checking the resulting heat maps
and adjusting shift points accordingly.

5. The vehicle speed was limited to 100 mph as it is the limit imposed by the e-
axle maximum speed and the selected gear ratio.

The resulting shift strategy modeled for the P2-P4 version of the LDT4 REET is sum-
marized in Fig. 9. The X-axis represents the vehicle speed in mph and Y-axis repre-
sents the normalized load parameter (accelerator pedal position).
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Fig. 9 LDT4 P2-P4 REET transmission shift strategy.

The selected diesel and gasoline DHE (section 4.5) for MDV REET modeling have
maximum engine speeds greater than 4,000 rom compared to the 6.7L Cummins ISB
maximum of 3000 rpom. Both DHEs also have significantly lower peak torque numbers
when compared to the Cummins 6.7L ISB. Hence, for the MDV REET, ZF’s commer-
cial grade 8-speed gearbox (8HP75) was selected. The ZF 8HP75 weighs 150 kg and
has a maximum input torque of 1200 N-m. SwRI had characterized the efficiency of
that transmission during a previous benchmarking exercise. The ZF experimental data
was used to develop the MDV REET P2-P4 transmission model. The shift strategies
for the eight-speed transmission were modified for both MDV DHE engines in this
study. The method used for shift strategy generation was the same as that for the RAM
2500 baseline model but was optimized to fit each DHE BTE map. The resulting shift
strategies used in the GT-Drive model for the MDV REET are summarized in Fig. 10.
Like the baseline RAM 2500 diesel powertrain, the torque converter was assumed to
be open for the first three gears and then locked from 4th to 8th gear.
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Fig. 10  Modeled ZF 8HP75 shift strategies for the gasoline (top) and diesel (bottom)
DHE versions of the MDV REET.
4.3.3 S-P Modeling

For the modeled S-P architecture, the direct engagement of the engine to the rear axle
via a clutch enables the vehicle to operate in parallel mode during which the engine
speed is directly proportional to the wheel speed. A parametric gear ratio sweep was
run from 2.3:1 to 6.6:1 over multiple drive cycles. Fig. 11 shows the effect of gear ratio
on engine speed and the fuel economy. Over the US06 cycle, the fuel economy de-
creases when the ratio is greater than 4.0:1. In the current model, this corresponded
to an engine speed of 3300 rpm where the dedicated hybrid engine efficiency is maxi-
mum (Figure 7). Hence, for the UDDS and HWFET cycles, the parameter sweep was
limited to gear ratios of 3.2 to 4.0. When taking into consideration the CO. emissions
over all three regulatory cycles, a ratio of 3.92:1 was found to be the best fit for the
given application.

For the selected gear ratio of 3.92:1, the engine speed ranges from 1600 rpm to 2450
rom for a wheel speed of 40 mph to 60 mph, which is comparable to the speed range
experienced by a conventional engine on the UDDS and HWFET cycle. On the US06
cycle, the highest speed of 80 mph corresponds to a maximum engine speed of ap-
proximately 3300 rpm.
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Fig. 11 Engine gear ratio parameter sweep for the LDT4 REET S-P model.

For the LDT4 gasoline DHE (section 4.5) at engine speeds greater than 1500 rpm, the
brake thermal efficiency starts to approach 40%, and from 1700 rpm onwards the en-
gine efficiency is within the range of 40% to 43%. This means it is most efficient for the
powertrain to switch to parallel mode around those speeds, with the engine mechani-
cally connected to the wheels. For the given engine-to-rear axle gear ratio of 3.92:1,
closing the clutch at 40 mph puts the engine speed at approximately 1650 rpm. For
engine speeds greater than 4000 rpm the engine power is approximately 200 kW on
the best efficiency line, which is 55.6 kW/L. Such a high power density may lead to fuel
enrichment with U.S. Tier 3 gasoline. Therefore, the engine is de-clutched at around
95 mph, which corresponds to an engine speed of around 3900 rpm. Once the engine
is de-clutched from the rear axle, the vehicle operates either in series mode or electric-
only mode depending on the battery state of charge.

