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VEHICLE TECHNOLOGIES AND FUEL CELL TECHNOLOGIES PROGRAM:
PROSPECTIVE BENEFITS ASSESSMENT REPORT
FOR FISCAL YEAR 2016

by

T.S. Stephens, C.H. Taylor, J.S. Moore, and J. Ward

ABSTRACT

Under a diverse set of programs, the Vehicle Technologies and Fuel Cell
Technologies offices of DOE’s Office of Energy Efficiency and Renewable
Energy invest in research, development, demonstration, and deployment of
advanced vehicle, hydrogen production, delivery and storage, and fuel cell
technologies. This report estimates the benefits of successfully developing and
deploying these technologies (a “Program Success” case) relative to a base case
(the “No Program” case). The Program Success case represents the future with
completely successful deployment of Vehicle Technologies Office (VTO) and
Fuel Cell Technologies Office (FCTO) technologies. The No Program case
represents a future in which there is no contribution after FY 2016 by the VTO or
FCTO to these technologies.

The benefits of advanced vehicle, hydrogen production, delivery and
storage, and fuel cell technologies were estimated on the basis of differences in
fuel use, primary energy use, and greenhouse gas (GHG) emissions from light-,
medium- and heavy-duty vehicles, including energy and emissions from fuel
production, between the base case and the Program Success case. Improvements
in fuel economy of various vehicle types, growth in the stock of fuel cell vehicles
and other advanced technology vehicles, and decreased GHG intensity of
hydrogen production and delivery in the Program Success case over the
No Program case were projected to result in savings in petroleum use and GHG
emissions. Benefits were disaggregated by individual program technology areas,
which included the FCTO program and the VTO subprograms of batteries and
electric drives; advanced combustion engines; fuels and lubricants; materials
(for reduction in vehicle mass, or “lightweighting”); and, for medium- and heavy-
duty vehicles, reduction in rolling and aerodynamic resistance.

Projections for the Program Success case indicate that by 2035, the
average fuel economy of on-road, light-duty vehicle stock could be 47% to 76%
higher than in the No Program case. On-road medium- and heavy-duty vehicle
stock could be as much as 39% higher. The resulting petroleum savings in 2035
were estimated to be as high as 3.1 million barrels per day, and reductions in
GHG emissions were estimated to be as high as 500 million metric tons of CO,
equivalent per year.



The benefits of continuing to invest government resources in advanced
vehicle and fuel cell technologies would have significant economic value in the
U.S. transportation sector and reduce its dependency on oil and its vulnerability to
oil price shocks.



1 INTRODUCTION AND PROGRAM OVERVIEW

The Vehicle Technologies Office (VTO) of DOE’s Office of Energy Efficiency and
Renewable Energy conducts research and development to (1) improve the energy efficiency of
current cars, light trucks, and heavy vehicles, and (2) develop new technologies that will help
transition vehicles away from using petroleum fuels. DOE’s Fuel Cell Technologies Office
(FCTO) has a comprehensive portfolio of activities that address the barriers facing the
development and deployment of hydrogen and fuel cells, with the ultimate goals of decreasing
our dependence on oil, reducing carbon emissions, and enabling clean, reliable power generation.

The analysis in this report concludes that the prospective benefits of these R&D activities
will likely be significant, as more fuel-efficient vehicles and no-petroleum vehicles are adopted
for use in the U.S.

This report also describes scenarios for the commercialization of and FCTO technologies
currently and soon-to-be under development, and methods for estimating the benefits expected
from successful deployment of these technologies. A number of analytic models were used,
including advanced vehicle simulation and power flow models that correlate the impacts of R&D
activities to future fuel economy improvements and alternative drivetrain and hydrogen storage
developments. Other models are used to estimate how more efficient and alternative fuel vehicles
penetrate the on-road stock and the resulting reductions in energy use and greenhouse gas (GHG)
emissions. The analysis links VTO and FCTO program goals to estimated benefits, as shown in
Figure 1, which also indicates some of the models used for each step in the process. Further
details on methods and assumptions are given in Section 3.

Component-level Sfrom VTO and FCTO program managers, and
attributes Argonne and industry experts

Vehicle simulations h using Autonomie and HTEBdyn models

Fuel prices and Market using consumer vehicle
availability penetration choice models
Energy- and GHG-intensities Petroleum, GHGs for using VISION model
from GREET on-road stock

Benefits by FCTO and
VTO technology area

FIGURE 1 General Approach and Information Flow in the Benefits Analysis



The analyses documented here were made assuming the VTO and FCTO budget levels
will remain at recent historical levels. The technology development plans and milestones for
each VTO program and for the FCTO program are presented in Section 2, with the estimated
petroleum savings and GHG reductions attributable to each program.

Section 3 first lays out the baseline scenario, “No Program,” against which to measure
VTO and FCTO program benefits and the “Program Success” scenario. The remainder of
Section 3 details modeling of advanced vehicle technologies and how the estimated
improvements in fuel economy are attributable to subprograms and key activities, first for light-
duty vehicles, then for heavy trucks.

Section 4 presents and discusses the resulting estimates of fuel economy improvements
and projections of market penetration of VTO and FCTO program technologies. In Section 5, the
benefits of the VTO and FCTO programs to the entire U.S. fleet, in terms of reductions in energy
use and GHG emissions, and some of the economic implications of these reductions are
discussed.



2 PROGRAM ACTIVITIES, MILESTONES, AND OUTPUTS

2.1 VEHICLE TECHNOLOGIES OFFICE PROGRAM

Aligning with the President’s Climate Action Plan and all-of-the-above approach to
American energy, the VTO supports a broad technology portfolio; adheres to a comprehensive
and analysis-based strategy of research, development, demonstration, and deployment activities;
and creates strategic public-private partnerships to develop new technologies and move them
from the laboratory onto the road. As such:

* R&D focuses on reducing the cost, minimizing emissions, and improving the
energy-related performance of a mix of medium- and long-term vehicle
technologies, including advanced batteries, electric drive technologies,
lightweight and propulsion materials, advanced combustion engines, advanced
fuels and lubricants, and other enabling transportation technologies.

* Modeling, evaluation, and demonstration provide objective, publicly available
data to identify the most appropriate federal investments and pathways for
technology improvements, along with lessons learned for cost-effective future
deployment.

» Outreach and deployment provide technical assistance, tools, and resources to
help local communities and regions accelerate alternative fuel vehicle and
infrastructure market growth and help consumers and fleets understand their
options for saving money and reducing environmental impact.

+ Strategic public-private research partnerships with industry (e.g., U.S. DRIVE
and 21st Century Truck Partnerships) leverage technical expertise, prevent
duplication, ensure public funding remains focused on the most critical
barriers to technology commercialization, and accelerate progress. Strategic
public-private partnerships with end-users and other key stakeholders
(e.g., Clean Cities, National Clean Fleets Partnership, and Workplace
Charging Challenge) focus on overcoming market barriers and catalyzing
private sector action to enable the widespread use of advanced technology
vehicles.

2.1.1 Batteries and Electric Drive Technologies

The VTO Batteries and Electric Drive Technologies subprogram supports development
of the low-cost, high-energy batteries and low-cost, efficient electric drive systems needed for
widespread adoption of plug-in electric vehicles (PEVs, including all-electric vehicles and plug-
in hybrid electric vehicles).



Battery R&D focuses on the technologies necessary to reduce modeled high-volume
battery costs from $300/kWh in 2014 to $125/kWh by 2022, a nearly 60% reduction, by funding
research programs with partners in academia, at national laboratories, and in industry. These
technologies include high-energy and high-power materials and systems that promise to
significantly reduce the cost, weight, and volume of PEV batteries.

The focus of the Electric Drive Technologies subprogram is on developing technologies
and designs to reduce the cost, improve the performance, and increase the reliability of power
electronics, electric motors, and other electric propulsion components. Activities also include
R&D of advanced thermal management technologies and advanced materials and manufacturing
processes for electric drive technologies.

The electric drive cost target for FY 2016 is $12/kW ($660/system), a 25% reduction
from the 2012 cost of $16/kW ($880/system). R&D is focused on power electronics, electric
motors, and thermal management using advanced, low-cost materials, technologies, and
topologies compatible with the high-volume manufacturing of motors, inverters, chargers, and
DC/DC converters for electric drive vehicles. The subprogram will continue subcomponent R&D
of high-temperature capacitors, wide-bandgap semiconductors, advanced magnets, and materials
and designs for high-temperature packaging.

2.1.2 Advanced Combustion Engine R&D

The VTO Advanced Combustion Engine R&D subprogram focuses on new technologies
to enable the commercialization of high-efficiency advanced internal combustion engines (ICEs)
for passenger and commercial vehicles. Increasing the efficiency of ICEs is one of the most cost-
effective approaches to reducing petroleum consumption and associated GHG emissions of the
nation’s vehicle fleet in the near- to mid-term.

A 2013 National Academies review of VTO research efforts stated that ICEs “are going
to be the dominant automotive technology for decades, whether in conventional vehicles, hybrid
vehicles, PHEVs [plug-in hybrid electric vehicles], biofueled or natural gas vehicles” (NRC,
2013a). The Advanced Combustion Engine R&D subprogram will support research to accelerate
the development of high-efficiency advanced combustion engines while reducing emissions, and
develop technologies to use waste energy from engine exhaust to further improve vehicle fuel
economy. 2020 targets are to increase the engine efficiencies of passenger vehicles such that fuel
economy is improved by 35% for gasoline vehicles and 50% for diesel vehicles compared with
2009 gasoline vehicles, and to demonstrate a 30% increase in Class 8 truck engine efficiency
compared with a 2009 baseline under the VTO SuperTruck initiative.

2.1.3 Materials Technology R&D

The VTO Materials Technology subprogram supports vehicle lightweighting and
improved propulsion efficiency through the discovery, development, and utilization of materials
and enabling technologies for light- and heavy-duty vehicles. The Materials Technology



subprogram seeks to accomplish these technical objectives through research programs with
academia, national laboratories, and industry. Weight reduction R&D emphasizes all vehicle
systems, including the body, chassis, interior, and powertrain. The full breadth of lightweight
materials are considered, such as advanced high-strength steels, aluminum alloys, magnesium
alloys, carbon fiber composites, and hybrid materials. Propulsion materials R&D is focused on
high-performance materials to withstand the aggressive conditions of high-efficiency combustion
and the demands of improved electric vehicle drivetrains. Goals for cost and performance targets
are for material technology to enable 35% weight reduction in a light-duty vehicle body
compared with the 2002 baseline, with a target of $4.32 per pound removed on a lifecycle basis
by 2019.

2.1.4 Fuels and Lubricant Technologies R&D

The VTO Fuel and Lubricant Technologies subprogram develops technologies that
reduce petroleum consumption through vehicle powertrain efficiency improvements and
alternative fuels. The subprogram’s activities fall into three main categories: (1) alternative and
renewable fuels, such as natural-gas-derived fuels, drop-in biofuels, and other renewable fuels;
(2) using unique, unconventional fuel properties to improve efficiency; and (3) lubricant
technologies that can reduce friction losses in new and legacy vehicles to improve fuel economy.

Fuels such as natural gas, drop-in biofuels, and higher alcohols (e.g., butanol) frequently
have technical barriers that prevent their implementation in equipment and infrastructure
designed for petroleum and petroleum-based products. Work to overcome these barriers will
include support for new alternative-fuel engine offerings, testing and evaluation of refueling
infrastructure, and evaluation of the emissions impact of novel alternative fuels.

