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Executive Summary

Executive Summary

The rulemaking establishing the National Program for Federal greenhouse gas (GHG)
emissions and corporate average fuel economy (CAFE) standards for model year (MY) 2017-
2025 light-duty vehicles included a regulatory requirement for the Environmental Protection
Agency (EPA) to conduct a Midterm Evaluation (MTE) of the greenhouse gas (GHG) standards
established for MYs 2022-2025. Through the MTE, EPA must determine no later than April 1,
2018 whether the MY2022-2025 GHG standards, established in 2012, are still appropriate under
section 202 (a) (1) of the Clean Air Act ("Act"), in light of the record then before the
Administrator, given the latest available data and information. The Administrator is making a
Proposed Determination that the MY2022-2025 standards adopted in the 2012 final rule
establishing the MY2017-2025 standards remain appropriate under section 201 (a) (1) of the Act.
This Technical Support Document (TSD) provides additional detailed analyses supporting this
Proposed Determination.

The Proposed Determination follows the July 2016 release of a Draft Technical Assessment
Report (TAR), issued jointly by EPA, National Highway Traffic Safety Administration
(NHTSA), and the California Air Resources Board (CARB). EPA requested comment on the
analysis supporting the Draft TAR and has fully considered those public comments as well as
other new information, and has updated its analyses where appropriate as part of this Proposed
Determination. This TSD describes in more detail our assessment of public comment on the
Draft TAR and updates to our technology costs, technology effectiveness, consumer impacts,
and other elements of our analysis.

A summary of each chapter of the TSD follows:

Chapter 1: Baseline and Reference Vehicle Fleets. This chapter describes EPA’s
methodologies for developing a baseline fleet of vehicles and future fleet projections out to
MY2025. The Proposed Determination analysis uses a baseline fleet based on the MY 2015 fleet,
the latest year available for which there are final GHG compliance data. EPA used data from
Energy Information Administration’s Annual Energy Outlook 2016 (AEO 2016) as the basis for
total vehicle sales projections to 2025, as well as for the car and truck volume mix.

Chapter 2: Technology Costs, Effectiveness, and Lead Time Assessment. This chapter is
an in-depth assessment of the state of vehicle technologies to reduce GHG emissions and
improve fuel economy, as well as EPA’s assessment of expected future technology
developments through MY2025. The technologies evaluated include all those considered for the
2012 final rule and the Draft TAR, as well as new technologies that have emerged. Every
technology has been reconsidered with respect to its cost, effectiveness, application, and lead
time considerations, with emphasis on assessing the latest introductions of technologies to
determine if and how they have changed.

Chapter 3: Economic and Other Key Inputs Used in EPA's Analyses. This chapter
describes many of the economic and other inputs used in the Proposed Determination analyses.
This chapter discusses the methodologies used to assess inputs such as the real-world fuel
economy/GHG emissions gap, vehicle miles traveled (VMT), vehicle survival rates, the VMT
rebound effect, energy security, the social cost of carbon and other GHGs, health benefits,
consumer cost of vehicle ownership, and others.
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Chapter 4: Consumer Issues. This chapter reviews issues surrounding consumer
acceptance of the vehicle technologies expected to be used to meet the MY2022-2025 standards.
Since the GHG standards have been in effect since MY2012, EPA focuses on the evidence to
date related to consumer acceptance of vehicles subject to these standards. This chapter also
discusses potential impacts of the standards on vehicle sales and affordability, which are closely
interconnected with the effects of macroeconomic and other market forces.

Chapter 5: EPA's OMEGA Model. This chapter describes EPA's computerized program
called the Optimization Model for reducing Emissions of Greenhouse gases from Automobiles
(OMEGA), the model used to efficiently apply technologies to the wide range of vehicles
produced by various manufacturers.
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Chapter 1. Baseline and Reference Vehicle Fleets

1.1 Baseline and Reference Vehicle Fleets

The passenger cars and light trucks sold currently in the United States, and those that are
anticipated to be sold in the model years (MY's) 2021-2025 time frame, are highly varied and
satisfy a wide range of consumer needs. From two-seater miniature cars to 11-seater passenger
vans to large extended cab pickup trucks, American consumers have a great number of vehicle
options to accommodate their needs and preferences. The recent decline in oil prices and the
improved state of the economy have demonstrated that consumer demand and choice of vehicles
within this wide range can be sensitive to these factors. Although it is impossible to precisely
predict the future, a starting point of any analysis must be to characterize and quantify a future
fleet in order to assess the impacts of the 2022-2025 GHG standards that would affect that future
fleet. As inthe FRM and the Draft TAR, EPA has examined various publicly-available sources
(some requiring purchase), and then used inputs from those sources in a series of models to
project the composition of baseline and reference fleets for the purposes of this analysis. This
chapter describes this process, and the characteristics of the baseline and reference fleets.

EPA has made every effort to make this analysis transparent and duplicable. Because both
the input and output sheets from our modeling are public,* stakeholders can verify and check
EPA’s modeling results, and use the results to perform their own analyses.

1.1.1 Why does EPA Establish Baseline and Reference Vehicle Fleets?

In order to calculate the impacts of the final 2022-2025 GHG standards, it is necessary to
estimate the composition of the future vehicle fleet absent the 2022-2025 standards. EPA has
developed a baseline/reference fleet in two parts. The first step was to develop a “baseline” fleet.
The baseline fleet represents data from a single model year of actual vehicle sales. EPA creates a
baseline fleet in order to track the volumes and types of CO2-reducing technologies that are
already present in the existing vehicle fleet. Creating a baseline fleet accounts for technologies
already deployed in the fleet, and thus not only is a necessary step in assessing what additional
technologies might be added and the costs and benefits of adding those technologies, but also
avoids double-counting of those costs and benefits. Specifically, an accurate assessment of the
baseline fleet prevents the OMEGA model from adding technologies to vehicles that already
have these technologies, which would result in such double-counting.

The second step was to project the baseline fleet sales into MYs 2022-2025. This is called the
“reference” fleet volumes, and it represents the fleet volumes (but, until later steps, not additional
levels of technology) that EPA believes would exist in MY's 2022-2025 absent the application of
the 2022-2025 GHG standards.