4.4 Battery System Design

This study selected a Li-ion battery chemistry with an NMC811 cathode, and a 5%
silicon / 95% graphite anode as an energy storage system representative of model
year 2027 electrified vehicles. Argonne National Laboratory (ANL) generated simu-
lated data to parametrize the GT-DRIVE battery model using their BatPaC (Battery
Performance and Cost) model [16]. The BatPaC model used NMC811 and a synthetic
G-Si (95/5) curve based on experimental Argonne data [17]. The resulting open-circuit
characteristic curve can be seen in Fig. 12 and internal resistance curve seen in Fig.
13.
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ANL’s BatPaC program was used to determine if the battery power profiles generated
with the GT-DRIVE vehicle model could be achieved by the full pack configuration. The
BatPaC simulation was used to infer continuous and peak power limits, resulting in a
peak discharge rating of 7C for 5 seconds and a continuous discharge rating of 3C.
The charge ratings were estimated as a fraction of the discharge ratings: 4C and 2C
for peak and continuous ratings, respectively. The specific energy at the pack level
was also determined by ANL using BatPaC to be 183 Wh/kg. Using the new chemistry,
the battery was sized to meet the AER estimated during the VKA and refined with data
from the actual forward-looking model described in section 4.3. As each hybrid archi-
tecture had different inherent efficiencies, the size of each battery pack varied in order
to maintain the AER design targets. Battery specifications are summarized in Tab. 15
and Tab. 16 for LDT4 and MDV REET modeling, respectively.
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Tab. 15  Battery specifications used for LDT4 REET modeling.

Parameter S-P P2-P4
Cathode: NMC811 NMC811
Anode: 95% graphite, 5% Si | 95% graphite, 5% Si
Cells in Series: 86 89
Cells in Parallel: 3 3
Cell Capacity [Ah]: 40 40
Cell Nominal Voltage [V]: 3.7 3.7
Pack Capacity [Ah]: 120 120
Pack Nominal Voltage [V]: 318.2 329.3
Pack Energy [kWh]: 38.2 39.5
Pack Weight [kg]: 208.7 215.9
Max. SOC [%]: 90 90
Min. SOC [%]: 15 15
Useable Energy [kWh]: 28.6 29.6

Tab. 16  Battery specifications used for MDV REET modeling.

Parameter P2-P4, both gasoline
and diesel versions
Cells in Series 82
Cells in Parallel 4
Cell Capacity [Ah] 40
Cell Nominal Voltage [V] 3.7
Pack Capacity [Ah] 160
Pack Nominal Voltage [V] 303.4
Pack Energy [kWh] 48.5
Pack Weight [kg] 265.3
Max. SOC [%] 90
Min. SOC [%] 15
Useable Energy [kWh] 36.4

4.5 Dedicated hybrid engines

The change in vehicle powertrain architecture offered opportunities to significantly op-
timize the internal combustion engine (ICE) over a much narrower range of operation.
Dedicated hybrid engines (DHE) [18] were configured to meet the average power de-
mand for either the LDT4 REET or MDV REET during simulation of SAE J2708 Davis
Dam towing in charge-sustaining operation. Only gasoline spark ignition DHEs were
considered for LDT4 REET modeling due to the predominance of gasoline engines
among LDT4 pickup trucks in the U.S. MDV pickup trucks in the U.S. are widely avail-
able in both gasoline and diesel versions, and thus both gasoline and diesel DHEs
were modeled for MDV REET.
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451 Gasoline Spark Ignition DHE