2.1.5 Vehicle Systems

The Vehicle Systems subprogram supports a broad portfolio of foundational activities to
reduce petroleum consumption in the U.S. transportation sector. They include: (1) developing
advanced vehicle modeling tools to identify the most promising technologies and reduce their
cost and time to market; (2) evaluating components and vehicles in both laboratory and on-road
environments to validate the modeling tools; (3) proving the long-term reliability and benefits of
advanced technologies; (4) identifying critical R&D needs to improve these technologies;

(5) developing critical codes and standards to reduce the time to market and cost of PEVs and
components, while ensuring real-world interoperability; and (6) R&D of enabling technologies to
improve overall vehicle efficiencies and reduce energy requirements, such as high-efficiency
heating and cooling systems, drivetrain hybridization, better acrodynamics, and low rolling
resistance technologies.



2.1.6 Outreach, Deployment, and Analysis

The Outreach, Deployment, and Analysis VTO subprogram includes a portfolio of
activities to catalyze the widespread adoption of advanced vehicle technologies. These include
the Vehicle Technologies Deployment activity, which enables and works with a nationwide
network of local public/private partnerships (Clean Cities coalitions), bringing together key
stakeholders to help accelerate the use of alternative fuel and energy-efficient vehicles. Vehicle
Technologies Deployment also funds the annual DOE/EPA Fuel Economy Guide and
www.fueleconomy.gov, as well as the collection and dissemination of related data (required by
law) to the public.

The Advanced Vehicle Competitions activity encourages university student engineers to
participate in advanced technology development—helping to address the need for more highly-
trained engineers in advanced vehicle technologies to overcome barriers in the marketplace.

The Legislative and Rulemaking activity focuses on a variety of DOE statutory
responsibilities established in the Energy Policy Act (EPAct) of 2005 and other statutes and
legislation, primarily related to requirements for state and alternative fuel providers to operate
alternative fuel vehicle fleets.

The Analysis activity has been added to the Outreach, Deployment, and Analysis
program to provide additional budget clarity and consolidate cross-cutting vehicle technologies
analyses. This subprogram supports the planning, execution, and communication of
technological, societal, economic, and interdisciplinary analyses to inform overall VTO program
planning and key technology investment decisions.

2.2 FUEL CELL TECHNOLOGIES OFFICE PROGRAM

Hydrogen fuel and fuel cells have the potential to advance energy security and reduce
emissions of GHGs and criteria pollutants by improving energy efficiency, enabling alternative
fuel sources, and spurring domestic production of clean energy technologies. Widespread use of
hydrogen and fuel cells can have a major impact toward achieving Office of Energy Efficiency
and Renewable Energy (EERE) goals of expanding the adoption of sustainable, domestically
powered transportation alternatives; improving the efficiency of energy use; stimulating the
growth of domestic clean energy manufacturing; and enabling the integration of clean energy
into a reliable, resilient, and more efficient electricity grid.

Fuel cells also enable highly efficient use of energy and have the potential for zero
carbon emissions when powered by renewable fuels or hydrogen produced in tandem with
carbon capture and storage. Analysis by Oak Ridge National Laboratory indicates that by 2050,
market penetration of fuel cell electric vehicles (FCVs) could reach 40% to 60% of light-duty
vehicle stocks (not just sales) if program targets are met, and the resulting benefits of the
FCTO’s efforts could therefore include reductions in national oil consumption of 2 million to
4 million barrels per day and reductions in GHG emissions of 200 million to 450 million metric
tons per year.



FCTO’s portfolio includes both fuel cell and hydrogen fuel R&D, with an emphasis on
renewable production pathways and optimal methods for delivery and storage of hydrogen to
help meet cost and performance goals. Real-world demonstration and validation in the near term
will help to accelerate market growth and provide critical feedback for future R&D. FCTO also
addresses a number of nontechnical factors, such as user confidence, ease of financing,
availability of codes and standards, and refueling infrastructure logistics, particularly for FCVs.

2.3 SUMMARY OF FUEL SAVINGS BY TECHNOLOGY AREA

The petroleum savings projected to result from VTO subprograms and the FCTO
program by vehicles of all types was estimated by adding up the fuel saved by the vehicles with
the relevant technologies on the road in a given year. Total petroleum savings were attributed to
each program area using the methodology described in Section 3. Table 1 shows the estimated
ranges of reductions in fuel consumption by the U.S. fleet of light-duty vehicles (LDVs) in 2025,
2035, and 2050, by technology area.

Ranges are shown because estimates for LDV petroleum savings were developed using
multiple projections of market shares of vehicles by drivetrain technology, as discussed below.
Totals are different from the sum of the reductions because the minimum and maximum
reductions in each technology area are from different projections. Also, the small amount of
petroleum savings resulting from improvements in aerodynamic drag and rolling resistance are
not currently included in the VTO portfolio of projects applicable to LDVs.

To put these estimated reductions in petroleum use in context: In 2005, LDVs in the
U.S. consumed some 16.9 quads of petroleum (Davis et al., 2014).

Table 2 shows the estimated reductions in fuel consumption in quadrillion Btu’s per year
in 2025, 2035, and 2050 by medium- and heavy-duty trucks, including classes 4 through 8.

TABLE 1 Projected Reductions in OQil Consumption by U.S. Light-
Duty Vehicle Fleet Attributable to EERE, by Technology Area

(quad/yr)

Quadrillion Btu’s per Year

EERE Transportation Technology Area 2025 2035 2050
Batteries and electric drive 0.1-04 0.2-13 0.8-2.1
Advanced combustion engines 0.5-1.1 0.7-15 04-1.2
Materials 0.3-04 0.3-0.7 0.2-0.6
Fuels and lubricants 0.1-0.1  0.1-0.1  0.0-0.1
Fuel cells 0.0-0.1 0.1-14 0.5-14
Non-EERE vehicle changes 0.0-0.1 0.1-0.2 0.1-0.2

Total LDV Fleet Petroleum Use Reduction 1.3-1.7 2.640 2742




TABLE 2 Projected Reductions in Petroleum Consumption by U.S. Fleet of
Medium- and Heavy-Duty Trucks (Classes 4-8) Attributable to VTO, by
Technology Area (quad/yr)

Quadrillion Btu’s per Year

VTO Technology 2025 2035 2050
Engine and drivetrain efficiency and thermal management 0.8 1.4 2.0
Aerodynamic and rolling resistance reduction 0.3 0.6 0.8
Idle reduction (nonhybrid) 0.0 0.1 0.1
Hybridization 0.0 0.0 0.1
Other (accessories and auxiliaries) 0.0 0.0 0.0
Total HT Fleet Petroleum Use Reduction 1.1 2.1 3.0

Reductions attributable to engine and drivetrain efficiency and friction reduction are combined in
the table. For heavy- and medium-duty trucks (HTs, including size classes 4-8), reductions in
fuel consumption due to improvements in aecrodynamics and rolling resistance are also shown.
No petroleum savings for HTs were attributable to the FCTO program.

The technologies listed in Table 2 do not correspond directly to the VTO programs
discussed in Sections 2.1.1 through 2.1.6, but to the technologies being developed and
demonstrated under VTO programs such as SuperTruck and the 21st Century Truck Partnership.
Medium- and heavy-duty trucks in the U.S. consumed 5.1 quads of petroleum in 2005
(Davis et al., 2014).

The projected reductions in petroleum consumption in 2035 by technology area are
shown in Figure 2. The fraction of the reduction that is attributable to each technology area is
shown within each bar. Figure 3 shows the reductions in petroleum consumption projected for
2050 by technology area. Petroleum savings are shown in million barrels per day (MMbpd)
where 1 MMbpd = 1.916 quad/yr (based on 125,000 Btu/gal and 42 gal/barrel).

Estimates of petroleum consumption for the No Program and Program Success cases are
shown in gray, with the light gray bars indicating the ranges of estimates. The colored bars show
the reduction (the difference in petroleum use between the No Program and Program Success
cases) projected on the basis of different LDV choice models.

Projections were made using multiple LDV consumer choice models in order to examine
the impacts of uncertainty in LDV market projections. These models and the market share
projections are discussed in Section 3. Since the projected market penetration of advanced
technology vehicles differed among LDV consumer choice models, the resulting petroleum use
and GHG emissions were also different, as seen in Figures 2 and 3.

For all cases, the TRUCK model was used for HT market penetration projections. In the
figures, HT fuel savings are aggregated into “HDV Engine,” which is same as the values shown
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in Table 2 for “Engine and drivetrain efficiency and thermal management,” and “HD Vehicle,”
which includes the remaining technologies listed in Table 2.

The projected reductions in GHG emissions in years 2035 and 2050, by technology area,
are shown in Figures 4 and 5, respectively. Estimated GHG emissions for the No Program and
Program Success cases are shown in gray, with the light gray bars at the tops of the gray bars
indicating the range of estimates. Again, since different LDV choice models gave different GHG
projections, ranges are shown. Emission reductions were estimated based on the projected
changes in fuel used (including gasoline, diesel, electricity, and hydrogen) and the GHG-
intensity of each fuel, as described in Section 3.

These results suggest that the successful deployment of VTO and FCTO technologies can
reduce petroleum consumption and GHG emissions. The portions of the reductions attributable
to specific VTO subprograms and to FCTO are uncertain, as indicated by the different breakouts
for the LDV choice models shown in Figures 2 through 5.

Reductions due to heavy truck technologies are fairly large and are of the same
magnitude in all four breakouts, which is expected, since the same market penetration model was
used for all projections. The portions attributable to individual VTO programs and to FCTO vary
between projections on the basis of LDV choice model. The LVCFlex and LAVE-Trans models
predict greater market penetration by fuel cell vehicles than the other models, and reduction
estimates based on these are larger for FCTO. On the other hand, the LAVE-Trans and MA’T
models project rapid market penetration by plug-in vehicles, leading to large reductions
attributable to battery and electric drive technologies.

Market share projections by LDV choice model are discussed in greater detail in
Sections 3.1.2 and 4.2. Less variability is seen for combustion and lightweighting, since these
technologies apply to all drivetrain types (with the exception of fuel cell vehicles, for which
combustion technologies are not applicable). Therefore, differences in projected market shares of
different drivetrains result in less variability in petroleum and GHG reductions attributable to
combustion and lightweighting Larger differences are seen for electrification and fuel cell
technologies, which are more sensitive to differences in projected market shares of plug-in and
fuel cell vehicles. These differences are discussed further in Section 4.
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3 TRANSLATING PROGRAM GOALS INTO MODEL INPUT

The analysis of advanced technologies to estimate their benefits was based on a three-
step, market-based approach. First, the average fuel economy and incremental costs of new
vehicles that incorporate DOE-supported technologies were estimated. Second, consumer choice
models were used to estimate the market shares of these platforms in the future. Finally, the
projected fuel economies and market shares were used as inputs to the VISION model, which
projects future on-road vehicle stock and estimates fuel consumption and GHG emissions. From
these, the fuel savings and GHG emission reductions were estimated and attributed to VTO and
FCTO technologies. Each of these steps is described below, first for LDVs in Section 3.1, then
for HT's in Section 3.2.

For both LDVs and HTs, two scenarios were developed:

1. The “No Program” case, which assumes there is no technology improvement
or cost reduction beyond 2015 due to the VTO and FCTO programs

2. The “Program Success” case, which assumes there are future technology
improvements and cost reductions that meet VTO and FCTO program goals

The fuel savings and GHG reductions were taken to be the difference in the fuel use and
GHG emissions between these two cases. The No Program case was developed to represent
future vehicle technology, fuel use, and GHG emissions without the effects of technology
improvements brought about by the VTO and FCTO programs.

