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Abstract: The U.S. Department of Energy’s Vehicle Technologies Office (DOE-VTO) supports re-
search and development (R&D), as well as deployment of efficient and sustainable transportation
technologies, that will improve energy efficiency and fuel economy and enable America to use less
petroleum. To accelerate the creation and adoption of new technologies, DOE-VTO has developed
specific targets for a wide range of powertrain technologies (e.g., engine, battery, electric machine,
lightweighting, etc.). This paper quantifies the impact of VIO R&D on vehicle energy consump-
tion and cost compared to expected historical improvements across vehicle classes, powertrains,
component technologies and timeframes. We have implemented a large scale simulation process to
develop and simulate tens of thousands of vehicles on U.S. standard driving cycles using Autonomie,
a vehicle simulation tool developed by Argonne National Laboratory. Results demonstrate significant
additional reductions in both cost and energy consumption due to the existence of VTO R&D targets
compared to predicted historical trends. It is observed that, over time, the fuel consumption of
different electrified vehicles is expected to decrease by 40-50% and a reduction of 45-55% for vehicle
manufacturing costs owing to significant improvements through various VTO R&D targets.

Keywords: BEV (battery electric vehicle); energy consumption; EREV (extended-range electric
vehicle); HEV (hybrid electric vehicle); PHEV (plug-in hybrid electric vehicle); simulation

1. Introduction

The U.S. Department of Energy’s Vehicle Technologies Office (DOE-VTO, Washington,
DC, USA) evaluates the impact of advances in powertrain technology using a fuel consumption
(or fuel economy or CO, g/mile) metric on standard regulatory drive cycles [1]. Such advances
include those made in the engine, battery, vehicle electrification, and materials (e.g., light
weighting). Simulating the systems of vehicle models that incorporate the technology advance-
ments is an accepted approach to evaluating the fuel economy potential of such advanced
technologies [2].

DOE-VTO generates the targets for advances in technology and cost for engines, trans-
missions, batteries, fuel cell technologies, vehicle electrification, light weighting, etc., over
a given time frame [3]. We have used the vehicle system simulation tool Autonomie [4], a
vehicle simulation tool developed by Argonne National Laboratory (Argonne, Lemont, IL,
USA), to perform simulations on vehicle models that incorporate baseline and advanced
vehicle technology targets as generated by DOE-VTO. The vehicle models used for the
simulation include conventional, hybrid electric vehicles (HEVs), plug-in hybrid (PHEVs),
extended-range electric vehicles (EREVs), and battery-electric vehicles (BEVs) of different
all-electric range (AER) distance values. The advancements in technologies are generally
evaluated over standard regulatory driving cycles, for fuel economy and cost impact.

The current approach to DOE-VTO analysis evaluates the overall VTO program
benefits. However, there are certain restrictions on the process:
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* inability to change baseline to evaluate the potential impact;
*  inability to evaluate individual technology benefits; and
e  inability to evaluate technological synergies.

Therefore, a new process has been developed as part of a large-scale simulation
procedure to evaluate VTO benefits impact across different technological synergies, such as
different transmission technologies, different performance targets, etc., for five EPA vehicle
classes to better model the vehicles in the market. Figure 1 shows the new process.

Current Process New Process
f Baseline & \
Individual Targets / Overall VTO program

v Individual component

A OverallVTO benefit
% Program Benefits
E benefits

& =]
E> Sk ; E> V' Quantify synergies
o : . / Compare impact to
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combining ALL targets x Individual technology (different baselines)

benefit v/ Represent >90% of the
x Technology synergies existing fleet
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Figure 1. Innovative process to quantify VTO Ré&D portfolio.

2. Procedure

Figure 2 shows the large scale simulation process developed to evaluate the overall
impact of VTO targets.

/Components Powertrains Vehicle Classes
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Figure 2. A large scale simulation process to quantify cost-benefits analysis.

The different vehicle technology targets (engine efficiency, lightweighting percentage,
battery energy density, electric machine, etc.) are applied across all the different vehicle
powertrains and vehicle classes modeled. These vehicle combinations are sized based on
different vehicle technical specifications and run in EPA standard cycles in Autonomie to
evaluate the energy and cost benefit across all different combinations.

