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PREFACE

This report refers to a continuous improvement study on Benefits and Scenario Analysis
(BaSce) from the U.S. Department of Energy (DOE) Vehicle Technologies Office (VTO) and
corresponds to the fourth revision of the study. Past reports include:

1. “Assessment of Vehicle Sizing, Energy Consumption and Cost through Large-
Scale Simulation of Advanced Vehicle Technologies” (Moawad et al. 2016,
March)

2. “Light-Duty Vehicle Fuel Consumption Displacement Potential up to 2045~
(Moawad 2014, April)

3. “Light-Duty Vehicle Fuel Consumption Displacement Potential up to 2045
(Moawad 2011, July)

Links to these reports are on the Argonne Autonomie webpage at
http://www.autonomie.net/publications/fuel_economy _ report.html. The webpage also contains a
link to the assumptions (“Main Assumptions”) and results (“Results per component” and “Results
per vehicle”) for each of the revisions.

With each revision of the study, changes were made to the assumptions, control strategies
at the vehicle level, methodologies, and powertrain selections.

Xi


http://www.autonomie.net/publications/fuel_economy_
http://www.autonomie.net/publications/fuel_economy_report.html

ABSTRACT

This report reviews the results of the research developed through the support of DOE VTO.
It provides an assessment of the fuel and light-duty vehicle technologies that are most likely to be
published, developed, and eventually commercialized during the next 30 years (up to 2050).
Because of the rapid evolution of component technologies, this study is updated at specific time
intervals to continuously update the results based on the latest state-of-the-art technologies.

While it is not possible to simulate all the possible vehicle powertrain combinations, more
than 5,000 representative vehicles are simulated in the study to take the following into account:

o Multiple powertrain configurations (i.e., conventional, power-split, extended-
range electric vehicle, battery electric drive, and fuel-cell vehicles),

e Vehicle classes (i.e., compact car, midsize car, small sport utility vehicle
[SUV], midsize SUV, and pickup trucks), and

e Fuels (i.e., gasoline, diesel, and battery electricity).

These various technologies are assessed for six different timeframes: laboratory (lab) years
2010 (reference), 2015, 2020, 2025, 2030, and 2045. A delay of five years is assumed between lab
year and model year (year technology is introduced into production). Finally, uncertainties are
included for both technology performance and cost aspects by considering three cases:

e Low case — aligned with original equipment manufacturer (OEM)
improvements based on regulations,

e Medium case, and

o High case— aligned with aggressive technology advancements based on R&D
targets developed through support by VTO.

Low technology progress represents a very small uncertainty in achieving the target, i.e.,
the manufacturers would achieve this target without the advancement of DOE VTO programs. The
high technology progress represents a very high uncertainty in achieving the target by the
manufacturers as they correspond to DOE VTO targets for the corresponding technology and lab
year. The medium case corresponds to the average of the two extreme uncertainty levels.

This report provides an assessment of the fuel displacement and cost-reduction potentials
of advanced technologies up to the year 2045, including the different uncertainty levels.
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EXECUTIVE SUMMARY

The U.S. Department of Energy (DOE) Vehicle Technologies Office (VTO), along with
Fuel Cell Technologies Office (FCTO) supports new technologies to increase energy security in
the transportation sector at a critical time for global petroleum supply, demand, and pricing, with
goals to improve energy efficiency, reduce energy use, and save money of the consumers.

The U.S. transportation sector used about 14 million barrels of oil equivalent per day in
2015 (Figure ES.1).
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FIGURE ES.1 U.S. petroleum production and transportation consumption 1970-2050
(Source: Energy.gov 2017a)

VTO collaborates with industry to identify priority areas of research needed to develop
advanced vehicle technologies to reduce petroleum use, and to reduce emissions. VTO works on
numerous technologies, including the following:

o Development of hybrid electric vehicles (HEVS) and plug-in HEVs (PHEVS),
through advanced batteries, electric machines, and power electronics
« Reduction of vehicle weight (lightweighting)

« Improvement of combustion technologies and optimization of fuel systems

The objective of the present study is to evaluate the benefits of DOE VTO for a wide range
of vehicle applications, powertrain configurations, and component technologies for different



timeframes, and to quantify the potential future impacts up to 2045, as well as the cost evolution.
More than 5,000 light-duty vehicles were simulated with Autonomie, Argonne National
Laboratory’s vehicle simulation tool.

To address performance and cost uncertainties, three cases were considered: low, average,
and high uncertainty. The assumptions were developed through discussions with experts from
industry, universities, and the national laboratories.

A vehicle is defined through several hundred assumptions. Some of the assumptions are
highlighted below:

o The difference in peak efficiency between gasoline and diesel engines is
expected to narrow in the future because of the combination of advanced
gasoline engine technologies and the impact of evermore stringent after
treatment requirements for diesel.

o Coupling ultra-capacitors with batteries was not considered, owing to higher
cost and expected increase in lithium ion battery life and cold-start performance
in the short term.

o Automated manual transmissions were not included in the study.

ES.1 VEHICLE POWERTRAIN SIZING

Advances in material substitution will play a significant role in reducing overall vehicle
weight, and consequently, in reducing component power and energy requirements.

« Vehicle weight reductions (lightweighting) has greater influence on electric
drive vehicles (EDVs) than on their conventional counterparts owing to the
impact of the battery weight on EDVs.

The different PHEVs show a linear relationship between usable battery energy and vehicle
mass, with the slope increasing with the AER.
ES.2 VEHICLE FUEL EFFICIENCY

Overall, the combination of technology improvements leads to significant fuel-

consumption reduction across vehicle applications resulting in energy efficiency improvements in
the transportation sector.