After determining the reference fleet volumes, the third step is to account for technologies
(and corresponding increases in cost and reductions in CO2 emissions) that could be added to the
baseline technology vehicles in the future, taking into account previously-promulgated standards,
and assuming MY 2021 standards apply at the same levels through MY2025. This step uses the
OMEGA model to add technology to each vehicle in the baseline market forecast such that each
manufacturer’s car and truck average CO: levels reflect that manufacturer's projected MY2021
standards. The model's output, the “reference case,” is the light-duty fleet estimated to exist in
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MY 2022-2025 without new GHG standards (that is, without any standards beyond the

MY 2021 standards). All of EPA's estimates of emission reduction improvements, costs, and
societal impacts for purposes of this Proposed Determination are developed in relation to the
reference case.

This chapter describes the first two steps of the development of the baseline and reference
fleets volumes. The third step is technology addition which is developed as the outputs of the
OMEGA model (see Chapter 5 for an explanation of how the models apply technologies to
vehicles in order to evaluate potential paths to compliance).

1.1.2 Key Comments on EPA’s MY?2014 Baseline Fleet Used in the Draft TAR

For the Draft TAR, EPA chose to create a baseline fleet based on MY 2014 data because, at
the time, it was the most recent year for which a complete set of certification data was available.
See Draft TAR at p. 4-2 and 4-9. In general, several commenters (for example, Union of
Concerned Scientists and Environmental Defense Fund) supported EPA's use of MY 2014 data
since it was the latest year of final compliance data. The Alliance of Automobile Manufacturers
(AAM) sent mixed messages in their comments. AAM noted that MY2015, used by NHTSA in
its CAFE analysis, was more recent and urged that EPA use the latest data available. AAM went
on to say that we should use the data that was available 90 days after the end of production,
which was MY2014 data. However, in order to create a baseline fleet that meets the AAM
suggestion, EPA would need to create the fleet based on manufacturer provided mid-year
reports. The mid-year reports do not constitute data -- these reports are estimates of what the
manufacturer's year end production and GHG performance are projected to be. See Draft TAR at
p. 4-9. The estimated GHG values along with the estimated volume values thus may not give an
accurate view of the fleet.

Global Automakers commented that EPA included vehicles in its modeling that were no
longer in production. However, manufacturers will often eliminate a model in a vehicle class and
later have a new model enter the same vehicle class. Thus, the fact that a model is discontinued
does not mean that the class of vehicle will no longer be represented in the future fleet. EPA
picks a model year of vehicles and then projects them forward based on their vehicle class.
There is an initial assumption that all vehicles in that model year are needed to represent the
needs of the public. EPA then used the IHS-Polk forecast to determine if a class of vehicle might
be discontinued. Put another way, for projecting the future vehicle fleet, EPA changes the
proportions of vehicles in a vehicle class based on IHS-Polk’s forecast to represent the public's
future needs, but does not automatically eliminate a class of vehicle because a particular model is
discontinued. The only way a vehicle is eliminated is if a manufacturer no longer participates in
a vehicle class. In short, eliminating a model would eliminate a choice that is assumed to be
needed by the public unless its class has been eliminated by the IHS-Polk forecast.

Our concerns regarding use of a mid-year report is now obviated, however, because final
certification data from the EPA Verify Database for MY2015 is now available. Consistent with
the approach in the Draft TAR of using the most recent final certification data for the baseline
year, EPA is using these data for establishing the baseline fleet. See Draft TAR pp. 4-2 and 4-9;
for a description of the Verify Database, see the following Chapter 1.1.3.

Commenters also urged EPA and NHTSA to use a common baseline for future analysis.
Although this analysis is not a joint exercise, EPA has moved to MY2015 since final data is now
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available. As stated in the Draft TAR and reconfirmed above, EPA uses the most recent model
year for which final sales data is available for its analysis.

AAM commented that EPA should consider using a multi-year average instead of a single
year for the baseline. EPA believes that using a multi-year average would be problematic since
technology on vehicles changes from year to year which would make accurately representing a
multi-year averaged fleet extremely challenging.

AAM also voiced the belief that we had removed 800,000 vehicles from the AEQO's
projections. The tables we provided are in fact consistent with what EI1A published for
AEQ2015. See Chapter 1.1.3.1.1 below. AAM also commented that we could have used our
contractor's (IHS-Polk) projections of total vehicle sales. However, EIA is the standard
government-wide reference, and for EPA to deviate from that source would put us out of step
with the rest of the federal government. EPA believes that consistency on total volumes across
agencies should be pursued where feasible, and believes that EIA's projections are the best
available source for projections of total car and total light truck sales.

1.1.3 MY2015 Baseline Fleet used for this Proposed Determination

EPA has updated the basis for the baseline fleet used in the Proposed Determination analysis
to reflect MY 2015, the latest available model year for which there is final manufacturer GHG
certification data. The MY2015 fleet GHG data is the most recent complete set of final U.S.
vehicle data that includes actual manufacturer volumes and CO: values. The MY2015 volumes
and CO; values come from the EPA Verify” database. The data contained in the Verify system
IS quite robust since it undergoes a complex number of quality checks that are performed first by
the manufacturer, then by the Verify database software, and finally by EPA's certification staff.
Figure 1.1 shows the quality steps that are completed before data is available for use in the
Verify system. The finalized 2015 GHG certification data is thus the most accurate
representation of vehicle and technology mix for MY2015. 8 As noted above, this baseline fleet
is not identical to that established by NHTSA in the Draft TAR, since that fleet reflected mid-
year manufacturer reports. See Draft TAR Chapter 13.1.1. EPA supplemented this data with
valve train information from Wards Automotive Group, ©° and curb weights and power steering
information from NHTSA's 2015 Volpe Baseline Fleet file created for the Draft TAR.

A The EPA Verify Database is the electronic system by which vehicle manufacturers provide their compliance data
to EPA. There are several built-in quality assurance provisions.

B We note that this 2015 MY baseline fleet is not identical to that established by NHTSA in the Draft TAR, since
that fleet reflected mid-year manufacturer reports rather than the final certified data used here. See Draft TAR
Chapter 13.1.1.

€ WardsAuto.com: Used as a source for engine specifications shown in Figure 1.2.