The different vehicle technology targets set by DOE-VTO are used to build the as-
sumptions that are evaluated over a range of timeframes. This paper will cover the results
from 2015, 2020, 2025, 2030, and 2045 “laboratory years”, which correspond to “model year
minus 5 years”. For example, a laboratory year 2015 vehicle would reflect a vehicle that is
available in the market in 2020, and, similarly, a 2045 laboratory year vehicle would imply
a vehicle that is available in the market in 2050.

The following subsections represent the breakdown involved during the vehicle
simulation. The latest report from Argonne [5] details the assumptions and procedure
involved behind the vehicle modeling and simulation efforts.

Autonomie

Autonomie is a Mathworks® (MathWorks, Natick, MA, USA) -based software environ-
ment and framework for automotive control-system design, simulation, and analysis. The
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tool, sponsored by the DOE-VTO, is designed for rapid and easy integration of models with
varying levels of detail (low to high fidelity), abstraction (from subsystems to systems to
entire architectures), and processes (e.g., calibration, validation). Developed by 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 engineers throughout the development
process—from modeling to control. Autonomie was built to:

e estimate the energy, performance, and cost impact of advanced vehicle and
powertrain technologies;

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

* integrate math-based engineering activities through all stages of development—from
feasibility studies to production release;

*  promote re-use and exchange of models industry-wide through its modeling architec-
ture and framework;

*  support users’ customization of the entire software package, including system archi-
tecture, processes, and post-processing;

*  mix and match models with different levels of abstraction to facilitate execution effi-
ciency with higher-fidelity models, for which analysis and high-detail understanding
are critical;

¢ link with commercial off-the-shelf software applications, including GT-POWER (Gamma
Technologies LLC, Westmont, IL, USA), AMESim™ (Siemens, Plano, TX, USA), and
CarSim® (Mechanical Simulation Corporation, Ann Arbor, MI, USA), for detailed,
physically-based models; and

*  protect proprietary models and processes.

By building models automatically, Autonomie enables simulation of an unparalleled
number of component technologies and powertrain configurations. Autonomie offers the
following capabilities:

¢ simulate subsystems, systems, or entire vehicles;

¢  predict and analyze energy efficiency and performance;

e  perform analyses and tests for virtual calibration, verification, and validation of
hardware models and algorithms;

*  support system hardware and software requirements;

e  link to optimization algorithms; and

*  supply libraries of models for propulsion architectures of conventional powertrains,
as well as electric-drive vehicles.

In this study, Autonomie is used to assess the energy consumption of advanced power-
train technologies across vehicle classes and configurations. There are several publications
that detail the vehicle modeling and controls in Autonomie [6-8].

3. Vehicle and Component Assumptions

This section details the different vehicle classifications and some of the major vehicle
attribute selections used in the study.

As part of this study, the baseline vehicle assumptions in Autonomie have been
updated using multiple databases. The vehicle characteristic attributes (frontal area, drag
coefficients, etc.) have been defined by evaluating the market trends, as shown in Figure 3.

Similarly, the vehicle component weights (such as body, chassis, interior, safety, etc.)
have been redefined, as shown in Figure 4.
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Figure 4. Vehicle component weight selection for different vehicle configurations.

Table 1 lists the different vehicle classifications defined for various performance

metrics (0-60 mph acceleration time) in seconds, as well as corresponding vehicle attributes.

Table 1. Vehicle classification, performance categories, and characteristics.

Vehicle Class  Performance Category 0-60 mph Time (s) Frontal Area (m?) Drag Coefficient Rolling Resistance
Compact Base (NonPerfo) 10 2.3 0.31 0.009
Compact Premium (Perfo) 8 2.3 0.31 0.009
Midsize Base (NonPerfo) 9 2.35 0.3 0.009
Midsize Premium (Perfo) 6 2.35 0.3 0.009
Small SUV Base (NonPerfo) 9 2.65 0.36 0.009
Small SUV Premium (Perfo) 7 2.65 0.36 0.009
Midsize SUV ~ Base (NonPerfo) 10 2.85 0.38 0.009
Midsize SUV ~ Premium (Perfo) 7 2.85 0.38 0.009
Pickup Base (NonPerfo) 7 3.25 0.42 0.009
Pickup Premium (Perfo) 7 3.25 0.42 0.009

Table 2 summarizes the main target assumptions associated with the different tech-

nologies over time. The vehicle simulations (and results to follow) represent the “laboratory
years” 2015, 2020, 2025, 2030, and 2045; however, the assumed values from years 2015,
2020, 2025, and 2045 have been provided in the table, for simplicity.
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Table 2. Technology assumptions.