ES.2.1 Evolution of Fuel Consumption Compared with Reference 2010 Gasoline
Conventional Vehicles



Table ES.1 summarizes the unadjusted fuel consumption reduction by 2045 on the
combined driving cycle for each powertrain configuration and fuel compared with the reference
2010 gasoline conventional vehicle.

TABLE ES.1 Percentage gasoline-gallon equivalent fuel consumption
reduction of each powertrain by 2045, compared with reference 2010
gasoline conventional powertrain

Fuel/
Powertrain Conventional HEV PHEV?25 PHEV40 PHEV50
Gasoline 23-49 50-73 78-89 84-92 87-94
Diesel 23-51 43-68 73-85 82-91 86-92
Fuel Cell 68-81 8692 91-95 93-96

The results demonstrate significant improvements over time across all powertrain
configurations and fuel types. When considering the low/high uncertainty cases across all engines,
conventional vehicles can achieve a 23% to 51% fuel consumption improvement; power-split
HEVs can achieve a 43% to 81% improvement; 73% to 92% for PHEV25; 82% to 95% for
PHEV40; and 86% to 96% for PHEV50.

ES.2.2 Evolution of Specific Powertrains

Table ES.2 shows the 2045 unadjusted fuel-consumption reduction on the combined
driving cycle for each powertrain configuration and fuel, compared with each configuration’s
current status in 2010 (e.g., the diesel HEV in 2045 is compared with the reference diesel HEV in
2010).

TABLE ES.2 Percentage fuel-consumption reduction across powertrains
by 2045 compared with the respective current status in 2010 (values
reflect the uncertainty range)

Fuel/ Power-split
Powertrain Conventional HEV PHEV?25 PHEV40 PHEV50
Gasoline 23-49 28-59 33-63 27-63 29-62
Diesel 18-47 21-55 31-60 28-65 26-58
Fuel Cell 23-51 27-59 26-61 28-67

The results demonstrate that the maximum improvement expected for each powertrain
technology compared with the current status ranges from 18% to 67%. The range depends on



fuels (i.e., diesel vehicles show less improvement than gasoline vehicles) and powertrain
(i.e., conventional engines have a lower maximum improvement than PHEV50 engines).

ES.3 MANUFACTURING COST

The combined technology improvements result in cost reductions across some vehicle
components that affect manufacturing costs. Owing to these cost reductions, advanced vehicle
technologies are expected to have a significant market penetration over the next decade.

ES.3.1 Evolution of Costs for Specific Powertrains

Table ES.3 compares the percent change in manufacturing costs between 2010 and 2045
for each powertrain configuration to the reference 2010 value.

TABLE ES.3 Percent change in manufacturing cost for each powertrain by 2045 compared
with its respective (same powertrain) 2010 manufacturing cost for midsize cars

Fuel/ Conven- Power-
Powertrain tional split HEV | PHEV25 | PHEV40 | PHEV50 BEV100 BEV200 BEV300
Gasoline +2—+18 | -11—+36 | -26—-2 -33—--9 | -18—--38

Diesel -1—+13 | -18—+26 | -30—-6 -36 —-13 | -40--20
Fuel Cell -13—+61 | -26 — +16 | -30—+3 -34—--6

BEV -25—+50 | -35—+64 | -42 —+78




The manufacturing costs for gasoline and diesel conventional vehicles increase over time
owing to the effects across several factors, such as lightweighting and advanced vehicle component
technologies (direct injection, etc.). In contrast, the greatest reductions are noticed for the vehicles
with high-energy batteries and fuel-cell systems.

Due to the expected improvements in batteries, manufacturing cost reductions have a
greater effect on batteries with higher energies. As a result, PHEV50s demonstrate a larger cost
reduction than PHEV25s across all fuels. PHEV50s with gasoline engines show cost reductions
ranging between 18% and 38% from 2010 to 2045, while PHEV25s show a cost reduction ranging
from only 2% to 26%.

The fuel-cell vehicle manufacturing costs decrease significantly over time. From 2010 to
2045, the manufacturing costs for fuel-cell HEVs decrease by about 13%; for fuel-cell PHEV25s,
by 26%; for PHEV40s, by 30%; and for fuel-cell PHEV50s, by about 6% to 36%. Also, the results
show that for some combinations the manufacturing price may increase by 2045, owing mainly to
the glider cost increase over time, whereas no other component benefits from cost reduction over
time. However, the hybrid vehicles tend to get cheaper owing to advances in battery technology
that result in cost reductions over time.

ES.3.2 Powertrain Comparison

The manufacturing cost differences between powertrain options tend to decrease over time.
In 2010 lab year, for midsize vehicle class, the gasoline power-split HEV is about 28% more
expensive than the conventional vehicle, PHEV25 is about 64% more expensive, PHEV40 is about
95% more expensive, and PHEV50 is about 110% more expensive. By 2045, these differences are
11% for HEV, 18% for PHEV25, 29% for PHEV40, and 29% for PHEV50.
ES.3.3 Fuel-Comparison Evolution

A comparison of gasoline vs. diesel engines shows the following:

« Conventional diesel vehicle manufacturing costs remain between 8% and 11%
more expensive than the gasoline vehicles by 2045.

e Diesel-powered HEVs are about 4% to 6% more expensive to manufacture
when compared to gasoline HEVs by 2045.

e Diesel-powered PHEV25s are about 6% more expensive to manufacture when
compared to gasoline PHEV25s by 2045.

e Diesel-powered PHEV40s are about 5% more expensive to manufacture when
compared to gasoline PHEV40s by 2045.



o Diesel-powered PHEV50s are about 5% more expensive to manufacture when
compared to gasoline PHEV50s by 2045.