The modeled gasoline spark ignition DHEs were based on a DHE concept from Bran-
nys et al. [19]. The gasoline DHE has a geometric compression ratio of 15:1 with ex-
ternal, cooled EGR, an aggressive Miller Cycle camshaft with early intake valve
closing, and a passive pre-chamber. The engine operates at stoichiometric conditions
over the full operating map fuel with an octane rating of approximately 98 RON (equiv-
alent to US 93 AKI). It was scaled using the EPA ALPHA scaling rules [20] from a 1.5L
inline-four-cylinder engine to a 3.6L inline-six-cylinder Miller Cycle DHE (Fig. 14) at a
maximum power density of approximately 66 kW/L for the LDT4 REET. The gasoline
DHE was scaled to a 6.0L V8 Miller Cycle DHE (Fig. 15) at 50 kW/L for the MDV REET.
A lower power density was selected for MDV REET modeling to reduce commanded
enrichment at high loads from the higher sustained power requirement over longer
periods of time for the MDV application. The scaled gasoline DHEs used for modeling
maintained the same bore-to-stroke ratio but increased the overall displacement rela-
tive to the original 1.5L engine. Simulations were conducted using both premium- and
regular-grade Tier 3 E10 (10 vol.% ethanol) fuels, however this report focuses on
scaled modeling results with Tier 3 E10 regular-grade fuel.
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Fig. 14  BTE map of the scaled 3.6L Miller Cycle DHE using Tier 3 E10 regular-

grade fuel. The pink line represents the best BTE at each engine power
level.
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Fig. 15 BTE map of the scaled 6.0L Miller Cycle DHE using Tier 3 E10 regular-
grade fuel. The pink line represents the best BTE at each engine power
level.

4.5.2 Diesel DHE

The diesel DHE targeted a significantly reduced-displacement engine relative to the
original Cummins 6.7L engine since the diesel DHE relies heavily on the electric power-
train for torque reserve. A 3.0L GM Duramax engine was selected as it represents a
state-of-the-art production diesel engine design complying with U.S. Tier 3 criteria pol-
lutant emission standards. SwRI had already previously developed a well-validated
GT-POWER model of the 3.0L engine GM Duramax during previous work [8]. This
model was re-run using updated fuel properties and the resulting map has been by
EPA used for ALPHA simulations within regulatory analyses [15] [21]. The 3.0L Du-
ramax engine has a rated power of 212 kW. To meet the power requirements of the
Davis Dam portion of the SAE J2807 procedure, the engine was scaled using the EPA
ALPHA scaling rules [20] to a 4.0L displacement inline six-cylinder engine with a rated
power of 284 kW. The efficiency map of the resulting engine is shown in Fig. 16. The
4.0L scaled version assumed the same bore-to-stroke ratio with increased the dis-
placement per cylinder.
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5 Modeling Results
5.1 CO; Emissions Results

Modeled CO. emissions and fuel economy (FE) results over the UDDS, HWFET,
weighted combined-cycle (UDDS and HWFET combined with a weighting of 0.55 and
0.45, respectively), and US06 are summarized in Tab. 17 and Tab. 18 for the LDT4 S-
P and P2-P4 configurations, respectively. Modeled CO: emissions and fuel economy
(FE) results for the gasoline and diesel MDV REET are summarized in Tab. 19 and
Tab. 20, respectively. Note that compliance with model 2027 and later GHG standards
should be compared with the weighted combined-cycle CO. modeling results and in-
corporates a fleet utility factor to estimate in-use, all-electric operation. EPA has up-
dated the calculation of fleet utility factors for PHEV GHG compliance in the U.S.
beginning with the 2031 model year, and modeled CO: emissions results incorporating
the updated 2031 utility factors [22] are shown in the tabulated results.

The REET pickup truck configurations in charge-sustaining operation all achieved ap-
proximately 30% combined-cycle CO: reductions compared to the baseline vehicles.
When applying the EPA 2031 fleet utility factors to the modeled AER, the combined-
cycle CO: reductions were approximately 80% for all REET pickup truck configurations
compared to the baseline vehicles. For LDT4 REET configurations, CO. emissions
were lowest for the S-P configuration at approximately 73 g/mi over the combined-
cycle using a 0.719 fleet utility factor. Modeled CO:. emissions were comparable be-
tween the diesel (104 g/mi) and gasoline (107 g/mi) MDV REET configurations for
combined-cycle CO: emissions using a fleet utility factor of 0.691.
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Tab. 17 Modeled CO: emissions and fuel economy comparison between the LDT4
S-P REET and 2021 Ford F-150 using Tier 3 regular-grade fuel.