D Note that WardsAuto.com, where this information was obtained, is a fee-based service, but all information is
public to subscribers.
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Figure 1.1 The Verify Process for the Data EPA’s MY2015 Baseline Vehicle Fleet is Based

Similar to the 2008 baseline that EPA used in the 2017-2025 GHG FRM and the 2014
baseline fleet used for the Draft TAR, most of the information about the vehicles that make up
the 2015 fleet was gathered from EPA’s emission certification and fuel economy database, most
of which is publicly available. (Note that a 2010 baseline was created for the 2017-2025 GHG
FRM, but it was only used for a sensitivity analysis and will not be used for analysis in this
Proposed Determination).? The 2015 GHG certification data included (by individual vehicle
model produced in MY2015): vehicle production volume, carbon dioxide emissions rating for
GHG certification, fuel type, fuel injection type, EGR, number of engine cylinders,
displacement, intake valves per cylinder, exhaust valves per cylinder, variable valve timing,
variable valve lift, engine cycle, cylinder deactivation, transmission type, drive type (rear-wheel,
all-wheel, etc.), hybrid type (if applicable), and aspiration (naturally-aspirated, turbocharged,
etc.). In addition, as noted above, EPA augmented the 2015 GHG certification and fuel economy
database (the EPA "Verify" database) with publicly-available data which includes valve train
information from Ward’s Automotive Group, and data from NHTSA's MY 2015 Draft TAR
Volpe Baseline.

The process by which EPA created the 2015 baseline fleet Excel file is similar to the process
used to create the 2014 MY baseline fleet Excel file for the Draft TAR. EPA created the
baseline using 2015 GHG certification data from EPA’s Verify database. In the past, the data in
Verify did not include vehicle footprint data. Verify now includes a complete set of footprint
data for each vehicle; however, it is separate from the GHG information. Manufacturers are
required to report the numbers of each vehicle produced with a given footprint so the CO; target
for that vehicle can be calculated. Separately, manufacturers are required to report the number of
each unique combination of vehicle, engine, transmission, and driveline (two-wheel drive vs.
four-wheel drive) that is produced along with its measured GHG information. The combination
of the two sets of data are used to determine if a manufacturer is complying with the GHG
standards. These two data sets, along with the valve train and engine cam information obtained
from Wards Automotive and the curb weight and power steering information from NHTSA's
2015 Volpe fleet file, were combined into a single data set and used to create the 2015 baseline.
Together, these sources inform the number of individual models, the volumes associated with
each model, the CO,-reducing technologies with which the models are equipped, and the model's
current CO2 emissions performance. This process creates a complete baseline fleet that can then
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be used to project the reference fleet as well as other fleets used in exploration of various
scenarios in the OMEGA analysis.

Once a complete baseline fleet is created, the next step is to estimate the volumes and sales
mix of vehicles out to 2025, which we refer to as the reference fleet volumes (see Chapters
1.1.3.1and 1.1.3.1.1 below). In addition to the information just described used to create the
2015 baseline fleet, EPA used volume projections from both EIA's Annual Energy Outlook
(AEO) 2016 and IHS-Polk, to generate the reference fleet volumes. Figure 1.2 shows the
process for combining the six data sets, with the result being the completed baseline, with
reference fleet projections.

MY2015
Baseline Fleet
Creation Process

2015 GHG
Emission
Certification Data

2015 GHG Foot
Print Certification
Data

2015 Volpe Fleet
File (Used for
Power Steering
and Curb Weight

Wards Automotive
Engine Data

Data)
2022-2025
Reference Fleet
Creation
A
2016 Unforced
IHS-Polk Forecast AEO

Completed
MY2015 Baseline with
2022-2025 Reference

Fleet Projections

Figure 1.2 Process Flow for Creating the Baseline and Reference Fleet.
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EPA contracted with IHS-Polk to produce an updated long range forecast of volumes for the
future fleet for the Draft TAR, and is using these same data for this Proposed Determination. A
detailed discussion of the method used to project the future fleet volumes can be found in Section
1.1.3.1.1 of this chapter.

EPA used the previously mentioned data to populate input files for the OMEGA model. The
baseline Excel file is available in the docket.® The Data Definitions tab of the Excel file has a
list of the columns of Data Tab. The column list has units, definition, and data source for each

item that was compiled for the baseline data.

Table 1.1 displays the engine technologies present in the MY2015 baseline fleet. As
previously described, this data was sourced primarily from the 2015 certification data,
supplemented by Wards' data on utilization of cam technology.

Table 1.1 MY2015 Engine Technology Penetration
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All Both 16% 1% 6% 85% 8% 8% 71% 0% 18% 3% | 11% 43%
All Cars 18% 1% 7% 91% 1% 1% 74% 0% 23% 2% 2% 45%
All Trucks 13% 1% 5% 77% | 17% | 17% 68% 0% 12% 3% | 22% 40%
Aston Martin | Cars 0% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 0%
Aston Martin | Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
BMW Cars 95% 0% 2% 97% 0% 0% 1% 0% 95% 4% 0% 95%
BMW Trucks 100% 0% 0% 100% 0% 0% 7% 0% 82% 11% 0% | 100%
FCA Cars 4% 1% 6% 86% 8% 8% 41% 0% 51% 1% 5% 2%
FCA Trucks 3% 0% 1% 83% | 16% | 15% 74% 0% 8% 3% | 16% 0%
Ferrari Cars 32% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% | 100%
Ferrari Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Ford Cars 33% 0% 0% 100% 0% 0% 98% 0% 0% 2% 0% 50%
Ford Trucks 53% 0% 0% 100% 0% 0% 84% 0% 0% 16% 0% 53%
GM Cars 21% 1% 0% 96% 4% 3% 78% 0% 18% 1% 3% 71%
GM Trucks 3% 0% 0% 33% | 67% | 67% 33% 0% 0% 0% | 66% 97%
Honda Trucks 0% 0% 56% 44% 0% 0% 0% 0% | 100% 0% | 56% 52%
Honda Cars 0% 0% 54% 46% 0% 0% 0% 0% | 100% 0% | 12% 55%
Hyundai/Kia Trucks 0% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% | 100%
Hyundai/Kia Cars 6% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 82%
JLR Cars 16% | 82% 0% 100% 0% 0% 97% 0% 3% 0% 0% | 100%
JLR Trucks 35% | 65% 0% 100% 0% 0% 80% 0% 20% 0% 0% | 100%
Lotus Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Lotus Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mazda Cars 0% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 98%
Mazda Trucks 0% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 66%
McLaren Cars 100% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 0%
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McLaren Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mercedes Cars 79% 0% 0% 99% 0% 0% 98% 0% 0% 2% 0% 95%
Mercedes Trucks 49% 0% 2% 98% 0% 0% 94% 0% 0% 6% 0% 98%
Mitsubishi Cars 4% 0% 61% 39% 0% 0% | 100% 0% 0% 0% 0% 0%
Mitsubishi Trucks 0% 0% 100% 0% 0% 0% 67% 6% 28% 0% 0% 0%
Nissan Cars 3% 0% 0% 97% 0% 0% 91% 0% 7% 3% 0% 2%
Nissan Trucks 0% 0% 0% 100% 0% 0% 96% 0% 1% 0% 0% 4%
Subaru Cars 19% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 14%
Subaru Trucks 3% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 3%
Tesla Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% | 100% 0% 0%
Tesla Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Toyota Cars 2% 0% 0% 100% 0% 0% 99% 0% 1% 1% 0% 3%
Toyota Trucks 1% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 0%
Volkswagen Cars 83% 4% 8% 92% 0% 0% 48% 0% 29% 23% 1% 91%
Volkswagen Trucks 68% | 30% 0% 100% 0% 0% 31% 0% 53% 16% 0% | 100%
Volvo Cars 100% 6% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 74%
Volvo Trucks 90% 0% 0% 100% 0% 0% | 100% 0% 0% 0% 0% 0%