2015 2020 2045

Low Low High Low High Low High
Conventional Engine Peak Efficiency (%) 36 38 43 40 43 44 47
Hybrid Engine Efficiency (%) 39 40 46 41 46 45 50
Electric Machine Cost ($/kW) 17 13 10 10 6 6.3 4
Specific Power at 70% SOC—HEVs (W /kg) 2750 3000 4000 4000 5000 5000 6000
Power Cost Term—HEVs ($/W) 20 20 16 19 15 17 13
Energy Density (usable)}—PHEV20 (Wh/kg) 60 80 100 105 125 115 170
Energy Density (usable)—PHEV50 (Wh/kg) 70 95 105 105 125 115 170
Energy Density (usable)—BEV (Wh/kg) 170 170 230 230 310 280 320
Energy Cost Term (usable)—PHEV20 ($/kWh) 530 460 300 210 160 160 120
Energy Cost Term (usable)—PHEV50 ($/kWh) 500 365 300 210 160 160 120
Energy Cost Term (usable)—BEV ($/kWh) 220 180 170 144 125 120 80

4. Vehicle Sizing Process

Because of the limited feasibility of sizing individual vehicle components, a generic
power-to-weight (P/W) ratio is maintained across the different powertrains that are sized.
An inconsistency in the different technologies results from the impact of component maxi-
mum torque curves. As a result, each vehicle is sized independently to meet specific vehicle
technical specifications (VTSs).

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

On this basis, several automated sizing algorithms have been developed in Autonomie
to provide a fair comparison among 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 that each component-related assumption (specific power, efficiency, and
so on) is taken into account to define the entire set of vehicle attributes (vehicle curb
weight, and so forth). The process is recursive in the sense that the main component
characteristics (maximum power, vehicle weight, and so on) are influenced accordingly
until all of the VTSs are met. On average, the sizing algorithm takes between 5 and 10
iterations to converge. Figure 5 illustrates the different processes involved in sizing a
conventional vehicle.

The full report [5] details the different vehicle sizing processes for the various power-
trains (HEVs, PHEVs, and BEVs).
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Figure 5. Conventional sizing process.

5. Results & Observations
5.1. Component Sizes
5.1.1. Engine Power

Figure 6 shows the engine peak power for midsize vehicles across the different electri-
fied powertrains for the different performance categories.
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Figure 6. Engine peak power for midsize vehicles.

It has been observed that over time, the engine peak power decreases across the
different powertrains. The effects of vehicle lightweighting with time primarily explain the
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trend observed. The more aggressive performance targets set for the premium category
can explain the difference observed between the base and premium categories.
5.1.2. Motor Power

Figure 7 shows the motor peak power for midsize vehicles across the different electri-

fied powertrains for the different performance categories.
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Figure 7. Motor peak power (W) for midsize vehicles.

Similar to what we observe for the engine power, the motor power also decreases
across the different powertrains in future years. Vehicle lightweighting, along with other
aggressive targets for different components” weights (electric machine, battery, etc.), signifi-
cantly contributes to motor downsizing.

5.1.3. Battery Power

Figure 8 shows the battery peak power for midsize vehicles across the different
electrified powertrains for the different performance categories.

The total battery power requirement decreases over time across the different pow-
ertrains. The battery power also increases with increasing AER values. The significant
difference in battery power from 20AER to 50AER (and beyond) is explained by the more
aggressive US06 cycle that 50AER (and beyond) is sized on in the electric vehicle (EV)
mode as compared to Urban Dynamometer Driving Schedule (UDDS) for 20AER.
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Figure 9 shows the total battery energy required for midsize vehicles across the

different electrified powertrains for the different performance categories.

Figure 8. Battery peak power (W) for midsize vehicles.
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It has been observed that the total battery total required also decreases similarly over
time. For the BEV200, the battery pack total energy decreases by 57% for 2045 compared to
2015. This decrement reaches almost an 80% reduction in total battery pack energy for the

BEV400. With higher range BEVs, the reduction observed is much greater because of the

combined effects of advances in vehicle technology.

Figure 9. Total battery energy for midsize vehicles.
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Figure 10 shows the unadjusted fuel economy of midsize vehicles across the different
category compared to the base category. Figure 11 shows the unadjusted electrical energy

powertrains of the different performance categories.
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5.2. Energy Consumption
performance categories.