Drive 2021 Ford F150 S-P Results Percentage change
Cycle Simulation from baseline**
Results*

ETW | CO: FE |ETW |CO.t| FEt | EPA |CO.t| FEt | EPA
[ka] | [g/mi]| [MPG]| [kg] |[g/mi]| [MPG]|CO:TT| [%] | [%] | CO.tT
[g/mi] [%]
UDDS |2,495| 455 | 18.8 |2,950| 252 | 34.0 na |-45% | 81% | n/a
HWFET [2,495| 345 | 24.8 |2,950| 274 | 31.2 nfa |[-21%| 26% | n/a
Combined |2,495| 398 | 21.5 |2,950| 261 | 32.7 | 73.3 |-34% | 52% | -82%
US06 |2,495| 566 | 15.1 [2,950| 382 | 22.4 na |-32%| 48% | n/a
* Baseline simulation results validated via chassis dynamometer testing. Simulation
results are shown to provide a comparable basis of comparison between the baseline
configuration and REET configuration
** A negative% CO:2 change means less emissions with respect to the baseline 2021
Ford F-150.
T Charge-sustaining operation only.
11 Takes into account EPA fully-phased-in (2031) fleet utility factor (FUF) of 0.719
based on modeled AER.

Tab. 18 Modeled CO: emissions and fuel economy comparison between the LDT4
P2-P4 REET and 2021 Ford F-150 using Tier 3 regular-grade fuel.

Drive 2021 Ford F150 P2-P4 Results Percentage change
Cycle | Simulation Results* from baseline**

ETW| CO. | FE |ETW | CO.t| FEt | EPA |CO.t| FET | EPA
[kal |[g/mi]| [MPG] | [kg] |[g/mi] | [MPG]|CO:Tt| [%] | [%] | CO:fT
[9/mi] [%]

UDDS |2,495| 455 18.8 [2,950| 265 | 32.3 | n/a |-42%| 72% | nla

HWFET [2,495| 345 | 24.8 [2,950| 294 | 29.1 n/a |-15%| 18% | n/a

Combined |2,495| 398 | 21.5 [2,950| 277 | 30.9 | 84.4 |-30%| 44% | -79%

US06 |2,495| 566 151 [2,950| 399 | 21.5 | n/a |-30%| 42% | nl/a

* Baseline simulation results validated via chassis dynamometer testing. Simulation
results are shown to provide a comparable basis of comparison between the baseline
configuration and REET configuration.

** A negative% CO. change means less emissions with respect to the baseline 2021
Ford F-150.

T Charge-sustaining operation only.

T1 Takes into account a fully-phased-in (2031) fleet utility factor (FUF) 0.695 based on
modeled AER.
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Tab. 19 Modeled CO: emissions and fuel economy comparison between the MDV
P2-P4 REET with a gasoline DHE and a 2021 RAM 2500 Diesel.

Drive Cy-| 2021 RAM 2500 P2-P4 Gasoline DHE Re- % Change from
cle Simulation Results sults Baseline*

ALVW| CO. | FE |ALVW|CO.f| FE | EPA | CO.f | FET | EPA
[kl |[g/mi]|[MPG]| [kg] |[g/mi]| [MPG] | CO.tT| [%] | [%] | CO-fT
[9/mi] [%]

UDDS [4,082| 581 | 17.5 |4,310 | 334 | 25.6 n/a | -42% | 46% n/a

HWFET |4,082| 393 | 25.9 | 4,310 | 361 | 23.7 na [-8.1%|-8.6%| n/a

Combined | 4,082 | 478 | 21.3 | 4,310 | 346 | 24.7 | 107 | -28% | 16% | -78%

USo6 |4,082| 609 | 16.7 4,310 | 480 | 17.8 | nfa | -21% | 7% n/a

* A negative% CO: change means less emissions with respect to the baseline 2021
RAM 2500.