ES.4 CONCLUSION

Technology improvements lead to significant energy consumption and cost reductions
across light-duty vehicle applications. Because of the uncertainty of the evolution of the
technologies considered, different areas of development reflect varying potential improvements.

Because of the expected improvements, advanced technologies are anticipated to impact
in vehicle energy consumption over the next decade. In the short term, both engine HEVs and
PHEVs allow a significant fuel displacement with additional costs. For the long term, fuel-cell
vehicles and battery electric vehicles demonstrate very high fuel displacement potentials.



1 INTRODUCTION

1.1 BACKGROUND

In 2016, petroleum accounted for about 35% of the world’s energy use. Reports indicate
that the United States is the world’s highest oil-consumer with a consumption rate of about 20
million barrels per day (Transportation Energy Data Book, 2017a). With only 4.5% of the world’s
population, the United States consumes almost a quarter of the world’s oil.

According to the Energy Information Administration (EIA), the transportation sector is
almost entirely dependent on oil as its primary energy source (EIA 2017). The number of vehicles
in the United States is growing significantly faster compared to the U.S. population itself
(Transportation Energy Data Book, 2017b).

It has also been reported that an average U.S. household spends about 16% of their
household income in transportation. About 48% of that is spent on vehicle purchases and
maintenance while 21% in spent on gasoline and motor oil expenses (Transportation Energy Data
Book, 2017c). During the past 30 years, major oil price shocks have disrupted the world energy
markets five times, and most of the shocks were followed by a period of recession in the United
States economy.

Such a strong dependence on oil has important consequences to the nation and its economy.
To address this issue, the U.S. government, and in particular the U.S. Department of Energy (DOE)
has developed various projects to find alternative and efficient energy solutions for the
transportation domain.

The U.S. Department of Energy (DOE) Vehicle Technologies Office (VTO) has been
supporting the development of more energy-efficient highway transportation technologies that will
enable Americans to save money and energy. The long-term aim is to develop “leapfrog”
technologies that will provide Americans with greater freedom of mobility and energy security,
while lowering costs and reducing environmental effects. DOE’s VTO examines pre-competitive,
high-risk research needed to develop:

o Component and infrastructure technologies necessary to enable a full range of
affordable cars and light-duty trucks

e Fueling infrastructure to reduce the dependency of the nation’s personal
transportation system on imported oil and minimize harmful vehicle emissions,
without sacrificing freedom of mobility and freedom of vehicle choice

As part of the program, numerous technologies are addressed, including engines, energy
storage systems, fuel-cell systems, hydrogen tank storage, electric machines, and materials.
The 1993 Government Performance and Results Act (GPRA) holds federal agencies accountable
for using resources wisely and achieving program results. GPRA requires agencies to develop
plans for what they intend to accomplish, to measure how well they are doing, to make appropriate



decisions on the basis of the information that they have conquered, and to communicate
information about their performance to the U.S. Congress and to the public. The present study
evaluates the benefits of the light-duty vehicle research conducted at DOE from the perspective of
fuel-efficiency and cost to support GPRA activities.

Because of the large number of component and powertrain technologies considered as well
as the accuracy and precision of modeling, the benefits are simulated using Autonomie. Argonne
National Laboratory developed Autonomie to serve as a single tool that can be used to meet the
requirements of automotive engineering throughout the development process, from vehicle
components modeling to control. Autonomie is a forward-looking mathematical model, developed
using Mathworks tools that offers the ability to quickly compare a very large number of vehicle
powertrain configurations and component technologies from the perspective of performance, fuel-
efficiency, and cost.



2 METHODOLOGY

2.1 AUTONOMIE OVERVIEW

Many of today’s automotive control system simulation tools are suitable for modeling, but
provide rather limited support for model building and management. Autonomie (Argonne 2017)
is a MATLAB-based software environment and framework for automotive control system design,
simulation, and analysis. The tool is designed for rapid and easy integration of models with varying
levels of detail (low to high fidelity) and abstraction (from subsystems to systems and entire
architectures), as well as processes (e.g., calibration, validation). Developed by Argonne National
Laboratory (Argonne) in collaboration with General Motors, Autonomie was designed to serve as
a single tool that can be used to meet the requirements of automotive engineering throughout the
development process from modeling to control. Autonomie was built to accomplish the following:

e Support proper methods, from model-in-the-loop, software-in-the-loop, and
hardware- in-the-loop to rapid-control prototyping;

o Integrate math-based engineering activities through all stages of development,
from feasibility studies to production release;

e Promote reuse and exchange of models industry-wide through its modeling
architecture and framework;

e Support user customization of the entire software package, including system
architecture, processes, and post-processing;

o Mix and match models of different levels of abstraction for execution efficiency
with higher-fidelity models where analysis and high-detail understanding are
critical;

o Link with commercial off-the-shelf software applications, including GT-Power,
AMESIim, and CarSim, for detailed, physically-based models;

o Provide configuration and database management; and

By building models automatically, Autonomie allows the quick simulation of a very large
number of component technologies and powertrain configurations. Autonomie can do the
following:

o Simulate subsystems, systems, or entire vehicles;

e Predict and analyze fuel efficiency and cost;

o Perform analyses and tests for virtual calibration, verification, and validation of
hardware models and algorithms;



e Support system hardware and software requirements;
e Link to optimization algorithms; and

e Supply libraries of models for propulsion architectures of conventional
powertrains as well as EDVs.