The DOE Energy Information Administration’s Annual Energy Outlook (AEO) is the
official DOE-wide projection and analysis of future U.S. energy supplies, demands, and prices
(EIA, 2014). As such, it is an obvious choice for a baseline against which to compare an energy
future enriched by DOE programs. However, the AEO Reference case assumes current policies
remain in effect until they sunset. Projections made for the AEO Reference case thus incorporate
assumptions about the market success of technologies historically supported by the VTO and
FCTO. A more appropriate baseline case for comparing LDVs and HTs was constructed by
projecting the diminishing technological progress over time that would be expected to occur
without VTO- and FCTO-supported R&D.

The No Program and Program Success cases for light-duty and heavy-duty vehicles are
described in the following sections. The overall methodology for benefits analysis is similar to
that used previously for the VTO programs, formerly called the Government Performance and
Results Act report (e.g., Stephens et al., 2014).
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3.1 LIGHT-DUTY VEHICLE ANALYSIS

3.1.1 Light-Duty Vehicle Attributes and Levelized Cost of Driving

For LDVs, the No Program case, a baseline based on simulations of future vehicles, was
developed by assuming that only incremental technology improvements would occur without
support from the VTO and FCTO programs. Parameters describing vehicle component
performance, manufacturing costs, and other attributes were estimated for 2010, 2015, 2020,
2025, 2030, and 2045 based on input from VTO and FCTO analysts and program managers and
Argonne vehicle technology experts.

Analogously, for the Program Success case, starting assumptions about vehicle
component characteristics were based on VTO and FCTO program targets and relevant vehicle
data available in the Autonomie library, a database used with the Autonomie toolkit (ANL,
2015a).

These starting assumptions were used in the Autonomie toolkit (ANL, 2015a) to simulate
vehicles in five classes—compact car, midsize car, compact sport utility vehicle (SUV), midsize
SUV, and pickup truck—with each one having the following types of drivetrains:

» Conventional spark ignition (gasoline)
* Conventional compression ignition
» Hybrid electric (gasoline);

* Plug-in hybrid electric, spark ignition engines, with nominal charge-depleting
ranges of 10 and 40 miles (PHEV 10, PHEV40)

* Hydrogen fuel cell vehicle

» Battery electric, with batteries sized for ranges of 100 and 300 miles
(BEV100, BEV300)

For each of these powertrain architectures, the Autonomie model was used to simulate
future vehicles, appropriately sized to offer sufficient power, given the weight of the glider
(chassis, body, and interior components) and drivability requirements. This was done for each
technology scenario to estimate each vehicle’s fuel economy in city and highway drive schedules
prescribed by EPA. The incremental costs associated with the advanced powertrains were
calculated by using a combination of direct inputs from VTO and FCTO for advanced
technologies and third-party-estimated (Ricardo Engineering) costs for near-commercial
technologies. Specifically, EERE cost and performance targets were used to estimate costs and
performance for the Program Success case for batteries, power electronics and electric motors,
fuel cells, and on-board hydrogen storage; cost models developed by the Argonne Autonomie
group and by Ricardo Engineering were used for estimating costs for other components.
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Vehicle retail price equivalent was estimated by applying a factor of 150% to the vehicle
manufacturing cost. Prices were estimated for the base trim level, and all component price
models assumed fully learned, high-production-level costs. Further details will be documented in
a forthcoming report (Moawad et al., 2016).

Future LDVs were not assumed a priori to meet EPA/National Highway Transportation
Safety Administration standards for GHG emissions and Corporate Average Fuel Economy
(CAFE) for 2017 through 2025. Sales-weighted average fuel economy values for the new car and
light truck fleets were calculated after sales shares were estimated and compared with CAFE
standards; however, regulatory flexibilities such as trading or banking of credits were not
accounted for. Average fuel economies projected by the vehicle choice models depended on
sales shares of the various vehicle types. In most No Program projections, values fell short of
CAFE standards, but in all projections for the Program Success case, except those made using
the ADOPT model, values met or exceeded the standards.

The objective of this analysis was not to assess how advanced vehicle technologies might
be applied in order to meet future fuel economy or GHG standards, but to assess the influence of
technologies independent of the influence of standards. Therefore, automakers’ strategic
decisions regarding technology adoption were not explicitly modeled; rather, the consumer
choice models were used to represent consumer demand.

Vehicles simulated with these component attributes were assumed to be representative of
vehicles available in showrooms five years later, in 2015, 2020, 2025, 2030, 2035, and 2050.
Attributes in vehicles in showrooms in 2015 were the same for both the No Program and
Program Success cases, since the benefits being analyzed were those accruing after 2015.
Attributes of vehicles in showrooms in 2020, 2025, 2030, 2035, and 2050 in the
Program Success case reflected the improved efficiency and lower cost that are expected from
completely successful achievement of VTO and FCTO program goals and commercialization of
these technologies.

In addition to the vehicle simulations performed for the No Program and
Program Success cases, a third set of simulations was run using the Autonomie toolkit with
vehicle component inputs that were intermediate between the pessimistic No Program and the
optimistic Program Success (Moawad et al., 2016). The intermediate case was used with the
other cases to estimate the levelized cost of driving.

As described in Section 3.1.2, one vehicle choice model, ADOPT, used vehicle attribute
inputs developed using the National Renewable Energy Laboratory FASTSim model rather than
the results of Autonomie simulations. In some cases the FASTSim values differed significantly
from the Autonomie values.

The levelized cost of driving (LCD) is a measure of typical consumer expenditures per
mile driven for a vehicle and the fuel purchased over a period of interest. Here, the period
considered was five years. The LCD was calculated for the drivetrains simulated for years 2025
and 2035 for the No Program, Program Success, and intermediate cases. The LCD is the vehicle
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price combined with the present value of fuel consumed in five years of operation, divided by the
miles driven in five years.

Pyen + PV(C
LCD = V;h ( Fuel)
i1 (VMT [yr);

where

Py, = Vehicle retail price equivalent
PV(Crye) = resent value of fuel costs over N years
N = Ownership period
(VMT/yr); = Annual distance driven

The LCD was calculated from the estimated retail price equivalent for each vehicle, and
the estimated fuel expenditures over the miles driven over five years of vehicle ownership. Based
on the 2009 National Household Travel Survey, it was assumed that a vehicle would be driven
an average of 13,500 miles per year during the first five years. Fuel expenditures were
discounted at 7% annually, intermediate between the high discount rates (often over 20%) at
which some vehicle consumers discount future fuel savings (Greene, 2010; Greene et al., 2013),
and a low discount rate (near zero) appropriate for discounting of social costs (OMB, 2013). The
LCDs for the various powertrains are shown in Section 4.

3.1.2 Light-Duty Vehicle Market Penetration Modeling

Outputs of the Autonomie modeling were used with fuel prices as inputs to the vehicle
choice models in the second step of LDV modeling. Owing to the large uncertainty of future
markets for advanced technology vehicles, multiple projections of market shares of LDVs were
developed using different vehicle choice models. Five models under development by VTO were
used to give five sets of market projections for the No Program and Program Success cases:

«  Market Acceptance of Advanced Automotive Technologies (MA>T) model,
developed by Oak Ridge National Laboratory (Lin and Greene, 2010, 2011;
Lin, 2015)

* LAVE-Trans model, developed by Oak Ridge National Laboratory
(Liu, 2015; NRC, 2013b)

* LVCFlex model, developed by Energetics, Inc. (Birky, 2015)

» ParaChoice model, developed by Sandia National Laboratories
(Manley et al., 2015)

* ADOPT model, developed by the National Renewable Energy Laboratory
(Brooker, 2015)
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Multiple projections give a range of possible outcomes and permits examination of the
effects of these differences on fuel use and GHG emissions. Each of these models was developed
with different assumptions, and each represents the LDV market slightly differently:

* The LVCFlex model is a simplified version of the vehicle choice component
of the National Energy Modeling System used to develop the AEO. LVCFlex
models consumer choice in five size classes: small cars, large cars, small
SUVs, large SUVs, and pickups. Sales shares of each size class are specified
by the user; in this case the shares by size class and total vehicle sales were
specified to be consistent with the AEO 2014 Reference case.

* The LAVE-Trans model gives sales shares for cars and light trucks, and
represents two segments of consumers, early adopters and majority adopters,
with the main difference being the value consumers place on newness or
maturity of technology. Early adopters more readily adopt vehicles with
advanced technologies, such as plug-in vehicles and fuel cell vehicles, while
majority consumers are averse to these vehicles. As more of these new
vehicles are purchased, both the preference for them by early adopters and the
aversion by majority consumers decrease. This phenomenon is calculated in
LAVE-Trans, which tracks the on-road populations of these vehicles.

« In the MA’T model, consumers are segmented by attitude toward risk (early
adopter, early majority, and late majority), driving pattern, population density,
availability of electric charging at home and at work, and state of residence.
Both the LAVE-Trans and MA’T models estimate total light-duty sales and
sales shares of each size class endogenously.

«  The ParaChoice model is based on the MA’T model, with some
simplifications, but is integrated with an energy sector model that estimates
hydrogen prices endogenously. For this analysis, parameters governing
hydrogen prices were set to nearly match the FCTO-supplied prices. The four
above-mentioned models give estimates of future sales shares by drivetrain
technology: conventional spark-ignition (SI), conventional compression-
ignition (CI), hybrid electric vehicle (HEV), plug-in hybrid electric vehicle
(PHEV), battery electric vehicle (BEV), and FCV.

* The ADOPT model represents vehicles in much more detail, with nearly
1,000 vehicles of different makes, models, and trim levels explicitly
represented. The ADOPT model also estimates vehicle attributes
endogenously using the National Renewable Energy Laboratory FASTSim
tool. That is, the vehicle attributes generated from the Autonomie vehicle
simulations used in the other vehicle choice models were not used in the
ADOPT model; rather, component-level inputs were used in FASTSim to
develop vehicle attributes within the model.
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Another difference between the five vehicle choice models is the level of aggregation of
the powertrain types. Key characteristics of the vehicle choice models as used in this analysis are
summarized in Table 3.

Total LDV annual sales were assumed to be the same as in the AEO 2014 Reference case
extrapolated to 2050 (a linear extrapolation based on the average slope in years 2035 to 2040).

Future fuel prices were assumed to be those in the AEO 2014 Reference case
extrapolated to 2050 on the basis of the trend from 2035 to 2040. Future hydrogen prices for
No Program were supplied by FCTO. Whereas the ParaChoice model used endogenously
estimated hydrogen prices, parameters in the model were chosen to match the FCTO-supplied
prices in 2014 and 2050, and differed slightly in other years. The assumed fuel prices, in 2010
dollars per gallon gasoline equivalent (GGE), are shown in Figure 6.

Biofuel was not modeled, except for the ethanol content in gasoline and E85. Flex fuel
vehicles were not modeled explicitly in vehicle choice models, but a small fraction of the
conventional SI vehicles were assumed to use E85. Fuel prices were assumed to be independent
of fuel demand (no price elasticity).

The resulting LDV market share projections are presented in Section 4.