T Charge-sustaining operation only.

T1 Takes into account a fully-phased-in (2031) fleet utility factor (FUF) 0.691 based on
modeled AER.

Tab. 20 Modeled CO: emissions and fuel economy comparison between the MDV
P2-P4 REET with a diesel DHE and a 2021 RAM 2500 Diesel.

Drive Cy-| 2021 RAM 2500 P2-P4 Diesel DHE Results % Change from
cle Simulation Results Baseline*
ALVW| CO. | FE |ALVW| CO.t | FE EPA | CO.t | FEt | EPA
kgl |[g/mi]|[MPG]| [kg] |[g/mi] |[MPG]| CO.TT | [%] | [%] | CO.TT
[g/mi] [%]
UDDS |4,082| 581 | 17.5 | 4,310 | 327 | 31.2 na | -44% [(78% | n/a
HWFET | 4,082 | 393 | 25.9 | 4,310 | 352 | 28.9 na | -11% [(12% | n/a
Combined | 4,082 | 478 | 21.3 | 4,310 | 337 | 30.2 | 104 | -29% |42% | -78%
UsSo6 |4,082 | 609 | 16.7 [ 4,310 | 473 | 21.5 na | -22% [29% | nl/a
* A negative% CO: change means less emissions with respect to the baseline 2021
RAM 2500.
T Charge-sustaining operation only.
11 Takes into account a fully-phased-in (2031) fleet utility factor (FUF) 0.691 based on
modeled AER.

5.2 SAE J2807 Trailer Towing Results

Modeled acceleration performance at an ETW of 2,500 kg for the baseline F150 and
at an ETW of 2,950 kg for the LDT4 REET configurations is compared in Tab. 21.
Modeled acceleration performance for the baseline RAM 2500 and for the MDV REET
configurations at ALVW is compared in Tab. 22. All modeled REET configurations had
acceptable acceleration performance relative to their respective vehicle classes. The
S-P LDT4 REET and both MDV REET versions had comparable or slightly improved
acceleration performance compared to the baseline vehicles.
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Tab. 21 Modeled LDT4 REET 0-60 mph acceleration performance at ETW com-
pared to the 2021 Ford F150.
Drive cycle 2021 F150 | LDT4 REET | LDT4 REET
S-P P2-P4
ETW [kg] 2,495 2,950 2,950
0-60 mph, Charge Sustaining [s] 5.3 4.7 6.7
0-60 mph, All-Electric [s] - 53 6.7
0 — 60 mph,Blended [s] - 4.4 6.7
Top Speed [mph] 105 100 100

Tab. 22

compared to the 2021 RAM 2500 Diesel.

Modeled MDV REET 0-60 mph acceleration performance results at ALVW

Drive cycle 2021 RAM | Class 2b REET | Class 2b REET
2500 Diesel | w/gasoline DHE w/diesel DHE
ALVW (kg) 4,082 4,310 4,310
0-60 mph, Charge Sustaining [s] 8 7.3 7.4
0-60 mph, All-Electric [s] - 7.2 7.2
0 — 60 mph,Blended [s] - 7.3 7.3
Top Speed [mph] 120 100 100

Modeling of the SAE J2807 towing criteria for the LDT4 REET configurations at GCWR
of approximately 8,850 kg is summarized in Tab. 23. Modeling of the SAE J2807 tow-
ing criteria for the MDV REET configurations at GCWR of approximately 13,200 kg is
summarized in Tab. 24.

The SAE J2807 modeling indicates that both S-P and P2-P4 LDT4 REET versions
would complete all of the SAE J2807 tests, including trailer towing on the Davis Dam
grade at approximately 8,850 kg GCWR, provided that the engine is on and electric
drive is operated under either blended or charge-sustaining operation. Similarly, the
SAE J2807 modeling indicates that both the diesel and gasoline MDV REET versions
would complete all of the SAE J2807 tests at approximately 13,200 kg GCWR, pro-
vided that the engine is on and electric drive is operated under either blended or charge
sustaining operation.
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Tab. 23 SAE J2807 modeling results for the S-P and P2-P4 LDT4 REET at GCWR.