The data in Table 1.1 indicate that the M'Y2015 baseline fleet includes a significant amount of
engine technology that has been added by manufacturers. For example, BMW stands out as
having a significant number of gasoline turbocharged direct injection engines. Most of the fleet's
engines are using DOHC (dual overhead cam), and have discrete variable valve timing (VVT).
Over half of Honda's and GM"s Trucks all have engines with cylinder deactivation.

The data in Table 1.2 show the differences between the 2015 engine technology penetrations
and the 2008 engine technology penetrations. To increase fuel economy, manufacturers applied
considerable technology between 2008 and 2015. Manufacturers increased the use of direct
injection 38 percent on cars and 37 percent on trucks. Manufacturers also increased the use of
turbo chargers by 14 percent on cars and 12 percent on trucks.
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Table 1.2 Change (2015-2008) in Engine Technology Penetration
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All Both 13% 1% | -14% 23% -9% 0% 51% -9% 15% -58% 4% 37%
All Cars 14% 0% | -10% 18% -8% -8% 53% -9% 19% -55% 0% 38%
All Trucks 12% 1% | -19% 30% | -12% 11% 50% -9% 10% -62% | 10% 37%
Aston Martin | Cars 0% 0% 0% 0% 0% 0% 24% 0% | -24% 0% 0% 0%
Aston Martin | Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
BMW Cars 62% -1% | -12% 11% 0% -2% -84% 0% 82% 4% 0% 62%
BMW Trucks 95% 0% 0% 0% 0% 0% -93% 0% 82% 11% 0% 94%
FCA Cars 3% 1% | -15% 14% 0% 8% -1% 0% 50% -57% 0% 2%
FCA Trucks 3% 0% | -38% 79% | -41% 15% 70% 0% 8% -93% | 11% 0%
Ferrari Cars 32% 0% 0% 0% 0% 0% 29% 0% | -29% 0% 0% | 100%
Ferrari Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Ford Cars 33% -1% | -15% 15% 0% -4% 98% 0% 0% -94% 0% 50%
Ford Trucks 53% 0% | -65% 68% -3% -28% 83% 0% 0% -55% 0% 53%
GM Cars 20% 1% 0% 40% | -40% -26% 47% 0% 18% -39% | -1% 65%
GM Trucks 3% 0% 0% 3% -3% 61% 16% 0% 0% -78% | 26% 97%
Honda Trucks -4% 0% -8% 8% 0% 0% 0% | -96% 96% 0% | 56% 48%
Honda Cars 0% 0% -4% 1% 0% 0% 0% | -73% 73% 0% 1% 55%
Hyundai/Kia Trucks 0% 0% 0% 0% 0% 0% 100% 0% 0% | -100% 0% | 100%
Hyundai/Kia Cars 6% 0% 0% 0% 0% 0% 100% 0% 0% | -100% 0% 82%
JLR Cars 16% 82% 0% 0% 0% 0% 22% 0% 3% -24% 0% | 100%
JLR Trucks 35% 44% 0% 0% 0% 0% 80% 0% 20% | -100% 0% | 100%
Lotus Cars 0% | -77% 0% | -100% 0% 0% | -100% 0% 0% 0% 0% 0%
Lotus Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mazda Cars -11% 0% 0% 1% 0% 0% 93% 0% 0% -93% 0% 86%
Mazda Trucks -24% 0% -1% 1% 0% 0% 87% 0% 0% -87% 0% 42%
Mclaren Cars 100% 0% 0% 100% 0% 0% 100% 0% 0% 0% 0% 0%
McLaren Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mercedes Cars 77% 0% | -54% 53% 0% -72% 94% 0% 0% -22% 0% 93%
Mercedes Trucks 34% 1% | -35% 35% 0% -35% 77% 0% 0% -42% 0% 83%
Mitsubishi Cars -2% 0% | -39% 39% 0% | -100% 100% 0% 0% 0% 0% 0%
Mitsubishi Trucks 0% 0% 0% 0% 0% -38% 67% 6% 28% -62% 0% 0%
Nissan Cars 3% 0% 0% -3% 0% 0% 87% 0% 7% -93% 0% 2%
Nissan Trucks 0% 0% 0% 0% 0% 0% 96% 0% 4% | -100% 0% 1%
Subaru Cars 5% 0% | -69% 69% 0% 0% 100% -1% 0% -99% 0% 14%
Subaru Trucks 0% 0% | -70% 70% 0% 0% 100% 5% | -23% -73% 0% 3%
Tesla Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Tesla Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Toyota Cars 2% 0% 0% 0% 0% 0% 70% 0% 1% -71% 0% -5%
Toyota Trucks 1% 0% 0% 0% 0% 0% 39% 0% 0% -39% 0% -6%
Volkswagen Cars 42% 4% | -71% 70% 0% 0% -2% 0% 28% -27% 1% 7%
Volkswagen Trucks 63% 30% 0% 0% 0% 0% 19% 0% | -34% 15% 0% 0%
Volvo Cars 51% 6% 0% 0% 0% 0% 0% 0% 0% 0% 0% 74%
Volvo Trucks 90% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
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1.1.3.1 MY2015-Based MYs 2022-2025 Reference Fleet

This section provides further detail on the projection of the MY 2015 baseline volumes into
the MY's 2022-2025 reference fleet. It also describes more of the data contained in the baseline
spreadsheet.