TABLE 3 Comparison of Key Characteristics of the Light-Duty Vehicle Choice Models

Vehicle
Model Powertrains Modeled” Size Classes Fuel Prices Attributes From
LVCFlex SI Conv, CI Conv, HEV, Sm car, Lg car, AEO 2014 Ref Autonomie
PHEV10, PHEV40, FCV, Sm SUV, Lg case, H,: FCTO
BEV100, BEV300 SUV, Pickup
LAVE-Trans SI Conv, CI Conv, HEV, Car, Light truck AEO 2014 Ref Autonomie
PHEV40, FCV, BEV100, case, H,: FCTO
BEV300
MA’T SI Conv, CI Conv, HEV, Sm car, Lg car, AEO 2014 Ref Autonomie
PHEV10, PHEV40, FCV, Sm SUV, Pickup case, H,: FCTO
BEV100, BEV300
ParaChoice SI Conv, CI Conv, HEV, Sm car, Lg car, AEQO 2015 Ref Autonomie
PHEV 10, PHEV40, FCV, Sm SUV, Lg case, Hy: FCTO"
BEV100, BEV300 SUV, Pickup
ADOPT All makes, models, and trim levels ~ All sizes AEO 2014 Ref FASTSim

case, H,: FCTO

*  Several models can include more types of powertrains than are used in this analysis.

®  Hydrogen prices were estimated endogenously in the ParaChoice model, but were only slightly different from

the FCTO-supplied prices.
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3.1.3 Light-Duty Vehicle On-Road Stock Modeling

In the third step of LDV modeling, future energy consumption and GHG emissions by
LDVs for both the No Program and Program Success cases were projected for the five vehicle
choice models using sales shares calculated in the earlier steps. Sales shares and fuel economy of
each LDV with each type of drivetrain were used as inputs to Argonne’s VISION model, 2014
version (Zhou and Vyas, 2014).

The VISION model is an accounting spreadsheet that calculates output metrics of interest
on a national scale. Results from vehicle choice models with multiple car and light truck size
classes were aggregated to give sales-weighted average values of fuel economy and sales share
by technology for cars and light trucks. For each drivetrain type, VISION applies a fuel economy
adjustment factor to convert combined city/highway test-cycle fuel economy values (supplied by
Autonomie) to on-road fuel economy values. These factors range from 0.7 to 0.85, depending on
drivetrain type, and are based on factors used by the Energy Information Administration in AEO
or on EPA-recommended “mileage-based” equations (EPA, 2006).

Full fuel cycle GHG emission coefficiencts for fuels and electricity from the Argonne
GREET model were used to estimate GHG emissions (ANL, 2014), using the AEO 2014
Reference case electricity generation mix. For the No Program case, hydrogen was assumed to
be produced by methane reforming at stations in the near-term (2015 to 2020), with a GHG-
intensity of 104.1 million metric tons of CO; per quad, and by steam methane reforming at a
central facility in years 2020 and later, with a GHG-intensity of 118.5 million metric tons of CO,
per quad.
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For the Program Success case, hydrogen was assumed to be produced by methane
reforming at stations in the near-term (2015 to 2020), with a GHG-intensity of 104.1 million
metric tons of CO; per quad (same as in the No Program case). In years 2020 and later, hydrogen
was assumed to produced by steam methane reforming at a central facility with carbon capture
and sequestration, with a GHG-intensity of 54.7 million metric tons of CO, per quad (lower than
in the No Program case, which assumed no carbon capture). Upstream energy and GHG-
intensity for hydrogen produced via these pathways were taken from the results of hydrogen
pathway analyses by national laboratories (Ramsden, 2015).

The distance driven by LDVs (annual vehicle miles traveled, or VMT per vehicle per
year) was assumed to be somewhat dependent on the cost per mile, with an elasticity of demand
for travel of about -0.1, the default value in the VISION model (Zhou and Vyas, 2014).

3.1.4 Attribution of Light-Duty Vehicle Benefits to Technology Areas

From the VISION results for LDVs, the total petroleum savings and GHG reduction by
LDVs attributable to VTO and FCTO technologies are measured as the differences between the
Program Success and No Program projections of petroleum use and GHG emissions by the total
light-duty on-road fleet.

These totals were disaggregated into contributions from each VTO subprogram and
FCTO. Petroleum savings included those due to:

1. Improvements in the fuel efficiency of each drivetrain type (Section 3.1.4.1)

2. Increases in the shares of vehicles in the on-road stock with drivetrains that
consume less, or no, petroleum-based fuel (Section 3.1.4.2)

3.1.4.1 Fuel Savings From Improvements in Fuel Efficiency

The petroleum saved in a given year from fuel efficiency improvements was calculated
for drivetrain types that consume gasoline or diesel (gasoline ICE, diesel ICE, HEV, and PHEV).
The differences between No Program and Program Success in petroleum used annually by
vehicles of each drivetrain type were multiplied by the number of such vehicles on the road in
that year. Energy efficiency improvements to BEVs and FCVs did not lead directly to petroleum
reduction but contributed to increased stock share of these vehicles, as described in
Section 3.1.4.2.

Petroleum savings due to conventional SI, conventional CI, HEV, and PHEV fuel
economy improvements were attributed to VTO subprogram technology areas by estimating the
decrease in fuel consumption per mile in advanced vehicles due to improvements in technologies
in each of the subprograms.
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The decrease in the amount of fuel consumed per mile resulting from reduced friction
was attributed to the Fuels and Lubricant Technologies subprogram. A 10% reduction in engine
friction was assumed to lower fuel consumption by 0.3%, and a 10% reduction in drivetrain
frictional losses was assumed to lower fuel consumption by 0.5%, on the basis of power flows in
vehicle simulations (EPA and DOE, 2011). A reduction in engine and drivetrain friction was
assumed to increase from zero in 2015 to 10% in 2020, to increase from 10% in 2020 to 15% by
2035, and to remain at 15% thorough 2050. As opposed to other DOE technologies, which were
assumed to be deployed only in new vehicles, friction reduction was assumed for both new and
used vehicles.

The differences in vehicle weights in Autonomie simulations for the Program Success
and No Program cases were used to estimate the fuel saved by lightweighting. For HEV's and
PHEVs, changes in the masses of batteries and PEEM (power electronics and electric motors)
were not considered part of lightweighting because the lower weights of these components were
attributable to the batteries and electric drive technologies used. It was assumed that the percent
decrease in fuel consumption per mile was proportional to the percent decrease in vehicle mass
(excluding battery and PEEM mass).

For conventional SI and CI vehicles, a proportionality constant of 0.5 was applied
(i.e., a 10% mass reduction corresponds to a 5% reduction in fuel consumption). This constant is
based on the analytical results of a number of studies showing that a 10% decrease in mass with
engine downsizing at constant performance gives approximately a 6.5% decrease in fuel
consumption per mile, while without downsizing, the decrease is 3.5% (Kim and Wallington,
2013; Bandivadekar et al., 2008; Pagerit et al., 2006). Here, an intermediate value of 5% was
used to estimate the portion of the fuel economy benefit attributable to the Materials program,
under the assumption that the remainder of the benefit was due to engine downsizing attributable
to the Advanced Combustion Engines program.

For HEVs, a value of 4.5% was used on the basis of previous vehicle simulations (Pagerit
et al., 2006; Moawad and Rousseau, 2012). For PHEVs, it was assumed that the value was
slightly less than for HEVs, and 4% was used.

Lower fuel consumption per mile due to reductions in rolling resistance and aerodynamic
resistance were estimated but were not attributed to the VTO subprograms for LDVs, because
none of these programs supports the reduction of rolling resistance or aerodynamic resistance in
LDVs. In general, these fuel savings were small compared with the contributions of VTO
technologies.

For conventional SI and CI vehicles, the remainder of the petroleum savings was
attributed to improvements in engine combustion efficiency (Advanced Combustion Engine
subprogram). For HEVs and PHEVs, 70% of the remainder of fuel savings was attributed to
improvements in engine combustion efficiency and 30% was attributed to the battery and electric
drive technologies used. The value of 70% was arrived at because comparisons of fuel
economies of HEVs and similar conventional SI vehicles indicate that HEVs consume
approximately 70% of the fuel per mile that similar conventional SI vehicles do; that s,
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hybridization gives a 30% reduction in fuel consumption per mile. This same percentage was
used for PHEVs, as well.

3.1.4.2 Fuel Savings From Changes in Stock Shares

The above attributions account for better fuel efficiencies in conventional SI and CI
vehicles, HEVs, and PHEVs. Additional fuel savings result from changes in the shares of the on-
road stock of vehicles that consume less gasoline and diesel. These shares were higher in the
Program Success case due to lower vehicle purchase prices and better fuel economy.

The petroleum saved by this stock replacement was attributed to VTO subprograms and
FCTO by examining changes in stocks of different drivetrain types and by assuming that more
advanced technology vehicles replaced more mature technologies. Technology replacement was
assumed to be in the order: conventional SI, conventional CI, HEV, PHEV, BEV, and FCV,
which is the order in which they gain market share in the market penetration projections in most
cases analyzed here. This order is consistent with the current maturity of the technologies
(conventional SI being the most mature and FCV being the most advanced). Fuel savings
attributed to FCVs were also estimated by an alternative method assuming FCV replaced a mix
of non-FCVs, as described below.

Considering the petroleum consumed by the on-road stock of vehicles in this order allows
attribution of petroleum savings both to improvements in the fuel efficiencies of each drivetrain
type and to substitution or replacement of one technology by another. Figure 7 shows the average
amount of petroleum-based fuel consumed per car per year for each drivetrain technology, for
cars newer than vintage 2015, plotted against the cumulative number of cars in the on-road stock
by drivetrain technology in the above order (CI Conv, HEV, PHEV, BEV, FCV). This plot
shows results for cars in 2050 for the No Program case, with sales shares given by the LVCFlex
model. Fuel consumed by cars older than 2016 is not considered, since the intention is to assess
petroleum savings by technology available after 2015. The area under the curve for each
drivetrain type (shown in different colors) is proportional to the petroleum-based fuel consumed
by the on-road stock of vehicles of that type, since the height of each area is the petroleum
consumed annually per car, and the width of each area is the number of cars on the road in that
year.

Cars that consume no gasoline or diesel are shown as segments along the x-axis, with the
length of the segment indicating the number of these vehicles in the on-road stock. (LCVFlex
projected very few BEV300 cars for this case, and these are not shown.) Figure 8 shows the
annual petroleum consumption per car for the Program Success case for year 2050 (again, based
on sales shares given by the LVCFlex model). This shows lower petroleum consumption by each
vehicle type; lower stocks of SI Conv, CI Conv, and PHEV 10 cars; and increased stock of other
vehicle types.

Figures 7 and 8 show projections from the LVCFlex model as an example. Analogous

plots were made to analyze the petroleum savings from projections from the MA’T, LAVE-
Trans, and ParaChoice models, as well.
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FIGURE 7 Average Annual Petroleum-Based Fuel Consumption per
Car in 2050 for the No Program Case, Based on Market Share Modeled
by LVCFlex. Petroleum consumption is plotted against cumulative
number of cars in the on-road stock. Shaded areas indicate the amount
of petroleum consumed by vehicles of each drivetrain type in 2050.
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FIGURE 8 Average Annual Petroleum-Based Fuel Consumption per
Car in 2050 for the Program Success case, Based on Market Share
Modeled by LVCFlex. Petroleum consumption is plotted against
cumulative number of cars in the on-road stock. Shaded areas indicate
the amount of petroleum consumed by vehicles of each drivetrain type
in 2050.
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Figure 9 shows the difference in fuel consumption under the No Program and Program
Success scenarios. The shaded area indicates the amount of petroleum-based fuel saved by cars
in 2050 that is attributable to VTO and FCTO technologies.

As discussed earlier, two factors contribute to petroleum savings: (1) more efficient
drivetrains and (2) substituting cars with more efficient drivetrains for cars with less efficient
drivetrains (stock changes). Petroleum savings projections were disaggregated by powertrain in
order to estimate the contribution of each of the two factors and to attribute the savings to VTO
and FCTO technologies. Figure 10 shows the petroleum savings from efficiency improvements
as cross-hatched, and the savings due to changes in stocks as shaded (pale yellow).