Autonomie is used to evaluate the energy consumption and cost of advanced powertrain
technologies. It has been validated for several powertrain configurations and vehicle classes using
Argonne’s Advanced Powertrain Research Facility (APRF) vehicle test data (Kim et al. 2013; Kim
etal. 2012; Kim et al. 2009; Rousseau et al. 2006; Cao 2007; Rousseau 2000; Pasquier et al. 2001).

Autonomie is the primary vehicle simulation tool selected by DOE to support its
U.S. Driving Research and Innovation for Vehicle Efficiency and Energy Sustainability (DRIVE)
Program and Vehicle Technologies Office (VTO). Autonomie has been used for numerous studies
to provide the U.S. government with guidance for future research. More than 175 companies and
research entities, including major automotive companies and suppliers, use Autonomie to support
their advanced vehicle development programs.

2.2 ASSUMPTIONS DEVELOPMENTS

The assumptions for the study (i.e., component assumptions, control strategies, vehicle
technical specifications [VTS], sizing algorithms) are developed and regularly updated through
numerous discussions with component and system experts.

An assumption is defined after taking into account several inputs from the different
experts related to an area of expertise for each uncertainty and timeframe considered. The
assumptions are detailed in Chapter 3.

2.3 STUDY PROCEDURE

The procedure to conduct the study and estimate the energy consumption of various
advanced vehicle powertrains can be divided into the following steps:

o Architecture definition: The vehicle architecture is built using the different
components available in the main database. In this study, each individual
component is associated with different technology progress/cost uncertainties
(low, average, and high).

« Component sizing: State-of-the-art sizing algorithms are used to size the
vehicle components in order to differentiate the broad vehicle models choices.
Once the sizing is complete, all the component features are known and it is
possible to estimate the retail price of the vehicle. The sizing algorithms are
specific for each configuration and are discussed in detail later.
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« Simulation runs: The vehicle energy consumption is calculated by simulating
the different standard U.S. test procedures.

2.4 TIMEFRAMES AND UNCERTAINTIES

Each vehicle is designed from the ground up, based on each component assumptions to
evaluate the fuel-efficiency benefits. The energy consumption is then simulated using the Urban
Dynamometer Driving Schedule (UDDS) and Highway Federal Emissions Test (HWFET). The
vehicle costs are calculated from individual component characteristics (e.g., power, energy,
weight). The process is illustrated in Figure 2.1 below.
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FIGURE 2.1 Process to evaluate fuel
efficiency of advanced vehicle technologies

To enable the detailed assessment of the benefits of future technologies, several options
are considered:
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o Five vehicle classes: Compact, midsize car, small SUV, midsize SUV, and
pickup truck.

o Six timeframes: 2010 (reference), 2015, 2020, 2025, 2030, and 2045. All years
considered are “lab years” with a 5-year delay to production year.

e Seven powertrain configurations: Conventional, HEV, PHEV, split HEV,
split PHEV, Fuel Cell (FC) HEV, and battery electric vehicle (BEV).

e Three technology progress uncertainty levels: Low, medium, and high cases.
These correspond to low uncertainty (aligned with original equipment
manufacturer [OEM] improvements based on regulations), average uncertainty,
and high uncertainty (aligned with aggressive technology advancement based
on DOE VTO programs). Low technology progress represents a very small
uncertainty in achieving the target, i.e., the manufacturers would achieve this
target without the advancement of DOE VTO programs. The high technology
progress represents a very high uncertainty in achieving the target by the
manufacturers as they correspond to DOE VTO targets for the corresponding
technology and lab year. The medium case corresponds to the average of the
two extreme uncertainty levels.

As a result, more than 10,000 vehicles are defined and simulated in Autonomie. Figure 2.2
displays the simulation options.

When dealing with uncertainties, numerous methodologies are available. In previous
studies, Argonne has compared Monte Carlo simulation with a triangular distribution analysis
(Faron et al. 2009). By allowing the introduction of uncertainty into our algorithm inputs, the
Monte Carlo method increases the amount of useful information to describe the possible behaviors
of a vehicle. The major improvement concerns the introduction of the risk notion associated with
each result. Rather than providing a single forecast value, Monte Carlo simulation provides the
uncertainty of occurrences associated with every possible output value. As a result, forecasts are
described more fully and accurately and confidence intervals can be derived for each output.
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2.5 HIGH PERFORMANCE COMPUTING UTILIZATION

Simulating the vast number of technology combinations possible using conventional
computing resources is not feasible in the study. Months or even several years would be needed to
run all the simulations on a single computer. Therefore, the study uses high performance

computing capabilities, and with distributed computing resources, the total simulation time is
greatly reduced. Figure 2.3 illustrates the detailed process for distributed computing.
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FIGURE 2.3 Distributed computing process
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3 COMPONENT ASSUMPTIONS

Individual vehicle component assumptions have been determined in collaboration with
experts from DOE, other national laboratories, industry, and academia. Each vehicle simulation
utilizes a number of component assumptions. Figures 3.1 and 3.2 define the list of parameters
explored for the individual components and vehicles, respectively.

Engine Electric Machine Fuel Cell

Technology Technology

‘ Fuel Peak Torque ;, Technology
Peak'Torque Specific Power Specific Power
Specific Power Efficiency Efficiency
Efficiency Time response Time response
Time response Cost... Cost...
Cost...

Transmission Energy Storage Hydrogen Storage

Technology Technology

- Gear Number - Specific power ) Technology
Mass Power and energy oversize . System Gravimetric Capacity
Efficiency Efficiency (Rint, Voc...) Cost...
Cost... SOC window

Cost...