World Electr. Veh. ]. 2021, 12, 84

64'S59

SL'9S

v6'SL

S9'8L

T2LL

©
N
~
©

96°817

TL'89

64°0L

SE'L9

o il

TS9'8Y

0'TS

1718

zroef]
o o o o o o o o o
n m (] © ~ o wn < [
[6dw] pauiquio)
uQ s) Awouod3 |an4 paysnfpeun
aseg

LY'18

2Le8

26'6L

0SA3Hd A3¥3

0ZA3Hd 3IdS

AJH¥H|ds

IS
|euouaAuo)

Q
0
o]
Ln

Figure 10. Unadjusted fuel economy on combined driving cycle for midsize vehicles.
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Over time, the electrical energy consumption decreases for the different electrified
powertrains. The range of reduction varies for the different AERs, as well as the different
performance categories.

5.3. Evolution of Electrified Powertrains

The comparison of the different midsize electrified powertrains and conventional
gasoline vehicles in terms of fuel consumption is illustrated in Figure 12. The labels “low”
and “high” refer to the different technology performance cases.
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Figure 12. The gasoline-equivalent unadjusted fuel consumption of different vehicle powertrains on
the combined driving cycle.

The figure shows that the ratio follows a slowly decreasing trend line for HEVs and
PHEVs. The midsize power-split HEV, PHEV20, and PHEV50 vehicles consume about
40-50% less fuel than conventional vehicles in laboratory year 2015, and the drop becomes
about 30-40% in laboratory year 2045. This result shows that the advances in technology for
conventional vehicles are much greater in the later years compared to those for power-split
vehicles. The improvements in the fuel consumption of power-split HEVs are lower than
those of conventional vehicles in later years.

Figure 12 also shows the evolution of BEVs of different AERs compared to that of
conventional gasoline vehicles in the midsize vehicle class in terms of gasoline-equivalent
fuel consumption. For the BEV200, the improvement in fuel consumption over that
of conventional vehicles is reduced from 80% in laboratory year 2015 to about 77% in
laboratory year 2045. For the BEV300, the improvement in fuel consumption over that
of conventional vehicles is reduced from 79% to about 72% in 2045. For the BEV400, the
improvement in fuel consumption over that of conventional vehicles decreases from 76%
in 2015 to about 72% in 2045. This result shows that the evolution of conventional vehicles
is much more aggressive than that of battery electric vehicles and leads to a much more
aggressive reduction in fuel consumption than occurs in BEVs.
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5.4. Cost Analysis
Manufacturing Cost
Figure 13 illustrates the manufacturing costs for the different powertrains considered

in this analysis for the midsize vehicles class. The illustration further reflects the effect in
manufacturing cost across the two performance categories considered (base and premium).
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Figure 13. Manufacturing cost of midsize vehicles.

It can be observed that over time, the manufacturing cost for conventional vehicle
increases. This is due to the increase in glider costs, owing to lightweighting applications.
However, with increasing vehicle electrification (i.e., HEVs, PHEVs, and BEVs), the manu-
facturing costs decreases. This is because the VTO target advances in different component
cost reductions (battery, electric machine, etc.) results in a significantly larger drop in
manufacturing cost compared to the increase in glider costs.

5.5. Energy Consumption vs. Vehicle Manufacturing Cost

This section discusses the evolution of fuel consumption with respect to vehicle
manufacturing cost for the different vehicle powertrains modeled across the five vehicle
classes (compact, midsize, small sports utility vehicle (SUV), midsize SUV, and pickup).

5.5.1. Conventional

Figure 14 illustrates the comparison of vehicle manufacturing cost versus fuel con-
sumption for conventional vehicles across multiple vehicle classes. The different-colored
lines represent the trend lines of vehicle manufacturing cost versus fuel consumption for
the different vehicle classes.

A key observation is that diesel vehicles have relatively higher manufacturing costs
than gasoline vehicles. In addition, the figure shows the relative position of the different
vehicle classes in terms of fuel consumption and manufacturing costs: midsize vehicles,
small SUVs, and midsize SUVs cluster closely to each other, whereas compact and pickup
classes lie on the two extremes. The trend line in the plot also confirms this observation
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Figure 14. Manufacturing cost versus fuel consumption of conventional vehicles.

5.5.2. Split HEV

Figure 15 illustrates the comparison of vehicle manufacturing cost versus fuel con-
sumption for the split HEVs across multiple vehicle classes.
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Figure 15. Manufacturing cost versus fuel consumption of split HEVs.