Petroleum savings from efficiency improvements were further disaggregated into
contributions by each of the four VTO technology areas (advanced combustion engines, batteries
and electric drive, advanced materials, and fuels and lubricants). Petroleum savings from
changes in stocks of drivetrain technologies were attributed to each of these areas and to FCTO,
according to which drivetrain was substituting for which. Although the market penetration
models used in this analysis did not consider which vehicles consumers were replacing or trading
in (or whether the vehicle was an addition to the household vehicle stock), the general order of
market penetration in most cases was SI Conv, CI Conv, HEV, PHEV, BEV, and FCV.

As shown in Figure 10 for cars in 2050, the petroleum savings from changes in drivetrain
stocks were nearly all due to replacement of SI Conv and CI Conv vehicles by HEVs and
PHEVs, and replacement of PHEVs by BEVs (areas shown in yellow). The petroleum savings
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FIGURE 9 Average Annual Petroleum-Based Fuel Consumption per Car
in 2050 for No Program (red) and Program Success (green), Based on
Market Share Projected by the LVCFlex Model. The shaded area indicates
the amount of petroleum-based fuel saved by cars in 2050 in the

Program Success case over the No Program case.
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FIGURE 10 Average Annual Petroleum-Based Fuel Consumption in Cars
in 2050 for No Program (red) and Program Success (green), with Savings
Due to Drivetrain Efficiency Improvements (shown as cross-hatched areas),
and Those Due to Changes in the Stock Shares of Drivetrain Technologies
(shaded) Disaggregated

from these replacements were therefore attributed to the Battery and Electric Drive program.
Some BEVs were replaced by FCVs, but this did not generate petroleum savings because neither
BEVs nor FCVs consume petroleum-based fuels. In other cases, FCVs replaced HEVs and
PHEVs to a significant extent, leading to large savings in petroleum-based fuel.

The petroleum savings in light trucks in 2050 is shown in Figure 11, with the cross-
hatched areas showing the petroleum saved by fuel efficiency improvements. Again, this
example is based on LVCFlex modeling; the same calculation was performed using results from
the MA®T, LAVE-Trans, and ParaChoice models. The yellow area shows the petroleum saved by
replacement of ICE light trucks (SI Conv and CI Conv) by electric drive light trucks (HEVs,
PHEVs, and BEV); the small gray square shows the petroleum saved by replacement of SI Conv
light trucks by CI Conv light trucks; and the pale purple area shows the petroleum saved by
replacement of HEV and PHEV 10 light trucks by FCV light trucks. LCVFlex projected very few
BEV or PHEV40 light trucks, and these are not shown in the figure.

Because of uncertainty in future markets and the assumed order in which petroleum
savings from drivetrain substitution were assigned, petroleum savings attributable to VTO and
FCTO technologies were strongly dependent on projected market penetration of these vehicle
types. Therefore, the attribution methodology was modified to assign petroleum savings to the
FCTO program in proportion to the increase in vehicle-miles traveled by FCVs in
Program Success over No Program, assuming the increase represented miles traveled by FCVs
replacing miles traveled by non-FCVs. That is, the petroleum saved by each mile traveled by a
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FIGURE 11 Average Annual Petroleum-Based Fuel Consumption in Light
Trucks in 2050 for No Program (red) and Program Success (green),
Disaggregated into Savings Due to Drivetrain Efficiency Improvements
(shown as cross-hatched areas), and Savings Due to Changes in the Stock
Shares of Drivetrain Technologies (highlighted in solid gray, yellow, and
purple)

FCV is the average petroleum consumed by non-FCVs. For cars, this is the ratio of petroleum
consumed by all cars to the vehicle miles traveled (VMT) by all cars except FC cars:

PPrgSucc
average fuel per mile,non FC cars = < T a— Prwucc)
VMTro¢ cars = VMTrc cars
and analogously for light trucks:
PrgSucc
. . PTot LTs
average fuel per mile,non FC light trucks = Prgsuce Prgsuce
VMTror 1rs = VMTpc s

Note that the fuel consumed per mile was estimated using quantities from the
Program Success case, since vehicles in this case have benefitted from VTO technologies, and
the intent here is to isolate the benefits of FCTO technologies.

Using this method, the petroleum saved by fuel cell cars, 4Prc cars, Was estimated by
multiplying the fuel used per mile by non-FC cars by the vehicle miles replaced by FC cars:

PPrgSucc
_ Tot Cars PrgSucc _ NoPrg
APpc cars = (VMTPTgSucc _ VMTPTgSucc) (VMTFC cars VMTgc cars
Tot Cars FC Cars
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and that saved by fuel cell light trucks, 4Pr¢ 115, Was estimated analogously:

PrgSucc
P.
_ Tot LTs PrgSucc _ NoPrg
APpc 175 = ( (VM TFC LTs VM TFC LTs

PrgSucc _ PrgSucc
VM TTot LTs VM TFC LTs

and the total saved by FCVs, 4Pgcys, is the sum:

APpcys = APpc cars + APpc 115

Where:

PrgSucc
P g

ot cars — Yotal petroleum consumed by all cars in Program Success

Pfortgfﬁcc = Total petroleum consumed by all LTs in Program Success

VMTE 93¢ = Total VMT by all cars in Program Success

Tot Cars

VMT 974 = Total VMT by all LTs in Program Success
VM T;Cr “‘éfl?gc = VMT by FC cars in Program Success
VM T;vcog o =VMT by FC cars in No Program
VMTﬁ;igLS#SCC = VMT by FC LTs in Program Success
VMT. 9 = VMT by FC LTs in No Program

Thus, fuel savings attributable to FCTO technologies is assumed to be proportional to the
increase in VMT by FCVs and to the average fuel consumed per mile by vehicles replaced by
FCVs. This method for estimating petroleum savings by FCVs generally gave more consistent
and somewhat higher estimates than the estimates based on drivetrain replacement; therefore, the
values reported here were estimated using this VMT-replacement approach. The petroleum
savings attributed to VTO subprogram were adjusted slightly to ensure that the total petroleum
saved was consistent with the difference in petroleum consumed in the Program Success and
No Program cases.

As with petroleum savings, GHG reductions were calculated as the difference in GHG
emissions between No Program and Program Success. GHG reductions were attributed to VTO
subprograms and FCTO on the basis of the petroleum savings attributed to each of these, taking
into account the GHG intensity of gasoline and diesel, as well as the estimated changes in
electricity and hydrogen consumption and their GHG intensities. GHG intensities were taken
from the GREET model for gasoline, diesel, and electricity, assuming the same electricity
generation mix as in the AEO 2014 Reference case. In Program Success, hydrogen was assumed
to be produced by methane reforming at stations in the near term (2015 to 2020) and by steam
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methane reforming at a central facility in 2020 and later. Upstream energy and GHG intensity for
hydrogen produced via these pathways were taken from results of hydrogen pathway analysis by
national laboratories (Ramsden, 2015), as described in Section 3.2.3.

Projected reductions in GHG emissions are presented for each VTO subprogram and
FCTO in Figures 4 and 5 for 2035 and 2050, respectively. Projected GHG reduction by LDV
varies somewhat depending on the LDV choice model used to project market shares, but
significant reductions are projected in the four sets of results shown. As with projected petroleum
savings, the projected GHG reductions attributable to electrification and FCVs are sensitive to
the projected market penetration by plug-in and FCVs.

3.2 HEAVY TRUCK ANALYSIS

As with LDV, the analysis of HT benefits from VTO technologies was a four-step
process, in which (1) a baseline (No Program) case was developed, (2) fuel economy values and
incremental costs of new vehicles with DOE-supported technologies were estimated, (3) market
penetration of advanced technology vehicles was projected for Program Success vs. No Program,
and (4) the projected fuel savings and GHG reductions were calculated as the differences
between the two cases. Sections 3.2.1-3.2.4 report on each step of the benefits analysis for HTs.
It was assumed that very few HTs would be FCVs, so savings were attributed to VTO
subprograms only.

3.2.1 Heavy Truck Baseline

TA Engineering (TAE) developed the No Program case for medium- and heavy-duty
vehicles by adjusting the AEO 2014 Reference case fuel economy values for new medium- and
heavy-duty vehicles (or collectively, “heavy trucks”, HT). The adjustments removed the fuel
economy improvements attributed to the projected market penetration of VTO-funded advanced
vehicle technologies. For the AEO Reference case, the DOE Energy Information Administration
provided estimates of the contributions of individual component technologies to truck fuel
economy and market penetrations. The technology market penetrations were modeled by the
Energy Information Administration at a finer level of disaggregation than that in the AEO output
tables. As such, the penetrations were analyzed in subclasses consistent with the EPA/NHTSA
(National Highway Transportation Safety Administration) fuel consumption rules (EPA and
NHTSA, 2011a, 2011b):

* C(Classes 7 and 8 tractor sleeper cabs
» Classes 7 and 8 tractor day cabs

» Classes 7 and 8 vocational trucks

* C(lass 3 pickup, van, and vocational
» Classes 46 vocational
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“Vocational” as used in the above list is adopted from EPA/NHTSA and refers to all
trucks that are not tractors or pickups. These include van- or box-type trucks as well as vehicles
such as cement mixers, refuse haulers, dump trucks, and utility vehicles.

To attribute individual contributions of VTO-supported technologies to the Reference
case new fleet fuel economies, TAE used AEO base year (2011 in AEO 2014) vehicle fuel
economies and technology market penetrations for HT subclasses, as documented in AEO’s
input files and penetration tables. FC-powered trucks were not considered in this analysis,
consistent with the AEO Reference case. This analysis was performed for two years: 2017 (the
year the fuel economy standards become fully effective) and 2040 (the last AEO projection
year). Results showed that 7.1% of the projected fuel economy improvement of the 2017 fleet of
new classes 7 and 8 sleeper cab tractors is attributable to non-VTO technologies. Contributions
of non-VTO technologies for 2017 classes 7 and 8 day cab tractors, classes 7 and 8 vocational
trucks, and classes 4—6 vocational trucks were estimated at 3.6%, 17.3%, and 13.7%,
respectively.

Since the AEO new fleet fuel economies are reported in the output tables for a single
heavy class, the results of the three classes 7 and 8 truck subclasses were combined using sales
shares obtained from the Energy Information Administration. Although the standard AEO output
tables report results for a single medium class of trucks, the Energy Information Administration
models class 3 trucks separately from classes 4—6, and provide separate results tables. As with
the previous prospective benefits analysis, TAE analyzed only classes 4—6 diesel trucks and not
the class 3 diesel nor classes 3—6 gasoline trucks (Birky and Moore, 2013; Stephens et al., 2014).
Because classes 4-6 gasoline trucks account for a relatively small fraction of classes 48 fuel
consumption, benefits arising from penetration of VTO technologies in the classes 4—6 gasoline
trucks are likely very to be small. The AEO new medium (classes 4—6) and heavy (classes 7
and 8) truck fuel economy projections were then modified to eliminate the VTO technology
contributions.

Finally, representative baseline vehicles were simulated in the TAE Heavy Truck Energy
Balance dynamic model (HTEBdyn) using inputs on vehicle and engine characteristics
consistent with the 2010 EPA/NHTSA baseline fuel economy standards. Most inputs were
derived from the regulatory impact assessment and associated documentation (EPA and NHTSA,
2011a,2011b; EPA, 2011a, 2011b). Where input values were not available, TAE relied on prior
analyses to determine reasonable ranges and adjusted values within these ranges to obtain results
consistent with the AEO base year fuel economies. The HTEBdyn model projected the fuel
economy of representative vehicles on the EPA-specified duty cycles. The baseline case for HTs
is detailed in Taylor and Moore (2015); the HTEBdyn model and documentation are available
online (ANL, 2015b).