FIGURE 3.1 Main vehicle component parameters
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weight, cost,
range)

Front wheel drive
vs. rear wheel

drive Glider (mass,
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Performance Requirements: \
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2)  Maximum vehicle speed resistance, cost...)

3)  Gradeability
FIGURE 3.2 Vehicle parameters
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3.1 ENGINE

3.1.1 Reference Engines and Projections

Latest designs of internal combustion engines (ICEs) with cutting-edge technologies are
selected as the baseline for the different fuel types considered: gasoline (spark-ignition [SI]) and
diesel (compression-ignition [CI1]). The engines used for HEVs and PHEVs are based on Atkinson
cycles generated from test data collected of a 2010 Toyota Prius at Argonne’s dynamometer testing
facility. Table 3.1 below details the engines selected as a baseline for the study.

TABLE 3.1 Baseline engine definitions used in the present study

Peak Power
Fuel Source Displacement (L) (kW)
Sl (conventional) Car manufacturer 2.4 107.9
Cl (conventional) Car manufacturer 1.9 140.7
Sl (HEV) Argonne 1.497 73
Cl (HEV) Argonne 1.9 140.7

A wide range of technologies has been designed to increase engine efficiencies, including:

e Low-friction lubricants

e Reduced engine friction losses

o Cylinder deactivation

e Variable Valve Timing (VVT) and Variable Valve Lift (VVL)
e Turbocharging and downsizing

e Variable compression ratio (VCR)

« Stoichiometric and lean-burn gasoline direct injection

The peak efficiencies have been decided for each fuel type and timeframe after discussions
with experts and literature review. Figure 3.3 below illustrates the engine peak efficiencies for a
conventional powertrain across the different lab years. The low, medium, and high labels
correspond to the different technology performance cases.
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Lab Year / Engine Fuel Type
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FIGURE 3.3 Engine peak efficiency assumptions

3.1.2 Determination of Number of Cylinders
To calculate the engine cost, the number of cylinders are defined at a given power level.

Figure 3.4 shows the relationship between the number of cylinders in a gasoline engine and the
engine peak power for vehicles sold in 2015 in the U.S. market (Moawad et al. 2015).
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FIGURE 3.4 Number of cylinders vs. engine power for gasoline engines for
vehicles sold in 2015 in the U.S. market (Moawad et al. 2015)

It can be concluded from the graph that 4-cylinder engines are typically used up to a
power level of 140 kW, 6-cylinder engines are used between 140 and 220 kW, and 8-cylinder
engines are used for engine powers above 220 kW.

A similar approach is taken to determine the number of cylinders for diesel engines based
on engine power. Because of the limited number of diesel engines available for survey, a clear
distinction between number of cylinders and engine power cannot be made; however, the power
threshold for gasoline engines appears to hold for diesel engines. Figure 3.5 shows the
relationship for diesel engines.
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3.2 FUEL-CELL SYSTEM

Figure 3.6 illustrates the power density of fuel-cell systems and shows that, between the
reference case of lab year 2010 and lab year 2045, the power density increases from 650 W/kg for
the low scenario to up to 870 W/kg for the high scenario. Note that in year 2020, the power density
assumptions for all three cases are the same. The low, medium, and high labels correspond to the
three different technology performance cases considered in the study.
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FIGURE 3.6 Fuel cell power density assumptions

The fuel cell system simulated has been sized to a range of 320 miles on the adjusted
combined cycle. In addition, 100% of the H. present in the tank is referred to as usable. Figure 3.7
illustrates the assumptions of fuel-cell system peak efficiencies. The low, medium, and high labels
correspond to the three different technology performance cases considered in the study.
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FIGURE 3.7 Fuel cell peak efficiency assumptions

The fuel-cell peak efficiency is assumed to be at 60% for the reference case (lab year 2010),
which increases to 70% for the lab year 2045 case.

3.3 ELECTRIC MACHINE

Two different electric machines are used as references in this study:

Power-split vehicles use a permanent magnet electric machine (similar to the
Toyota Camry)

Series configuration (fuel cells) and EVs use an induction primary electric
machine

The reference electric machine data are provided by car manufacturers, suppliers, and Oak
Ridge National Laboratory. (ORNL, 2008)
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The power electronics specific power significantly increases between 2010 (reference)
and 2045 lab years. See Table 3.2.

TABLE 3.2 Electric machine assumptions

2010

2015

2020 2025 2030 2045

Ref | Low | Low | Medium | High | Low [ Medium | High | Low [Medium| High | Low | Medium | High
High Voltage
System Specific | 1125 | 1125 | 1350 | 1395 |1440|1500| 1550 | 1600 [1700| 1750 |1800|1900| 1950 | 2000
Power (W/kg)
High Voltage

System Peak
Efficiency (%)

91%

92%

92% | 94%

96%

93% | 95%

96%

94% | 95%

96%

95% | 96% | 97%

It is assumed that the peak efficiency of the electric machines will increase from 90% to

97% from 2010 lab year to 2045 lab year.

3.4 ENERGY STORAGE SYSTEM

The battery performance data used in the study are provided by Argonne, Idaho National

Laboratory, and major battery suppliers (Jim, 2014). A scaling algorithm developed by Argonne
is used for the high-energy cases (Nelson et al. 2007).

Based on the performance data provided by Argonne, the HEV, PHEV and BEV
applications use a lithium-ion (Li-ion) battery. Table 3.3 below provides a summary of the battery

characteristics.