The reference fleet aims to reflect our latest projections about the market and fleet
characteristics during MY's 2022 to 2025. Fundamentally, constructing this fleet involved
projecting the MY 2015 baseline fleet volumes out to MY's 2022-2025. It also included the
assumption that none of the vehicle models changed during this period. Such projections, of
course, have inherent uncertainties. However, as with the MY2008-based MY 2022-2025
reference fleet used in the 2012 FRM, EPA relied on many sources of reputable information to
make these projections, and regards the projections as reasonable notwithstanding the
unavoidable uncertainties involved. No comments were received on EPA's use of IHS-Polk or
the process for developing the future volumes for vehicles.

1.1.311 On What Data are EPA’s Reference Vehicle Fleet Volumes Based?

EPA has based the projection of total car and light truck sales on the U.S. Energy Information
Administration's (EIA) Annual Energy Outlook (AEO) 2016, which was the most recent
projection available at the time the Proposed Determination analysis was conducted. EIA’s AEO
2016 also projects future energy production, consumption and prices.* EIA issued the final
projection for AEO 2016 in July of 2016. As in the past analyses (MYs 2017-2025 rulemaking
and the Draft TAR), AEO 2016 used the EIA’s National Energy Modeling System (NEMS) to
estimate the future relative market shares of passenger cars and light trucks. However, in
NEMS, EIA models the light-duty fleet to comply with CAFE and GHG standards from 2012
through 2025. In order to create a reference fleet absent the effect of the 2022-2025 GHG
standards, EPA only wanted NEMS to modify the fleet up to MY2021. Therefore, for the
current analysis, EPA requested that EIA develop a new projection of passenger car and light
truck sales shares by using NEMS to run scenarios from AEO 2016 cases (reference, high, and
low), holding post-2021 CAFE and GHG standards constant at MY 2021 levels. EIA created this
special case for EPA.> The output from the NEMS model that EIA supplied is consistent with
AEO 2016 since it has the same inputs as AEO 2016 with the exception of the standards being
held constant after MY2021. As with the comparable exercise for the 2012 FRM baseline fleet,
this case is referred to as the “Unforced Reference Case,” and the values are shown below in
Table 1.3. The "unforced reference case" will be referred to as “unforced AEO 2016" for the rest
of this Technical Support Document (TSD). Table 1.4 shows the originally published AEO 2016
fleet projections. The total shift between cars and trucks is less than 1 percent of the total fleet
volume in the rulemaking years.

Table 1.3 AEO 2016 Unforced Reference Case Values used in the MY2015 Based Market Fleet Projection

Model Year Cars Trucks | Total Vehicles
2021 8,136,902 | 7,929,520 16,066,421
2022 8,222,542 | 7,812,037 16,034,579
2023 8,478,234 | 7,783,396 16,261,630
2024 8,583,611 | 7,719,964 16,303,575
2025 8,715,199 | 7,715,601 16,430,800
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Table 1.4 AEO 2016 Reference Case Values

Model Year Cars Trucks | Total Vehicles
2021 8,136,992 | 7,929,428 16,066,420
2022 8,222,617 | 7,811,960 16,034,578
2023 8,414,993 | 7,846,637 16,261,630
2024 8,467,865 | 7,835,709 16,303,575
2025 8,596,806 | 7,833,993 16,430,799

In 2021, car and light truck sales are projected to be 8.1 and 7.9 million units, respectively.
While the total sales level of 16 million units is similar to pre-2008 levels, the fraction of car
sales in 2021 and beyond is projected to be lower than in some of the previous AEO projections.
This is consistent with the results in the Draft TAR using AEO2015. See Draft TAR at p. 4-10.

In addition, sales for segments within both the car and truck markets have already been
changing, and this trend is expected to continue based on the projection from both IHS-Polk and
EIA. In order to reflect these changes in fleet makeup, EPA used a custom long-range forecast
purchased from IHS-Polk Automotive ("IHS-Polk™).E IHS-Polk is a well-known industry
analysis source for forecasting and other data (such as vehicle registration data). For several
reasons, EPA decided to use the same forecast from IHS-Polk that was used for the Draft TAR
(which IHS-Polk created based on AEO2015) for the MY2015-based market forecast. First, as
just explained, AEO 2016’s reference case is less than one percent different from AEO 2015 in
the rulemaking years. Second, IHS-Polk uses a bottom-up approach (e.g., looking at the number
of plants and capacity for specific engines, transmissions, vehicles, and registration data from
Polk) for their forecast, which we believe is a robust forecasting approach. Third, IHS-Polk
agreed to allow EPA to publish their entire forecast in the public domain (important for reasons
of transparency). Fourth, the IHS-Polk forecast covered the time frame of greatest relevance to
this analysis (the 2022-2025 model years). Fifth, it provided projections of vehicle sales both by
manufacturer and by market segment. Finally, it utilized market segments similar to those used
in the EPA emission certification program and fuel economy guide, such that EPA could include
only the segment types covered by the light-duty vehicle standards.

The custom forecast which IHS-Polk created for EPA covers model years 2012-2030. Since
EPA is using this forecast to generate the reference fleet volumes for this Proposed
Determination (i.e., the fleet expected to be sold absent any increases in the stringency of the
regulations after the 2021 model year), it is obviously important for the forecast to be
independent of any such stringency increases. IHS-Polk does not normally use the GHG (or
CAFE) standards as an input to their model, and EPA specified that they assume that the
standard stringencies would stay constant at 2021 levels in the 2022-2025 time frame for our
forecast. In addition, EPA specified that the IHS-Polk forecast use EIA's AEO 2015 fuel prices
and economic indicators to create the forecast.