3.2.2 Heavy Truck Advanced Technology Modeling
Modeling for HT Program Success followed a process flow similar to that for LDVs.

Ensuring consistency with VTO program research areas and goals, TAE defined advanced
vehicle platforms using input on technology approaches and benefits from VTO program
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managers, the SuperTruck program (TAE, 2012), and prior years’ benefits analyses (Birky and
Moore, 2013; Stephens et al., 2014). The following heavy vehicle classes and technology
platforms were included:

* Classes 4-6 diesel delivery
— Best-in-class (BIC) conventional diesel CI
— Advanced conventional diesel CI
— Parallel hybrid diesel-electric CI

* C(Class 8 combination unit
— BIC conventional diesel CI
— Advanced conventional diesel CI
— Parallel hybrid diesel-electric CI

* C(Classes 7 and 8 single unit
— BIC conventional diesel CI
— Advanced conventional diesel CI
— Parallel hybrid diesel-electric CI

Technology characterizations—model parameters describing performance and cost—
were developed for the Best-in-class (BIC) platforms for 2010 and 2015, with 2015 representing
full application of current and near-term technologies. Technology characterizations also were
developed for the advanced truck platforms representing the VTO program goals for 2015 and
2025. Program goals were assumed to be achieved using the technological approaches of
SuperTruck industry teams (TAE, 2012) and the National Research Council (NRC, 2010). As
detailed in Taylor and Moore (2015), technical data were specified for the following attributes:

* Base engine maximum thermal efficiency

» Waste heat recovery strategy and performance
* Coefficient of acrodynamic drag

* Aerodynamic profile

» Coefficient of rolling friction

* Transmission type and efficiency

*  Truck empty weight

* Hybridization strategy

Component costs relative to the baseline truck were estimated using the National
Research Council study costs (NRC, 2010). The costs were assumed to decline at a rate of 1%
per year following the expected date of technology availability reported in the NRC study.

The BIC platform was included to capture the differences in technologies between
baseline vehicles used by EPA and NHTSA to establish fuel economy standards and those used
by the SuperTruck teams for their baseline vehicles. Therefore, this platform represents real
differences in existing product offerings in recent model years and incorporation of very near-
term technologies for the 2016-2017 timeframe. As described in the Section 2.2.3, there is some
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market penetration of BIC trucks prior to 2015, but the petroleum savings and GHG benefits
prior to 2015 are not included in the benefits reported here.

The advanced conventional diesel and hybrid diesel platforms are two possible
approaches to meeting the VTO program goals and are consistent with the development efforts
of the SuperTruck industry partners. SuperTruck program goals are established for 2015 and
2025, but commercialization of the technologies developed to achieve them is likely to occur
gradually, with some lag time following demonstration. Therefore, market introduction of
vehicles with the program goal configurations was assumed to occur in 2017 and 2027 with fuel
economies somewhat lower than those goals. Full achievement of the program goals was
assumed to occur by 2022 and 2032. This was intended to represent the lag between
demonstration of VTO program goals and commercialization of the technologies.

Fuel-cell-powered trucks were not considered in this analysis, since even though it is
possible to power both medium-duty and heavy-duty vehicles with fuel cells, significant market
penetration in classes 7 and 8 trucks, which use the most energy, is not expected.

Simulations of Program Success vehicles were developed in the HTEBdyn model and
analyzed to estimate the fuel economy of each of these configurations for 2011 (BIC only), 2015
goals, and 2025 goals. Consistent with the fuel economies in the AEO, the analysis used the EPA
sleeper cab drive cycle for combination unit trucks and the vocational drive cycle for all other
trucks. As discussed above, this analysis was performed for representative trucks in each class,
while the baseline includes multiple vehicle types. Therefore, the HTEBdyn results were not
directly applicable to the baseline and the following methodology was used to account for the
difference in composition. First, the trend of the baseline was applied to the representative
vehicle base year (2011) fuel economy estimates from the HTEBdyn. For the analysis years,
these values were compared with the advanced vehicle fuel economy estimates in order to
develop fuel economy multipliers relative to the baseline.

In each weight class, the 2011 BIC truck represents the highest available fuel economy
for technologies currently on the market. The 2015 BIC represents incorporation of very-near-
term technologies, e.g., advanced EPA SmartWay aerodynamics and next-generation wide-base
tires. The 2015 platform was assumed to be available commercially in 2017 at a fuel economy
representing 75% of the total improvement expected from all incorporated technologies and
100% improvement by 2022. For 2017 to 2022, it is assumed the added cost for the BIC truck
over the baseline remains the same and all technology advances are to improve vehicle
performance (i.e., fuel economy). Afterward, technology cost was assumed to decline by 25% by
2040 while fuel economy was held constant.

The advanced conventional and hybrid combination unit trucks represent VTO goals,
extrapolated from SuperTruck goals for long-haul trucks. The technologies used to achieve these
goals are extended to classes 7-8 single unit and classes 4—6 trucks where applicable. These
vehicles utilize approaches being investigated by the SuperTruck industry teams. In each truck
class, the hybrid platform incorporates all technologies included on the advanced conventional
vehicle and assumes synergies between hybridization and waste heat recovery systems (turbo-
compounding and organic Rankine cycle). The technologies used to achieve the 2015 goals were
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assumed to be commercially available in 2017 at a fuel economy representing 75% of the total
improvement estimated for all incorporated technologies. By 2022, these platforms are assumed
to fully achieve the 2015 goals. As in the BIC platform, the added cost of the advanced
conventional and hybrid trucks was assumed to remain constant between 2017 and 2022.

Both the advanced conventional and hybrid platforms were modeled with improved fuel
economy, achieving 80% of the fuel economy benefits of the 2025 goals by 2027, and 100% by
2033. The added cost for the 2025 advanced conventional technology package would be
somewhat higher than the 2015 package, based on 2010 estimates from the NRC study
(NRC, 2010). However, it was assumed that ongoing technology advancement would reduce
these costs such that the actual cost in 2027 would be slightly lower than the 2022 cost. By 2040,
the additional cost for the advanced conventional truck relative to the baseline would be reduced
by 15% compared with 2017. The added cost of hybridization depends on assumptions about
both learning rates and production volume. Midrange estimates from the NRC study were used
with assumptions of low production volume in 2017 and high production volume by 2032. As a
result, the hybrid platforms show significant cost reductions of 40% in 2040 relative to 2017.

Further details of the technologies, incremental cost estimates, and fuel economy
improvements for each HT platform and technology package modeled are given in Taylor and
Moore (2015).

3.2.3 Heavy Truck Market Penetration and Stock Modeling

In the second phase of the heavy-truck analysis, the fuel economy improvements and
estimated costs from HTEB/HTEBdyn modeling were used in the TRUCK market penetration
model (ANL, 2015c¢) to project market penetration of the advanced platforms for 2010 through
2050. TRUCK projects market acceptance by comparing incremental costs and the value of fuel
savings with buyer preferences for different payback periods. Since fuel-efficient technology is
more cost-effective for trucks with higher annual mileage, the payback algorithm is applied to
multiple mileage cohorts rather than assuming the fleet average mileage for all trucks. TRUCK
then reports market share as a fraction of total miles driven by trucks of a particular model year
in the first year of ownership. As for LDVs, fuel prices for HT market penetration analyses were
taken from the AEO 2014 Reference case, extrapolated to 2050. No elasticity of travel demand
was assumed for HTs, since these are primarily commercial vehicles with fuel costs passed on to
the customers with little effect on the volume of commercial vehicle travel (Winebrake et al.,
2015a, 2015b).

Market penetration was projected for 2010 through 2050 since the technologies of the
baseline and BIC vehicles were based on the AEO baseline year (2011). Therefore, projections
include some penetration by BIC trucks prior to 2015. For the benefits estimates reported here,
petroleum savings and GHG emission reductions attributable to technologies adopted prior to
2015 were not included, since the intention is to estimate only post-2015 benefits from VTO
programs.
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3.2.4 Attribution of Heavy Truck Benefits by Technology Area

For the third and final step of the HT benefits analysis, fuel use by HTs in
Program Success was compared with that in the baseline No Program case. Since the VISION
model currently is not configured to analyze all the heavy-vehicle platforms modeled for the HT
analysis, information from VISION, including total truck sales, age-specific average annual
mileage, cumulative scrappage rates, and various correction factors, were applied in an
additional spreadsheet tool, HDStock, that tracks the stock of heavy vehicles sold in 2010 and
later, derived from the stock model in VISION. Fuel use by these trucks was calculated first by
assuming the simulated fuel economies and TRUCK market penetrations, and then by assuming
the baseline No Program fuel economy for all trucks. The difference between these two
calculations provides a projection of energy and carbon emission savings attributable to the VTO
program. The resulting projections of market penetration by advanced technology HTs and the
resulting average fuel economy are discussed in Section 4.

The HTEBdyn results were used to assess the relative contribution of each of the
following technology types to fuel economy improvements:

* Engine efficiency, thermal management, and transmission:
— Base engine thermal efficiency (engine design and combustion process
improvements)
— Fuel injector advances, fuel and oil pump improvements
— Engine friction reduction
— Waste heat recovery (turbocompounding and organic Rankine cycle)
— Transmission, axles, controls, etc.

* Aerodynamics and rolling friction:

— Coefficient of drag reductions through incorporation of fairings, dynamic
gap closure, use of cameras instead of mirrors, and complete tractor and
trailer redesign

— Profile reductions through dynamic height adjustment and tractor and
trailer redesign

— Advances in low-rolling-resistance single wide-based tires

 Idle reduction (nonhybrid):
— Auxiliary power units (conventional and advanced)
— Automated engine stop/start systems

* Hybridization

» Other, such as auxiliary and accessory improvements, including electrification
(applies to auxiliaries not included in brake thermal efficiency measurements)

Note that aerodynamics and rolling friction are not specifically DOE-sponsored

technology subprograms, but are significant elements of the SuperTruck industry team strategies.
The contributions of existing aerodynamic and rolling friction technologies to the AEO fuel
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economies were included in the No Program case, so only benefits from improvements beyond
these are attributed to the VTO program. Meanwhile, the vehicle platforms analyzed for the
Program Success case included fuel economy improvements attributable to aggressive reductions
in aerodynamic drag and rolling friction that are expected from the SuperTruck research
program. Example strategies that might be used to achieve these reductions include dynamic
ride-height and/or trailer gap adjustment and complete tractor and trailer redesign. Design of
integrated tractor-trailers was not included.

Mass reduction also is a significant component of the SuperTruck program and is a part
of the VTO Materials R&D subprogram. Combination unit trucks are assumed to offset mass
reductions by increasing cargo weight. Therefore, these advances improve freight efficiency
(ton-miles per gallon) but not fuel economy. The HTEBdyn results for classes 7 and 8 single-unit
and classes 46 trucks do include fuel economy improvements attributable to weight reduction.
These results are included with the aerodynamic and rolling friction load reductions.