Attribute Metric @ Minimum LDT4 REET S-P | LDT4 REET P2-P4
GCWR J2807 Pass | Vehicle: 2,990 kg | Vehicle: 2,937 kg
Criteria Trailer: 5,898 kg Trailer: 5,898 kg
GCWR: 8,888 kg GCWR: 8,835 kg
Blended| Charge |Blended| Charge
Sustaining Sustaining
Level Road | 0 - 60 mph 30 14.0 16.5 20.9 211
Acceleration| Time (s)
Level Road | 0 — 30 mph 12 5.2 5.2 5.0 5.0
Acceleration| Time (s)
Level Road | 40 — 60 mph 18 6.4 9.1 12.6 12.6
Acceleration| Time (s)
Launch on | 12% Grade Launch Pass Pass Pass Pass
Grade
Highway Speed on 40 mph Pass Pass Pass Pass
Gradeability* | grade (mph)*
* This study adopted highway gradeability requirements exceeding those of the J2807
minimum requirements and instead used a minimum speed of 45 mph in sections with
a 45-mph speed limit and 55 mph in sections with speed limits of 55 mph or 65 mph
sections for the Davis Dam grade route.

Tab. 24 SAE J2807 modeling results for gasoline and diesel versions of the P2-P4
MDV REET at GCWR.

Attribute Metric @ Minimum Gasoline DHE Diesel DHE
GCWR J2807 Pass | Vehicle: 4,159 kg Vehicle: 4,126 kg
Criteria Trailer: 9,063 kg Trailer: 9,063 kg
GCWR: 13,222 kg | GCWR: 13,189 kg
Blended| Charge |Blended| Charge
Sustaining Sustaining
Level Road | 0 — 60 mph 30 22.3 22.3 221 221
Acceleration| Time (s)
Level Road | 0 — 30 mph 12 5.5 5.5 5.5 5.5
Acceleration| Time (s)
Level Road | 40 — 60 mph 18 13 13 12.2 12.3
Acceleration| Time (s)
Launchon | 12% Grade Launch Pass Pass Pass Pass
Grade
Highway Speed on 40 mph Pass Pass Pass Pass
Gradeability* | grade (mph)*
* This study adopted highway gradeability requirements exceeding those of the J2807
minimum requirements and instead used a minimum speed of 45 mph in sections with
a 45-mph speed limit and 55 mph in sections with speed limits of 55 mph or 65 mph
sections for the Davis Dam grade route.
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6 Conclusions

Modeling of high-tow-capability REET LDT4 and MDV pickup trucks demonstrated the
potential to reduce CO. emissions by approximately 80% over U.S. regulatory drive
cycles when using the EPA fleet utility factor for model year 2031. It is notable that
modeling of the gasoline MDV REET showed CO. emissions comparable to the diesel
MDV REET over all drive cycles. The modeled CO: emissions were nearly identical
over the combined-cycle using the 2031 fleet utility factor despite the diesel DHE hav-
ing a nearly 5 MPG combined-cycle advantage in charge sustaining operation relative
to the gasoline DHE. For the modeled MDV REET configurations, the impact on CO:
emissions expected due to the reduced fuel consumption for the diesel DHE relative
to the gasoline DHE was approximately offset by the higher carbon content of diesel
fuel relative to E10 gasoline. This is an important consideration for potential application
of REET for MDV GHG and criteria emissions compliance in the U.S. since the fuel
system, engine, and criteria pollutant emissions controls for a stoichiometric gasoline
DHE MDV REET would likely have significantly lower costs when compared to a diesel
DHE MDV REET.

Modeling of SAE J2807 towing conditions included towing at GCWR of over 8,800 kg
for the REET LDT4 pickup truck and over 13,000 kg for the REET MDV pickup truck
and included simulations of the Davis Dam grade. Modeling results indicate that the
modeled REET configurations show potential for successfully completing all SAE
J2807 standard trailer towing tests while achieving GCWR comparable to current base-
line conventional large gasoline and diesel pickup trucks in the U.S.