TABLE 3.3 Battery assumptions

2010 2015 2020 2025 2030 2045
Parameter (%) Ref | Low | Low Medium High |Low Medium High | Low Medium High | Low Medium High
SOC Max-— PHEVs| 95 95 95 95 95 95 95 95 95 95 95 95 95 95
SOC Min-PHEVs | 25 25 25 25 20 20 15 10 20 15 10 15 10 5
SOC Max-HEVs | 70 | 70 | 70 75 80 | 80 80 80 80 85 90 85 90 95
SOC Min-HEVs | 50 | 50 | 50 45 40 | 40 30 20 20 15 10 15 10 5
SOC Max—BEVs | 95 | 95 | 95 95 95 | 95 95 95 95 99 99 99 99 99
SOC Min—- BEVs 5 5 5 5 5 5 5 5 5 5 5 5 5 5
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3.5 DRIVELINE
During the course of this study, various transmission technologies are considered:

e Automatic transmission: To enable the engine to operate closer to the peak
efficiency, additional gears have been incorporated for the later years. While
they are now limited to high-end vehicles, high gear-count (i.e., up to eight
gears) are expected to be used in a larger number of vehicles in the near future.

e Dual-clutch transmission (DCT): Every car manufacturer is working on
developing this technology, and some already have DCT models in production.
DCTs combine the advantages of automatic transmissions (better drive
quality—no torque interruption) and manual transmissions (higher efficiency—
no torque converter).

Conventional vehicles are simulated with an automatic transmission, since that option best
represents the average car available in the U.S.

Power-split HEVs and PHEVs both have a planetary gear set with 78 ring teeth and 30 sun
teeth. Finally, the fuel-cell vehicles and EVs use a two-speed manual transmission to increase the
powertrain efficiency as well as allow them to achieve a maximum vehicle speed of at least
100 mph.

Figure 3.8 illustrates the peak efficiencies of the different driveline technologies considered
for the study, across the different timeframes.
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3.6 BODY AND VEHICLE

3.6.1 Technology Overview

Vehicle weight is considered one of the main factors when considering energy
consumption. Lightweighting (i.e., lowering the vehicle weight) reduces the normal force required
to follow the vehicle speed trace. This results in component downsizing, which has a direct effect
on fuel consumption due to smaller components. However, different powertrains provide different
effects on energy consumption from lightweighting.

Methods of lightweighting include material substitution (high-strength low-alloy steel,
aluminum, magnesium, etc.), improved packaging, and unibody construction. (Moawad et al.
2015)

Energy consumption can also be improved by reducing rolling resistance, frontal area, and
drag coefficient, providing the potential to reduce the force required at the wheels. However, this
study assumes that the frontal area would increase in future years because American consumers
have demanded vehicles with greater passenger and cargo volumes as observed through market
penetration studies.

Table 3.4 illustrates the main characteristics used as a reference for lab year 2010.

TABLE 3.4 Reference characteristics across vehicle classes

Glider Frontal Wheel
Vehicle Class | Mass (kg) | Area (m?) Tire Radius (m) Cd
Compact 943 2.331 P195/65/R15 0.325 0.323
Midsize 1105 2.372 P195/65/R15 0.325 0.311
Small SUV 1213 2.841 P225/75/R15 0.375 0.366
Midsize SUV 1260 2.9376 P235/70/R16 0.35 0.366
Pickup 1500 3.2742 P255/65/R17 0.325 0.44

3.6.2 Lightweighting

Figure 3.9 illustrates the effect of lightweighting on the glider mass across the different
vehicle classes/lab years. The low, medium, and high cases illustrate the different technology
performance cases. It is observed that the glider mass is reduced by up to 32% in the 2045 high
case. The assumption of reduction can be explained by the use of better materials and technologies
in the future, such as aluminum unibody structures.
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It is also assumed that the drag coefficient and rolling resistance values of the different
vehicle classes reduce in the future, which leads to an improvement in the overall opposing force

to the vehicle and hence results in an improvement in energy consumption.

Table 3.5 below summarizes the rolling resistance assumptions for the different vehicle

classes.

TABLE 3.5 Rolling resistance assumptions

2010 | 2015 2020 2025 2030 2045
Parameter | Low Low Low Medium High Low Medium High Low Medium High Low Medium High
Compact | 0.008 | 0.008 | 0.008 0.0075 0.007 | 0.008 0.0075 0.007 |0.0075 0.007 0.006 | 0.007 0.0066 0.006
Midsize 0.008 | 0.008 | 0.008 0.0075 0.007 | 0.008 0.0075 0.007 {0.0075 0.007 0.006 | 0.007 0.0066 0.006
Small SUV |0.0084 | 0.008 | 0.008 0.0075 0.007 | 0.008 0.0075 0.007 | 0.008 0.007 0.006 |0.0078 0.0066 0.006
Midsize SUV|0.0082 | 0.0082 | 0.008 0.0078 0.0075| 0.008 0.0078 0.0075| 0.008 0.0078 0.007 |0.0078 0.0074 0.007
Pickup 0.0088 | 0.0088 | 0.0084 0.0082 0.008 |0.0084 0.0082 0.008 |0.0082 0.008 0.0078 | 0.008 0.0078 0.0076

It is assumed that the rolling resistance of the different classifications of vehicles reduces
by about 13% - 25% by the year 2045 compared to the reference year in 2010.