The HTEBdyn model predicted power losses by vehicle component, which were used to
calculate fuel consumption by technology type. The fuel consumption by technology area for
each advanced vehicle was compared with the base vehicle to find the reduction in duty cycle
average gallons per mile attributable to each technology area. For the BIC configuration,
percentages were calculated for 2011 and 2015 and interpolated for the intervening years. The
2015 values were then held constant through 2050. For the remaining technologies, values were
calculated for 2015 and 2025 and interpolated for the intervening years. The 2025 values were
held constant for 2025 through 2050. Further details, including technology contributions
disaggregated by size class, are reported in Taylor and Moore (2015).
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4 RESULTS OF MODELING:
MARKET PENETRATION AND FLEET FUEL ECONOMY

The results of the modeling described in Section 3 are presented in Sections 4.1-4.5,
below. The levelized cost of driving (LCD) estimated for LDV's with different powertrain
technologies are given in Section 4.1. In Section 4.2, projections for the five LDV consumer
choice models are compared. The average fuel economies for LDV based on these projections
can be found in Section 4.3. Section 4.4 of the HT modeling for predicted market penetration,
and Section 4.5 gives the results for average fuel economy by HT size class.

4.1 LIGHT-DUTY VEHICLE LEVELIZED COST OF DRIVING

LCD was estimated for future LDVs with different drivetrains for No Program,
Program Success, and an intermediate case, for which vehicle attributes were assumed to be
between the No Program and Program Success cases. The LCD is calculated as the ratio of the
sum of the vehicle price and the present value of fuel consumed in five years of operation, to the
miles driven in five years.

The LCD estimated for midsize cars in 2025 is shown in Figure 12, and for 2035 in
Figure 13. Several drivetrains are analyzed, in 2010 dollars per mile. A 7% discount rate was
assumed. The figures show the LCD of the intermediate case as colored bars, that of No Program
as the upper error bar, and that of Program Success as the lower error bar. Program Success LCD
values are consistently lower than for the other cases, particularly for more advanced powertrains
such as FCVs and BEVs.

4.2 LIGHT-DUTY VEHICLE MARKET PENETRATION

New LDV sales shares for No Program and Program Success were projected by
drivetrain technology for 2015-2050. Sales shares projected by the five LDV choice models
described in Section 3.1.2 are presented in Figures 14—18 and Tables 4-8. Projections by
drivetrain type calculated by the stock model in VISION using the sales shares outputs of each
model are shown in Figures 19-23.

All models show significant penetration by alternative (non-Conv SI) vehicles for both
No Program and Program Success, and, except for the ADOPT model, they show greater
penetration by alternative vehicles in Program Success. The ADOPT model projected slightly
lower penetration by alternative technologies in Program Success.

The LVCFlex model projected a very rapid market penetration by HEV and PHEV10 in
Program Success, and a large but slow increase in market share of FCVs, with a much higher
FCV sales share in Program Success. MA’T projected a large market share for HEV's and
BEV100 for both cases. CI Conv penetration is rapid in early years in Program Success, but CI
Conv shares fall as PHEV10 and FCV shares increase. MA’T projected a high BEV100 market
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FIGURE 12 Projected Levelized Cost of Driving of LDVs (midsize cars)
in 2025. The bars show the LCDs of Program Success and the upper
ends of the error bars show the LCDs of No Program. Present values
(PVs) of fuel costs are shown assuming a 7% discount rate.
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FIGURE 13 Projected Levelized cost of Driving of LDVs (midsize
cars) in 2035. The bars show the LCDs Of Program Success, and the
upper ends of the error bars show the LCDs of No Program. Present
values (PVs) of fuel costs are shown assuming a 7% discount rate.
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Program Success (right), Projected by the LVCFlex Model
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FIGURE 15 LDV Sales Shares by Powertrain Type for No Program (left) and
Program Success (right), Projected by the MA®T Model
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FIGURE 16 LDV Sales Shares by Powertrain Type for No Program
(left) and Program Success (right), Projected by the LAVE-Trans Model
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FIGURE 18 LDV Sales Shares by Powertrain Type for No Program (left) and
Program Success (right), Projected by the ADOPT Model

TABLE 4 Percent LDV Market Penetration Estimates for No Program and Program
Success, from the LVCFlex Model

W Conv Cl

BEV100

PHEV40
PHEV10

No Program (%) Program Success (%)

Drivetrain Type 2020 2030 2040 2050 2020 2030 2040 2050
SI Conv 87.1 73.7 62.6 50.6 67.0 60.7 459 322
CI Conv 1.7 4.1 5.7 3.8 7.4 3.7 3.0 2.1
HEV Gasoline 7.4 11.3 11.4 12.8 17.0 16.3 16.6 16.0
PHEV10 1.2 3.0 1.8 1.6 0.8 0.8 0.8 0.7
PHEV40 2.5 6.3 8.3 10.3 7.6 14.0 14.8 14.7
BEV100 0.1 1.5 3.8 3.9 0.2 3.5 3.9 32
BEV300 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2
FCV 0.0 0.3 6.3 16.9 0.0 1.0 14.9 31.0
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TABLE 5 Percent LDV Market Penetration Estimates for No Program and Program
Success, from the MA®T Model

No Program (%) Program Success (%)

Drivetrain Type 2020 2030 2040 2050 2020 2030 2040 2050
SI Conv 80.5 49.1 19.2 15.4 60.6 27.3 12.4 10.3
CI Conv 6.2 2.9 1.4 0.3 21.7 8.2 0.9 0.2
HEV Gasoline 11.9 16.3 10.0 11.2 14.7 12.2 7.7 9.6
PHEV10 0.4 10.1 20.3 29.4 0.7 5.5 10.8 17.0
PHEV40 0.0 0.5 1.7 2.9 0.2 1.7 5.7 6.8
BEV100 0.9 19.2 35.0 22.9 1.8 31.0 33.0 20.3
BEV300 0.0 0.0 0.1 0.4 0.1 3.0 2.6 5.5
FCV 0.0 2.0 12.3 17.7 0.2 11.2 26.9 30.4

TABLE 6 Percent LDV Market Penetration Estimates for No Program and Program
Success, from the LAVE-Trans Model

No Program (%) Program Success (%)

Drivetrain Type 2020 2030 2040 2050 2020 2030 2040 2050
SI Conv 91.6 60.7 27.1 15.6 87.1 39.0 10.0 54
CI Conv 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HEV Gasoline 7.3 33.8 36.4 27.7 10.5 26.8 14.3 11.1
PHEV40 0.4 1.2 5.2 11.8 0.9 4.6 18.2 22.8
BEV100 0.6 32 18.2 16.3 0.9 114 10.1 9.3
FCV 0.1 1.1 12.9 28.6 0.6 18.1 47.5 51.4

TABLE 7 Percent LDV Market Penetration Estimates for No Program and Program
Success, from the ParaChoice Model

No Program (%) Program Success (%)
Drivetrain Type 2020 2030 2040 2050 2020 2030 2040 2050
SI Conv 82.4% 349% 19.9% 14.3% 722% 36.1% 17.5%  9.3%
CI Conv 57% 21.6% 17.0% 10.9% 10.5% 19.9% 12.8%  7.0%
HEV Gasoline 11.0% 29.4% 18.6% 14.8% 159% 28.6% 18.5% 11.5%
PHEV10 0.7%  9.5% 22.5% 22.3% 09% 74% 18.9% 14.3%
PHEV40 02% 32% 9.1% 9.7% 04% 5.0% 11.9% 9.3%
BEV100 0.0% 1.0% 4.0% 4.2% 0.1% 1.6% 3.6% 2.8%
FCV 0.0% 0.5% 88% 23.8% 0.0% 1.5% 17.0% 45.8%
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TABLE 8 Percent LDV Market Penetration Estimates for No Program and Program
Success, from the ADOPT Model

No Program (%) Program Success (%)
Drivetrain Type 2020 2030 2040 2050 2020 2030 2040 2050
SI Conv 904 56.1 48.8 441 87.2 56.3 50.3 49.5
CI Conv 0.6 04 04 0.5 0.6 04 04 0.3
HEYV Gasoline 5.8 35.0 40.4 45.0 8.0 32.7 38.0 393
PHEV 2.7 5.8 6.2 59 33 6.2 5.6 53
BEV100 0.2 0.3 0.5 0.6 0.7 1.0 1.0 1.0
FCV 0.0 04 1.5 2.0 0.0 1.8 2.9 2.8
CNG SI 0.3 2.0 2.1 2.0 0.3 1.8 1.9 1.7
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FIGURE 19 LDV Stock by Powertrain Type for No Program (left) and
Program Success (right), Projected by the LVCFlex Model
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FIGURE 20 LDV Stock by Powertrain type for No Program (left) and
Program Success (right), Projected by the MA’T model
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FIGURE 23 LDV stock by powertrain type for No Program (left) and
Program Success (right), Projected by the ADOPT model
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penetration in both cases, and significantly greater FCV market share in Program Success in later
years. The LAVE-Trans model also projected high penetration by advanced vehicle types in both
Program Success and No Program, with higher penetration by PHEV40 and much higher
penetration by FCV in Program Success. Projections from the ParaChoice model for the two
cases were more similar, with CI Conv reaching a fairly high sales share in the mid-term (around
2030), but FCV shares were higher in Program Success in the long term.

Projections of the ADOPT model, shown in Figures 18 and 23, were quite different from
those of the other models. ADOPT used different inputs, which, while based on similar
assumptions about component performance, had vehicle attributes that were calculated
endogenously. Some vehicle attributes in ADOPT differed significantly from those used in other
models. ADOPT also employed different component price models; some (e.g., for fuel cells)
were low-production-volume estimates in early years. As a derivative of a mixed multinomial
logit model, the structure of the ADOPT model is unlike the other vehicle choice models. The
ADOPT model represents vehicles at the make/model/trim level, using data on currently
available vehicles to populate vehicle attributes for the first few projected years. Attributes of
vehicles can change endogenously, and models that show growth in sales shares are “cloned”:
additional vehicle choices are made available with similar attributes. It is not clear how these
differences resulted in such different market share projections.

The four LDV choice models using inputs based directly on the VTO and FCTO goals
for Program Success and inputs established for No Program give quantitatively different market
penetration projections, but show similar market penetration by advanced technology vehicles.
As described in Section 4.3, the fuel economy of the LDV fleet is projected to increase with
significant reductions in petroleum use and GHG emissions.

4.3 AVERAGE LIGHT-DUTY VEHICLE FUEL ECONOMY

The fleet-average unadjusted fuel economy for new cars, light trucks, and the entire new
LDV fleet Program Success and No Program cases are shown in Figure 24, based on the market
share projections of the LVCFlex model. Using projected fuel economy values for new vehicles
and the stock model in VISION, with assumed on-road degradation factors, the on-road fleet-
average fuel economies were calculated for both cases and are shown in Figure 25.

Analogous fuel economy projections are shown in Figures 26 and 27 (MA’T), Figures 28
and 29 (LAVE-Trans), Figures 30 and 31 (ParaChoice), and Figures 32 and 33 (ADOPT). As
with the market share projections, there are quantitative differences between projections of the
models; but qualitatively they show increasing average fuel economy for the new and on-road
fleets. Much higher average fuel economy averages are projected for Program Success, though
the increase occurs at different rates depending on the vehicle choice model used. The average
fuel economies based on the ADOPT model projections are significantly lower in both cases due
to the low market share of PEVs and FCVs and to somewhat lower fuel economies for Conv SI
vehicles input into the ADOPT model. However, as noted in Sections 3.1.2 and 4.2, the vehicle
attributes assumed in the ADOPT input were different from those used in other vehicle choice
models.
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on Market Projections of the LVCFlex Model
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4.4 HEAVY TRUCK MARKET PENETRATION

Projections for market penetration of advanced technology HTs in Program Success are
given in Table 9 as fractions of total VMT by new trucks in a calendar year. As described in
Section 3.2.1, the baseline technology package for each size class represents No Program, and
market shares of No Program are all 100% baseline. Market penetration estimates are based on
the time it takes for the fuel savings to offset the incremental cost of the technology—a
calculation that depends on annual miles of travel. Therefore, fuel-saving technologies are
adopted at a higher rate in applications with above-average annual mileage. Since miles traveled
correlate with fuel consumption, using a simple percentage of truck sales does not provide an
accurate accounting of new-fleet fuel economy.