E IHS bought CSM from which we previously purchased a long range forecast. 1HS also purchased Polk automotive
which has registration data for all the vehicles in the United States.
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Table 1.5 shows the AEO 2015 and AEO 2016 fuel prices and differences. EPA believes that
the reference case fuel price (one to two cents per gallon) are close enough to justify continuing
to use IHS-Polk’s forecast. IHS-Polk uses many additional inputs in their model, including GDP
growth, interest rates, the unemployment rate, and crude oil prices, to determine overall demand.
They then use vehicle size, price, and function to forecast with enough resolution to predict
brand and fleet segmentation. Additional details regarding the IHS-Polk forecast can be found in
a methodology description provided by IHS-Polk to EPA which is available in the docket (EPA-
HQ-OAR-2015-0827).

Table 1.5 AEO 2015 and AEO 2016 Reference Case Fuel Prices

Fuel Price (dollars/gal)

2021 2022 2023 2024 2025
2016 AEO Fuel Price Referencecase | $ 319 |$ 331 | $ 343 | $ 353 | $ 3.64
2015 AEO Fuel Price Referencecase |$ 321 |$ 330 | $ 341 | $ 352 | $ 3.63
Difference 2016-2015 -$002 |$ 001|$002|$ 001| $ 0.01

EPA combined the IHS-Polk forecast with data from other sources to create the 2015 baseline
reference fleet projections. This process is discussed in the sections that follow. No commenters
challenged the validity of IHS-Polk's projections, or their use by EPA for this purpose.

1.1.31.2 How did EPA develop the MY2015 Baseline and MYs 2022-2025 Reference
Vehicle Fleet Volumes?

The process of producing the MY2015 baseline and 2022-2025 reference fleet volumes
involved combining the baseline fleet with the projection data described above. This complex
multi-step procedure is described in this section. The procedure is unchanged from the Draft
TAR.

1.1.3.1.3 How was the MY2015 Baseline Data Merged with the IHS-Polk Data?

EPA used the same method as in the Draft TAR for mapping certification vehicles to IHS-
Polk vehicles. See Draft TAR Chapter 4.1.2.1.4. Merging the 2015 baseline data with the 2022-
2025 IHS-Polk data required a thorough mapping of certification vehicles to IHS-Polk vehicles
by individual make and model. One challenge that EPA faced when determining a reference
case fleet was that the market segmentation of the sales data projected by IHS-Polk was similar
but different from the segmentation used in EPA’s Verify database. In order to create a common
segmentation between the two databases, EPA performed a side-by-side comparison of each
vehicle model in both data sets, and created an additional “IHS-Polk Class” modifier in the
baseline spreadsheet to map the two data sets together. EPA then projected the reference fleet
volumes based on the “IHS-Polk Class.”

The baseline data and reference fleet volumes are available to the public. The baseline Excel
spreadsheet that is available in the Docket is the result of the merged files.® The spreadsheet
provides specific details on the sources and definitions for the data. The baseline Excel file
includes the following tabs: “Data,” “Data Definition,” “Platforms,” “VehType,” “Lookups,”
“Metrics,” “Machine,” “MarketFile,” and “Safety.” The “Data” tab contains the raw data. In the
“Data Definition” tab, each column is defined and its data source is named.
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In the combined EPA certification and IHS-Polk data, all MY 2015 vehicle models are
assumed to continue out to 2025, although their volumes change in proportion to IHS-Polk
projections. As explained in the following subsection, this methodology is used to provide
surrogate greenhouse gas performance data for new emerging models. As a result, new models
expected to be introduced within the 2015-2025 time frame are mapped to existing models.
Remapping the volumes from these new vehicles to the existing models via manufacturer
segments preserves the overall fleet volume. All MY's 2022-2025 vehicles are mapped from the
existing vehicles to the manufacturer’s future segment volumes. The mappings are discussed in
the next section. Further discussion of this limitation is discussed below in Chapter 1.1.3.1.4.
The statistics of this fleet will be presented after the mapping since further volume modifications
were required.

11314 How were the IHS-Polk Forecast and the Unforced AEO 2015 Forecast Used to
Project the Future Fleet Volumes?

The next step in EPA's generation of the reference fleet is one of the more complicated steps
to explain (although we note that EPA utilized a similar methodology in preparing both the
MY 2008 baseline (for the 2022-2025 reference fleet) and an identical methodology creating the
MY 2014 baseline fleet in the Draft TAR).

First, each vehicle in the 2015 data had an IHS-Polk segment mapped to it. Second, EPA
compared the breakdown of segment volumes by manufacturer between the IHS-Polk and 2015
data set. Third, a correction was applied for Class 2B vehicles in the IHS-Polk data. Fourth, the
individual manufacturer segment multipliers were created by year. And finally, the absolute
volumes of cars and trucks were normalized (set equal) to the total sales estimates of the
unforced AEO 2016. This final step is required to create a fleet forecast that reflects the official
government forecast for future vehicle sales. The unforced AEO 2016 forecast alone does not
have the necessary resolution, down to the vehicle segment level, for EPA to perform its
analysis. Therefore, EPA applies both the purchased forecast from IHS-Polk and the unforced
AEO 2016 forecast to create a complete fleet forecast.