Table 3.6 below summarizes the drag coefficient assumptions for the different vehicle

classes.
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TABLE 3.6 Drag coefficient assumptions

2010 | 2015 2020 2025 2030 2045

Parameter | Low | Low | Low Medium High | Low Medium High | Low Medium High | Low Medium High

Compact |0.323 |0.323/0.323 0.306 0.287|0.323 0.306 0.287 | 0.29 0.27 025028 026 0.22
Midsize |0.311|0.311 |0.311 0.307 0.303 |0.298 0.2835 0.2715|0.285 0.26 0.24 1028 025 0.22
Small SUV | 0.356 | 0.356 | 0.356 0.349 0.341|0.373 0.3445 0.3305| 0.39 0.34 0.32 /{037 0.33 0.3
Midsize SUV| 0.366 | 0.366 | 0.366  0.38 0.37 | 0.383 0.375 0.36 0.4 0.37 035]039 035 0.33
Pickup 0.44 | 0.44 | 0.44 0425 0.41 |0.435 0.4175 0.405 | 0.43 0.41 0.4 |0.42 0.4 0.39

It can also be seen that the drag coefficient of the different classification of vehicles reduce
by about 13% - 32% by 2045 when compared to the reference year in 2010.
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4 POWERTRAIN SELECTION

Among the powertrain options available, the following are selected for EDVs:
« Single-mode power-split HEV with fixed gear ratio (HEV, PHEV25)

e Series-split (GM Volt Generation [Gen] 1) configuration (PHEV50)

o Series fuel cell

o Electric drive with two-speed gearbox and fixed gear ratio for BEV (100 AER,
200 AER, and 300 AER)

The reference conventional vehicle is composed of an ICE coupled with a multi-speed
automatic transmission. The power-split configuration is composed of one or multiple planetary
gear sets. The HEV and PHEV25 degree of electrification is modeled as an input split with two
planetary gear sets (similar to Toyota and Ford systems); the PHEV50 uses a series/output split
with one planetary gear set with clutches (similar to GM Volt gen 1). A fuel-cell HEV as well as
pure BEV are also modeled.

Vehicles driven solely by electrical power have been modeled with two-speed gearboxes.
This choice is made to reach the vehicle maximum-speed requirement of at least 100 mph. The
transmission also allows an increase in the powertrain efficiency.

4.1 HYBRID ELECTRIC VEHICLES

4.1.1 Characteristics

Hybrid electric vehicles are powered by at least two different sources of energy. In general,
they combine an electrical storage system (battery, ultra-capacitor, etc.) and a heat engine. The
idea behind HEVs is to combine the advantages of conventional vehicles and BEVs thereby
limiting the drawbacks of each. Electric vehicles have higher efficiency, owing to the high electric
machine efficiency (usually above 80% average on any cycle) and low battery losses. Furthermore,
they can recover part of the energy that is lost during deceleration. For BEVs, batteries are the
critical component due to their cost and life.

HEVs offer the following features:
« Idling stop. The engine is turned off at zero vehicle speed to avoid idling. The
engine is then started using the electric machine. Depending on the electrical

power available, the engine starts as soon as the vehicle moves (low power) or
at higher vehicle speeds (high power).
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e Energy recovery through braking (regenerative braking). The energy that
is usually wasted by friction during deceleration can be recovered as electrical
energy through an electric machine. This process is called regenerative braking,
as it regenerates a part of the energy that the vehicle had to provide to overcome
the effect of inertia when accelerating.

o Electric only propulsion. When the electric machine and the battery have
sufficient power and energy, they can be used to propel the vehicle in particular
to avoid operating the engine at low load and efficiency.

o Electric machine assist. At high power demand (i.e., when accelerating), the
electric machine can assist the engine, allowing downsizing of the engine along
with improved powertrain efficiency and lower transients and emissions.

All of the features mentioned above are not available for the various configurations of
HEVs and depend on the powertrain configurations considered.

4.1.2 Primary Powertrain Configurations

The electrified powertrain configurations can be classified by their hybridization degree as
shown in Figure 4.1. The hybridization degree is defined as the percentage of total power that can
be delivered electrically. The higher the hybridization degree, the greater the ability to propel the
vehicle using electrical energy.

Full Power Assist /
Electric-Only Mode

Full Regenerative
Braking

Medium Power Assist, " '\
Operating Strategy \ \
Optimization \ :

Limited Motor
Assist

Limited/Medium
Regenerative
Braking

Stop &

Start Micro HEV

FIGURE 4.1 Hybridization degrees for HEVs
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The different powertrain configurations considered in this study are:
1. Series configuration

The first HEVs were generally based on a series configuration. In this case, the vehicle is
propelled solely by electrical energy. When an engine is used, it provides a generator with
mechanical power, which then converts it into electricity. In the case of a fuel-cell system,
the electrical energy is directly used by the electric machine. The main advantage is that
the engine speed is decoupled from the vehicle speed, allowing an operating condition at
or close to its most efficient operating point. The main drawback is that the main
components have to be oversized to be able to maintain the same performance, which leads
to higher vehicle weight.

2. Parallel configuration

In a parallel configuration, the vehicle can be directly propelled by either electrical or
mechanical power. Direct connection between the energy sources and the wheels leads to
lower powertrain losses compared with the pure series configuration. However, since all
of the components’ speeds are linked to the vehicle’s speed, the engine cannot constantly
be operated close to its best efficiency curve. Several subcategories exist within the parallel
configuration:

o Start-stop: A small electric machine is used to turn the engine off when the
vehicle is stopped.

o Starter-alternator: This configuration is based on a small electric machine
(usually 5 kW to 15 kW) located between the engine and the transmission.
Because of the low electric-machine power, this configuration is mostly
focused on reducing consumption by eliminating idling. While some energy can
be recuperated through regenerative braking, most of the negative electric-
machine torque available is usually used to absorb the engine’s negative torque.

e Pre- and post-transmission: Both configurations allow the driver to propel the
vehicle in electric-only mode as well as recover energy through regenerative
braking. The electric-machine power usually ranges from 20 kW to 50 kW. The
main difference between these two options is the location of the electric
machine (before or after the transmission). The post-transmission configuration
has the advantage of maximizing the regenerative energy path by avoiding
transmission losses. On the other hand, the pre-transmission configuration can
take advantage of different gear ratios that allow the electric machine to operate
at higher efficiency and provide high torque for a longer operating range.
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3. Power-split configuration

The power-split configuration, composed of an engine and two electric machines,
allows both parallel and series paths. The main feature is that all component speeds
are decoupled, which allows a higher degree of control.