The underlying models developed in this study using GT-SUITE tools have been ported
into EPA’s ALPHA model [23] and serves as a basis within ALPHA for modeling of
model year 2027 and later LDT3, LDT4, MDPV and MDV PHEVs with significant all-
electric-range capability consistent with the California ACC Il and ACT programs. Re-
sponse surfaces that were derived from this ALPHA modeling were also directly used
within compliance modeling summarized within the Regulatory Impact Analysis for the
Multi-Pollutant Emissions Standards for Model Years 2027 and Later Light-Duty and
Medium-Duty Vehicles that were finalized in March 2024 [15].

7 Acknowledgements

The authors kindly thank Brad Werwick, Gregory Janssen, Brian Olson and Jeff Cherry
at EPA for their assistance with contract management and support. We also
acknowledge Nicolas Witkowski and Michael Safoutin at EPA, and Patrick Walsh at
the U.S. Department of Energy for their diligent and ongoing support of EPA inter-
agency work at ANL related to automotive lithium-ion battery modeling.



33rd Aachen Colloquium Sustainable Mobility 2024 31

8 Disclaimers

The research described in this paper has been funded by the U.S. EPA under Contract
Number 68HERC20D0014, Order Number 68HERC21F0317, "Powertrain and Vehicle
Modeling, Simulation, and Validation" to Southwest Research Institute; and under an
Interagency Agreement (IA) with the U.S. Department of Energy, IA Number DW-089-
92568801-0, "U.S. EPA Transportation Research Collaboration with Argonne National
Laboratory". The paper also incorporates data and content originally developed by the
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9 Abbreviations

AER All-electric range, battery-charge depleting and engine off

AKI Anti-knock Index, average value of RON and MON

ALVW Adjusted loaded vehicle weight, average of curb weight and
GVWR

ANL Argonne National Laboratory

BTE Brake thermal efficiency

CARB California Air Resources Board

CO: Carbon dioxide

g/mi Grams per mile, unit of emissions per distance driven

GHG Greenhouse gas emissions

GCWR Gross combined weight rating, maximum weight of the both tow
vehicle and trailer combined

GVWR Gross vehicle weight rating, maximum vehicle weight

EPA U.S. Environmental Protection Agency

ETW Equivalent test weight, curb weight plus 300 pounds

FE Fuel economy, expressed in the U.S. as MPG

HWFET Highway Fuel Economy Test, EPA chassis test cycle representing

highway driving conditions under 60 mph
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ICE Internal combustion engine

kg Kilogram unit of mass

kW Kilowatt unit of power

L Liter, volume of ICE piston-swept displacement

LDT3 Light-duty Truck 4, GVWR of 6,001 to 8,500 pounds, ALVW <
5,750 pounds

LDT4 Light-duty Truck 4, GVWR of 6,001 to 8,500 pounds, ALVW >
5,750 pounds

MDPV Medium-duty passenger vehicle, GVWR of 8,501 to 14,000 and
meeting specific EPA work factor, weight and cargo area criteria
that define passenger vehicle usage

MDV Medium-duty vehicle, GVWR of 8,501 to 14,000 pounds excluding
MDPV

MON Motor octane number

MPG Miles per gallon, unit of fuel economy

mph Miles per hour, unit of velocity

MY Model Year

Nm Newton-meter, unit of torque

PHEV Plug-in hybrid electric vehicle

Qurv Lower heating value, net heat released during combustion

REET Range-extended electric truck

RON Research octane number

RPM Revolutions per minute, unit of rotational velocity

S Seconds

SOC State of charge

S-P Series-parallel hybrid electric drive

SwRI Southwest Research Institute

UDDS Urban Dynamometer Driving Schedule, EPA chassis test cycle
representing city driving conditions

US06 EPA chassis test cycle representing high acceleration, high
speeds and aggressive driving

VGT Variable geometry turbocharger

Density
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