The process started with mapping the IHS-Polk segments to each vehicle in the baseline data.
The mapping required determination of the IHS-Polk segment by lookup at each of the 2,653
baseline vehicles in the IHS-Polk forecast (which has only 617 vehicles since they do not
forecast powertrain or footprint differences), and labeling it in the “IHS-Polk Class” column of
the baseline data. The IHS-Polk data has 52 segments. Table 1.6 lists the IHS-Polk segments for
reference. Table 1.7 shows some of the Honda vehicles in the GHG data with their “IHS-Polk
Segment” identified.
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Table 1.6 List of IHS-Polk Segments

IHS-Polk Segments

Micro Non-premium Car

Compact Non-premium Car

Mid-Size Premium Van

Micro Non-premium Sporty

Compact Non-premium MPV

Mid-Size Super Premium Car

Mini Non-premium Car

Compact Non-premium Sporty

Mid-Size Super Premium Sporty

Mini Non-premium MPV

Compact Non-premium SUV

Mid-Size Super Premium SUV

Mini Non-premium Sporty

Compact Non-premium Van

Full-Size Non-premium Car

Mini Non-premium SUV

Compact Premium Car

Full-Size Non-premium Pickup

Mini Premium Car

Compact Premium Sporty

Full-Size Non-premium Sporty

Mini Premium Sporty

Compact Premium SUV

Full-Size Non-premium SUV

Subcompact Non-premium Car

Compact Super Premium Sporty

Full-Size Non-premium Van

Subcompact Non-premium MPV

Compact Super Premium SUV

Full-Size Premium Car

Subcompact Non-premium Pickup

Mid-Size Non-premium Car

Full-Size Premium Sporty

Subcompact Non-premium Sporty

Mid-Size Non-premium MPV

Full-Size Premium SUV

Subcompact Non-premium SUV

Mid-Size Non-premium Pickup

Full-Size Premium Van

Subcompact Premium Car

Mid-Size Non-premium Sporty

Full-Size Super Premium Car

Subcompact Premium MPV

Mid-Size Non-premium SUV

Full-Size Super Premium Sporty

Subcompact Premium Sporty

Mid-Size Premium Car

Full-Size Super Premium SUV

Subcompact Premium SUV

Mid-Size Premium Sporty

Subcompact Super Premium Sporty

Mid-Size Premium SUV

Table 1.7 Example of Honda Vehicles Being Mapped to Segments Based On the IHS-Polk Forecast

Manufacturer Name Plate Model IHS-Polk Segment
Honda Acura ILX Compact Premium Car
Honda Acura MDX Mid-Size Premium SUV
Honda Acura RDX Compact Premium SUV
Honda Acura RLX Mid-Size Premium Car
Honda Acura TSX Mid-Size Premium Car
Honda Honda ACCORD Mid-Size Non-Premium Sporty
Honda Honda ACCORD Mid-Size Non-Premium Car
Honda Honda CIvIC Compact Non-Premium Car
Honda Honda CIvIC Compact Non-Premium Sporty
Honda Honda FCX Compact Non-Premium Car
Honda Honda CR-V Compact Non-Premium SUV
Honda Honda CR-Z Mini Non-Premium Sporty
Honda Honda CROSSTOUR Mid-Size Non-Premium SUV
Honda Honda FIT Subcompact Non-Premium Car
Honda Honda INSIGHT Compact Non-Premium Car
Honda Honda ODYSSEY Mid-Size Non-Premium MPV
Honda Honda PILOT Mid-Size Non-Premium SUV
Honda Honda RIDGELINE Mid-Size Non-Premium Pickup Truck

In the next step, segment volume by manufacturer was compared between the baseline and
IHS-Polk data sets. This is necessary to determine if all of the segments a manufacturer will
produce in the future are currently represented by the 2015 certification data. The forecasts used
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in past rulemakings predicted very few new segments for manufacturers. The new forecast from
IHS-Polk projects that manufacturers will be entering more new segments (i.e., segments they
currently do not participate in) than in previous forecasts. This requires making sure a
manufacturer's volume in the new segment will be added to the volume of a manufacturer's
closest existing segment. The flow chart below (Figure 1.3) shows the process for determining
this “closest class.” This process worked well for the majority of manufacturers.”™ We believe
that this process of establishing “closest class” surrogates provides the best estimate of the
potential current performance of a given vehicle type and the technology that will be required to
meet the 2025 standards.

F The exceptions were Tesla and Aston Martin, both of which at the time operated only in the car segment and had
not yet entered the SUV segment.
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Figure 1.3 Process Flow for Determining where Segment Volume Should Move

Table 1.8 shows Honda's segments with their volumes for both the baseline data and IHS-
Polk. Note that the segments “Compact Premium Sporty,” “Mid-Size Non-premium Pickup,”
“Subcompact Non-premium SUV,” and “Subcompact Premium SUV” do not exist in the
baseline data. The closest classes to those are “Compact Non-premium Car,” “Mid-Size Non-
premium SUV,” and “Compact Non-premium SUV.”
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It is also important to note the difference between model year (MY) and calendar year (CY)
sales. MY sales can be shorter or longer than a full calendar year due to product launch and
change decisions made by a manufacturer. As a result, the MY sales® can be less than or greater
than a respective calendar year sales. Table 1.8 provides a manufacturer example. For CY2015,
Honda introduced a new MY2016 Ridgeline pickup truck. Honda did not produce any pickup
trucks for MY2015 so it was necessary to move Honda's truck volume to their next closest class,
which is “Mid-Size Non-premium SUV.” IHS shows that Honda built 515 “Mid-Size Non-
premium Pickups” for 2015, but none of those were MY 2015 vehicles. In years that are close to
the baseline year, old models are exiting and new models are entering, which can be a source of

error. But as years progress, CY and MY volumes become the same in a forecast, since the
forecast neither adds nor deletes models. This allows EPA to use a CY forecast since we are
concerned with vehicles being built far enough in the future that CY and MY volumes are
approximately the same.

In comments on the Draft TAR, Honda commented that the Draft TAR figures for Honda
vehicles appeared to be in error. On examination, EPA discovered that Honda Civic Coupes had
been inadvertently classified as sedans, and Honda Civic Sedans had been classified as coupes.
This caused Civic models to show the wrong volumes. EPA corrected this error when creating
the 2015 baseline fleet for the current analysis.