It is important to note that many different variations exist within each configuration
(e.g., power-split configurations can be single-mode, two-mode, or three-mode)
and among configurations (i.e., several configurations are considered to be a mix
of series, parallel, and/or power-split). Overall, several hundred configurations are
feasible for electric-drive vehicles (EDVS).

4.2 PLUG-IN HYBRID ELECTRIC VEHICLES

4.2.1 Definition and Characteristics

A plug-in hybrid is an HEV with batteries that can be charged from a wall outlet. The
energy storage system can be plugged into an external power grid. Because of their outlet
recharging capability, PHEV batteries have a lower power-to-energy ratio compared to their HEV
counterparts (the increase in energy capacity for PHEV batteries vs. HEV batteries is more
substantial than the increase in power requirements for PHEV batteries vs. HEV batteries). Their
higher energy and power allow extended use of the electric-only mode, leading to fewer engine
on/off cycles. While the engine of most midsize HEVs is started at a power demand of about 7 kW
to 9 kW at the wheel, the engine of a PHEV offers the ability to start at a higher power demand,
depending on the available energy and state of charge (SOC) of the battery, and the trip distance.

Because of their ability to operate primarily in all-electric mode, PHEVs offer a very
promising solution to conventional fuel displacement. PHEVs share many of the powertrain
components with HEVs. However, the vehicle’s ability to operate in electric mode requires
different energy storage system technology and power electronics compared to HEVSs:

o Higher energy. The batteries have higher capacity and discharge range as a
function of AER.

o Higher power. The electric system is, in general, more powerful to enable
propelling the vehicle under more aggressive driving conditions in EV mode.

e Increased control freedom. The higher degree of hybridization allows a
greater number of possible electric machine/engine-power combinations,
leading to significant added complexity in determining the optimal vehicle level
control strategy compared with HEVs.

PHEV operational modes:
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Charge Depleting (CD mode): CD mode refers to a mode in vehicle operation when
the battery pack solely drives the energy requirement of the vehicle. During this
operation, the battery SOC may fluctuate but it decreases on average while driving.

Charge Sustaining (CS mode): CS mode refers to a mode when the battery SOC may

fluctuate but it is maintained at a certain level while driving by turning the engine on
and off.
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5 VEHICLE-LEVEL CONTROL STRATEGIES

The vehicle-level control strategies used for the powertrains described in the previous
sections have been developed over the past 20 years (Pasquier et al. 2001; Pagerit et al. 2005;
Sharer et al. 2008; Cao 2007; Karbowski et al. 2006). The vehicle-level control strategies have
also been validated through generic processes developed over the years. The development of the
generic process is illustrated in figure 5.1.
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FIGURE 5.1 Vehicle-level control strategy development

o Global optimization. The objective of this step is to define the main rules
(Karbowski et al. 2006). For example, the engine turns on based on the SOC of
the battery, vehicle speed, and the wheel torque demand.

e Control Design. The rules defined in this optimization step are implemented
into an algorithm (generally SimuLink and StateFlow) and exercised to make
sure they operate properly.

e Heuristic optimization. This step defines the values of the parameters in the
main control strategy, such as the engine turn on condition for a specific SOC
and wheel torque demand. The process uses the DIRECT (Dlviding
RECTangles) algorithm to define the parameters automatically.
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6 VEHICLE DEFINITION

6.1 VEHICLE TECHNICAL SPECIFICATION
The generic vehicle sizing requirements are outlined below:

« Initial vehicle movement (IVM) to 60 mph at less than 8.5 seconds.
e Maximum grade of 6% at 65 mph at gross vehicle weight (GVW).
e Maximum vehicle speed >100 mph.

The outlined requirements are a good representation of the current American automotive
market, as well as expectations of American drivers. A relationship between the vehicle curb
weight and GVW have been developed using current vehicles to verify that the grade requirements
have been met.

6.2 POWERTRAIN SIZING ALGORITHMS

Due to the limited feasibility of sizing individual vehicle components, a generic P/W ratio
IS maintained across the different powertrains that are sized. An inconsistency in the different
technologies results from the impact of component maximum torque curves. As a result, each
vehicle is sized independently to meet specific VTS.

Incorrect sizing of the components leads to differences in both energy consumption and
cost, and will influence the results accordingly.

On this basis, several automated sizing algorithms have been developed to provide a fair
comparison between technologies. The different algorithms have been defined depending on the
powertrain (i.e., conventional, power-split, series, electric) and the application (i.e., HEV, PHEV).

All sizing algorithms follow the same concept: the vehicle is built from the bottom up,
meaning each component assumption (specific power, efficiency, etc.) is taken into account to
define the entire set of vehicle attributes (vehicle curb weight, etc.) The process is recursive in the
sense that the main component characteristics (maximum power, vehicle weight, etc.) are
influenced accordingly until all the VTS are met. On average, the sizing algorithm takes between
5 to 10 iterations to converge. Figure 6.1 illustrates the different processes involved to size a
conventional vehicle.
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Initialize Variables

Use grade, perfo estimation to
initialize power of engine

Compute m