For classes 7-8 combination unit trucks, the BIC platform shows high market penetration
in the early years due to the inclusion of relatively inexpensive component technologies. These
technologies provide improvements in fuel economy that are very cost effective for the high-
mileage trucks in this class. While the 44.1% market penetration in 2015 may seem high, the
projections were made for 20102050, and some penetration of the BIC platform was seen in
years prior to 2015. However, fuel savings and GHG reductions were calculated from 2015 in
order to avoid attributing benefits to technologies adopted prior to 2015.

The advanced conventional diesel trucks also show significant market share (shown as
VMT share in Table 9) for the combination unit trucks in the first year of introduction, but less

TABLE 9 Medium- and Heavy-Duty Truck Market Penetration Estimates
for the Target Case, as Percentage of VMT

% VMT
Vehicle 2015 2020 2030 2040 2050

Medium (classes 4-6) diesel

Baseline 83.1 75.1 57.2 38.2 27.3

BIC conventional 16.9 15.3 209 27.8 31.8

Advanced conventional 0.0 9.5 19.1 25.6 29.4

Diesel HEV 0.0 0.1 2.8 8.4 11.4
Heavy (classes 7, 8) combination unit

Baseline diesel 55.9 37.6 21.1 11.0 8.2

BIC conventional 44.1 44.6 34.8 35.2 353

Advanced conventional 0.0 16.2 279 30.1 31.0

Diesel HEV 0.0 1.6 16.2 23.7 25.5
Heavy (classes 7, 8) single unit

Baseline diesel 92.7 88.7 75.7 55.2 43.0

BIC conventional 73 93 14.2 23.4 27.1

Advanced conventional 0.0 1.8 7.0 13.2 17.9

Diesel HEV 0.0 0.2 3.1 8.1 12.0
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than the BIC due to higher incremental costs. As this platform becomes more efficient and
decreases in cost, it steadily gains VMT share, growing from zero in 2015 to 31% in 2050.
Meanwhile, the hybrid truck initially gains only small VMT share, due to high incremental costs
and little fuel economy benefit compared with the advanced conventional truck with its long-
haul-type driving cycle. However, the hybrid truck realizes greater cost reductions over time due
to more manufacturing experience (learning) and higher production volumes. By 2030, the
hybrid platform achieves a share of 16.2% of vehicle miles in the combination unit class,
growing to 25.5% by 2050.

The results for single-unit trucks are quite different because fewer miles are traveled by
trucks in this class in a year. The BIC platform initially captures 7.3% of VMT and gradually
increases to 27.1% by 2050. The advanced conventional truck platform achieves less than 2% of
VMT by 2020 and reaches 17.9% by 2050. Although the hybrid drivetrain provides more fuel
consumption benefits for the vocational drive cycle than for the long-haul cycle, the low annual
mileage of the single-unit trucks means longer payback periods. As a result, the hybrid platform
achieves a 12% share of VMT by 2050.

Overall, the advanced technology platforms achieve less penetration into the classes 4—6
diesel truck market than in the classes 7-8 market, reflecting the fact that these trucks see the
lowest annual mileage of the classes analyzed. In total, advanced vehicles account for 73% of
VMT in 2050. It should be noted that classes 6—8 vehicles are very diverse in their
configurations and uses, but are modeled here as a single class, limiting the fidelity of the model.
However, the average fuel economy and annual driving distance distributions used as input
should adequately capture the fuel use of this range of vehicles.

4.5 AVERAGE HEAVY TRUCK FUEL ECONOMY

The projections of new vehicle fleet fuel economy values for medium- and heavy-duty
trucks are shown in Figure 34 for Program Success and No Program. Fleet averages are mileage-
weighted values. As a result of DOE-supported technologies, the fuel economy of the fleet of all
new classes 7 and 8 trucks is projected to reach 1.62 times that of the same trucks in No Program
in 2035 and 1.64 times in 2050. Because of the lower annual usage of classes 4—6 trucks, the
market penetration is slower, and resulting impact of DOE-funded technologies is somewhat less
in these vehicles, with a fuel economy ratio of 1.26 in 2035 and 1.38 in 2050.

The average fuel economy of the on-road stock of medium- and heavy-duty trucks of
each range of size class analyzed are shown in Figure 35. The on-road fuel economy increases
for each size class range. The increase is more rapid for the classes 7 and 8 combination units
because advanced technologies are adopted more extensively in these trucks than in other trucks.
Additionally, classes 7 and 8 combination unit trucks are replaced at an earlier age, leading to
more rapid penetration into the on-road fleet of advanced technologies.
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S RESULTS OF MODELING:
OVERALL BENEFITS OF THE VEHICLE TECHNOLOGIES
AND FUEL CELL TECHNOLOGIES PROGRAMS

Reductions in energy use and GHG emissions attributable to VTO and FCTO program
technologies were projected for the entire U.S. fleet (LDVs + HTs) as described in this report.
Table 10 quantifies the cumulative energy and emissions savings projected to occur after 2015,
energy and emissions reduction rates in each year, and the economic implications projected
through 2050.

As described in Sections 3.1.2 and 4.2, reductions in oil consumption and GHG
emissions in LDVs were estimated using four different LDV consumer choice models, while
only one set of projections was made for HTs. Values for LDVs are therefore shown as ranges,
which show considerable uncertainty because of the wide range of market penetration projected
for advanced technology LDVs under both No Program and Program Success.

The projected reductions in oil use from successful VTO and FCTO programs are
significant: up to 3.1 million bpd in 2035 and 3.7 million bpd in 2050. The oil savings projected
for 2035 amount to as much as 18% of the total U.S. petroleum consumption in the same year as
projected in the AEO 2014 Reference case. The U.S. transportation sector is oil intensive, with
92% of the energy used by the sector coming from petroleum in 2013. Transportation-sector
petroleum consumption represented 67% of total U.S. petroleum consumption, and net imports
of petroleum were 33% of the total amount consumed (Davis et al., 2014).

Oil security remains important to the U.S. even with increased domestic oil production.
An economic value can be assigned to oil security that reflects the potential reduction (as a
consequence of the VTO and FCTO programs) in damage done to the U.S. economy by oil
supply disruptions. The benefits that can be measured monetarily are:

» Transfer of wealth—the quantity of oil imports at the higher price, multiplied
by the difference between the actual price of oil and what the price would
have been in a competitive (or undisrupted) market.

* Economic surplus losses—deadweight losses that accompany changes in
prices and the amounts of oil supplied.

* Macroeconomic disruption costs—costs that occur when sudden changes in
oil price cause economic dislocations that result in temporary
underemployment and misallocation of resources, and thereby a loss of gross
domestic product beyond what the higher price level alone would induce.
Disruption costs result from job destruction and creation, and they cause a
temporary period of increased unemployment and lost productivity.

Oil security costs for No Program and Program Success were estimated from the total oil
consumption projected using the Oil Security Metrics Model at Oak Ridge National Laboratory
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TABLE 10 Projected Benefits of Vehicle Technologies Office and Fuel Cell Technologies
Office Programs

Year
Impact Metric 2025 2030 2035 2050
Energy Oil savings, cumulative
security (billion bbl)
LDVs 1.0-1.5 2.9-3.8 5.3-6.8 14.0-19.1
HTs 1.3 2.7 4.6 12.3
Total 2.3-2.7 5.5-6.5 99-11.4 26.3-31.3
Oil savings, (million bpd)
LDVs 0.7-0.9 1.1-1.5 1.4-2.1 14-22
HTs 0.5 0.8 1.0 1.5
Total 1.2-14 1.9-2.3 24-3.1 2.9-3.7
New vehicle mpg improvement
(percent)”
LDVs 51-67% 52-107% 63-129% 57-85%
HTs 34% 45% 52% 55%
On-road mpg improvement
(percent)”
LDVs 26-32% 38-52% 47-76% 61-98%
HTs 20% 30% 39% 47%
Environment CO, emissions reduction,’ 1,100-1,340 2,670-3,060 4.940-5,360 13,645-15,264
cumulative (million tons CO, )
GHG emissions reduction,
annual (million tons CO; ¢¢/yr)
LDVs 118-154 201-236 252-320 342478
HTs 88 137 183 266
Total 206-241 338-374 435-504 608-744
Economy Primary energy savings,” 1620 3946 72-80 184-212
cumulative (quads)
Primary energy savings, annual 3.0-3.7 3.1-3.8 6.2-7.1 7.3-93
(quads/yr)

Improvement relative to baseline (No Program) fleet in the same year.

“Reductions” and “savings” are calculated as the difference between the results from the baseline

(No Program) case (i.e., in which there is no future DOE funding for this technology) and the results from
Program Success (i.e., in which requested DOE funding for this technology is received and the program is
successful). All cumulative metrics are based on results beginning in 2016.
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(Greene et al., 2014). Reductions in oil security costs calculated for the projections made using
the LAVE-Trans model for LDVs and the HT projections made using the TRUCK and HTEB
models as described in Sections 4.2 and 4.4. Due to the unpredictability of the global oil market,
the output of the Oil Security Metrics Model includes uncertainty ranges based on stochastic
calculations that account for the market uncertainties.

Figure 36 shows the projected ranges of oil security cost reductions for Program Success.
Oil security cost reductions increase as oil savings increase. The cost reductions range from
$72 billion to $221 billion in 2040. The mean value, $125 billion, represents about 0.4% of the
gross domestic product as projected by the AEO Reference case.

The estimated annual GHG emission benefit in 2035 is up to 500 million metric tons of
carbon dioxide equivalent (CO; <), as shown in Table 10. These GHG reductions are substantial
and will help the nation move toward a lower GHG total in 2035. Various dollar values have
been placed on a ton of CO, (IWG, 2013). Assuming CO, values ranging from $10 to $100 per
metric ton, these estimated carbon reductions would range in value from $5 billion to $50 billion
per year (not discounted).

Improving fuel economy offers benefits to consumers, who pay lower prices for fuel and
transportation-dependent commodities. The fuel economy improvements shown in Table 10 are
large, with fuel economy of new LDVs potentially doubling by 2035 (from the No Program
case), implying greatly reduced consumer spending on fuel. Likewise, large improvements in HT
fuel economy (over a 50% increase in new HT fuel economy by 2030) imply savings in goods
transported by truck. In addition to these savings, increased average U.S. fuel economy means
that vehicle drivers use fuel more efficiently, depending less on large amounts of petroleum fuel
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FIGURE 36 Estimated Reduction in QOil Security Costs Based on
Projections of LDV Sales from the LAVE-Trans Model and HT
Sales from the TRUCK Model, with Uncertainty Intervals
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and becoming more insulated from potential oil shocks. Dependency on oil decreases further as
consumers move from conventional ICE vehicles to plug-in vehicles powered by both electricity
and petroleum and to FCVs powered by hydrogen produced from a variety of primary energy
sources.

Together, these benefits demonstrate that successful VTO and FCTO programs will
significantly reduce (1) oil consumption and oil dependence, (2) GHG emissions, and
(3) consumer energy expenditures. Moreover, these programs offer American drivers benefits
not captured in Table 10, including increased mobility, and reduced exposure to potential oil
price shocks.
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