The figure shows how the fuel consumption and manufacturing costs progress across
the different laboratory years. As shown by the trend lines, over time, both fuel con-
sumption and manufacturing costs decrease. As discussed earlier, these decreases are a
result of the drop in battery and electric machine costs, which play a dominant role in
manufacturing cost. The trend line also confirms the clustering.

5.5.3. Split/EREV PHEV

Figure 16 illustrates the comparison of vehicle manufacturing cost versus fuel con-
sumption for the PHEVs across multiple vehicle classes.

The different-colored lines represent the trend lines of vehicle-manufacturing cost
versus fuel consumption for different types of PHEVs. The different vehicle classes fol-
low trends similar to those previously discussed. As AER increases, manufacturing cost
increases (owing to larger battery sizes), and fuel consumption decreases. The effect of
technological improvements over the years is evident in the reduction in fuel consumption
and manufacturing cost from the laboratory year 2015 to 2045. Furthermore, the trend lines
show an aggressive drop in manufacturing costs with respect to improved fuel consump-
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tion for PHEVs with higher AERs. This cost decrease can be explained by the improvement
in component specifications, followed by the decrease in battery costs over time.
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Figure 16. Manufacturing cost versus fuel consumption of PHEVs.

5.5.4. BEV

Figure 17 illustrates the comparison of vehicle manufacturing cost versus electrical
energy consumption for the BEVs across multiple vehicle classes.
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Figure 17. Manufacturing cost versus electrical energy consumption of BEVs.

It is evident that, as AER increases, manufacturing cost increases (owing to larger
battery sizes), and fuel consumption decreases. The effect of technological improvements
over the years shows in the reduction in fuel consumption and manufacturing cost from
laboratory year 2015 to 2045. Furthermore, the trend lines show an aggressive decline in
manufacturing costs with respect to improved fuel consumption for BEVs with higher
AERSs. This cost decrease can be explained by the improvement in component specifications,
followed by the decrease in battery costs over time.

6. Conclusions

The paper presents a large-scale simulation process used to evaluate the potential ben-
efits of vehicle electrification over a period of time, along with a comparison of HEVs and
PHEVs to conventional vehicles. For the sake of simplicity, the metric for the comparison
is limited to fuel consumption and cost. The following conclusions can be drawn from
the study:
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e For the fuel consumption comparison of conventional and power-split HEV vehicles,
a slowly decreasing ratio trend line is evident. The power-split midsize vehicle
consumes about 41% less fuel compared to conventional vehicles in the 2015 laboratory
year. This drop ranges to about 32% in the 2045 laboratory year. For midsize PHEVs
with 20 mi of AER (PHEV20s), the reduction in fuel consumption compared to that for
conventional gasoline vehicles improves over time from 41% in the 2015 laboratory
year to between 59% and 69% in 2045. For midsize PHEVs with 50 mi of AER
(PHEV50s), the reduction in fuel consumption improves over time from 38% in the
2015 laboratory year to between about 60% and 68% in 2045. The electrical energy
consumption reductions by the laboratory year 2045 for high-energy vehicles range
from between 34% and 43% across the different AERs. The higher degrees of reduction
are observed for increasing AERs because of the observed benefits from advanced
component targets.

e Interms of a manufacturing costs comparison, a higher drop in hybridized vehicles is

observed compared to conventional vehicles. The drop is higher for higher degrees of
hybridization. This result occurs because of the greater influence of the lower battery
and electric machine costs. The reductions in energy consumption levels are related to
advanced lightweighting and highly efficient vehicle components in the future.
The paper details the evaluation impacts of combination effects of DOE-VTO tech-
nology assessment targets. The current limitation to this approach is the individual
impacts of each technology target (engine, lightweighting, battery, etc.) is not being
isolated. Future research will include segregation of each technology combinations to
evaluate the range of benefits across the different vehicle component assessments.
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Abbreviations

The following abbreviations are used in this manuscript:

AER All-Electric Range
Argonne Argonne National Laboratory
BEV Battery-Electric Vehicle
DOE U.S. Department of Energy
DOT U.S. Department of Transportation
EPA U.S. Environmental Protection Agency
EREV Extended-Range Electric Vehicle
HEV Hybrid-Electric Vehicle
PHEV Plug-In Hybrid Electric Vehicle
VTO Vehicle Technologies Office (DOOE)
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