Table 1.8 Example Honda 2015 Volumes by Segment from the IHS-Polk Forecast

2015 2015
Honda-Baseline Data MY Honda-IHS-Polk Data cy" 2018 CY | Action
Compact Non-Premium Car 353,523 | Compact Non-premium Car 337,423 358,046
Compact Non-Premium SUV 359,785 | Compact Non-premium SUV 351,827 299,644
Compact Premium Car 11,093 | Compact Premium Car 18,470 15,379
Compact Premium Sporty 0 797 | Move Volume to Compact
Premium Car
Compact Premium SUV 50,387 | Compact Premium SUV 49,882 40,642
Mid-Size Non-premium Car | 354,428 | Mid-Size Non-premium Car 349,921 | 338,848
Mid-Size Non-Premium MPV 129,988 | Mid-Size Non-premium MPV 124,107 106,887
Mid-Size Non-premium Pickup 515 52,244 | Move Volume to Mid-
Size Non-premium SUV
Mid-Size Non-Premium SUV 116,420 | Mid-Size Non-premium SUV 141,796 144,182
Mid-Size Premium Car 68,727 | Mid-Size Premium Car 50,380 44,876
Mid-Size Premium SUV 45,642 | Mid-Size Premium SUV 59,742 53,249
Mini Non-Premium Sporty 3,814 | Mini Non-premium Sporty 3,283 10,915
Subcompact Non-Premium Car 83,367 | Subcompact Non-premium Car 60,246 54,988 | Move Volume to Compact
Non-Premium Car
Subcompact Non-premium SUV 49,609 73,855 | Move Volume to Compact
Non-Premium SUV
Subcompact Premium SUV 0 23,977 | Move Volume to Compact
Non-Premium SUV

G Model Year sales may begin as early as January 1 of the previous calendar year (MY - 1).
H 2015 Calendar Year can include both 2015 and 2016 Model Year vehicle sales if both are built in the calendar

year.
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A step that is related to the comparison step is the filtering of Class 3 vehicles from the IHS-
Polk forecast. IHS-Polk includes Class 2b and Class 3 vehicles (vans and large pickup trucks) in
its light-duty forecast. Class 2b vans with seating for multiple occupants are all appropriately
classified as MDPVs (Medium Duty Passenger Vehicles) and must be included in the forecast
since they are regulated under the light-duty GHG program. Class 2b large pickup trucks,
however, are not regulated under the light-duty GHG program but under the medium-duty and
heavy-duty fuel efficiency and GHG programs. See 76 FR 57120 and 81 FR 73729 (Oct. 25,
2016). These vehicles must therefore be removed from the forecast. Because IHS-Polk identifies
the Class 2b and Class 3 pickup trucks with the label ‘HD,’ it was readily apparent which Class
2b pickup trucks to filter from the forecast. Vans in the IHS-Polk forecast, on the other hand,
have both Class 2b and 3 and MDPVs in their totals, and so must have a correction factor
applied. This is accomplished by creating a multiplier for each manufacturer’s Full-Size Non-
Premium Vans and applying it to each manufacturer’s Full-Size Non-Premium Van volume
every model year in the IHS-Polk forecast; specifically, by taking a manufacturer’s 2015 model
year Full-Size Non-Premium Van baseline volume and dividing by its 2015 calendar year Full-
Size Non-Premium Van IHS-Polk volume. Table 1.9 shows the volumes and the resulting
multiplier for FCA. Table 1.10 shows the 2025 IHS-Polk volume, the multiplier, and the result of
applying the multiplier to the original volume for FCA.

Table 1.9 Example Values Used to Determine the MDPV Multiplier for FCA

Manufacturer NEW SEGMENT IHS-Polk 2015 GHG MDPV
2015 Volume Multiplier
Volume
FCA Full-Size Non-Premium Van 21,125 11,632 0.55

Table 1.10 Example Values Used to Determine FCA’s 2025 Van VVolume

Manufacturer NEW SEGMENT Original MDPV 2025
2025 Multiplier Volume
Volume after
Multiplier
FCA Full-Size Non-Premium Van 15,074 0.55 8,291

EPA next created individual manufacturer segment multipliers to be used with the individual
2015 vehicle volumes to create projections for the future fleet. The individual manufacturer
segment multipliers are created by dividing each year of the IHS-Polk forecast’s individual
manufacturer segment volume by the manufacturer’s individual segment volume, determined
using 2015 data. Table 1.11 shows the 2015 VVolume, the 2025 IHS-Polk Full-Size Non-
Premium Van volume after Class 2b vehicles were removed, and the individual manufacturer
volume for Full-Size Non-Premium Van. The multiplier is the result of dividing the 2025
volume by the 2015 volume.
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Table 1.11 Example Values Used to Determine FCA 2025 Individual Full-Size Non-Premium Van Multiplier

IHS-Polk 2015 GHG 2025 Volume after Fiat/Chrysler Individual Full-
Manufacturer Seement Volume Multiolier Size Non-Premium Van
g P Multiplier for 2025

FCA FuII—S!ze Non- 15,074 8,291 71.4%
Premium Van

Now that the individual manufacturer segment multipliers have been calculated, they can be
applied to each vehicle in the 2015 data. The segment multipliers are applied by multiplying the
2015 volume for a vehicle by the multiplier for its manufacturer and segment. Table 1.12 shows
the 2015 volumes, the individual manufacturer segment multipliers, and the result of multiplying
the multiplier and the volume for 2025 project volumes for many of FCA’s Full-Size Non-
Premium Vans.

Table 1.12 Example Applying the Individual Full-Size Non-Premium Van Multiplier for FCA

Model IHS-Polk Segment 2015 GHG Fiat/Chrysler 2025 Project
Manufacturer Volume Individual Full- Volume Before
Size Non- AEO
Premium Van Normalization
Multiplier for
2025
FCA Cargo Van A | Full-Size Non-Premium Van 208 71.4% 148
FCA Cargo Van B | Full-Size Non-Premium Van 5,712 71.4% 4,076

Normalizing to unforced AEO 2016 forecast for cars and trucks must be done once the
individual manufacturer segment multipliers have been applied to all vehicles across every year
(2011-2025) of the IHS-Polk forecast. In order to normalize a year, the number of trucks and the
number of cars produced must be determined. Then, the truck and car totals from the unforced
AEO 2016 are used to determine a normalizing multiplier. Table 1.13 shows the 2025 car and
truck totals before normalization, the unforced AEO 2016 car and truck totals in 2025, and the
multipliers, which are the result of dividing the unforced AEO 2016 totals by totals before
normalization.

Table 1.13 Example Unforced AEO 2016 Truck and Car Multipliers in MY2025

Vehicle Type 2025 Total Before 2025 Total from AEO 2016 2025
Normalization Normalizing
Multiplier
Cars 9,889,511 8,715,199 88%
Trucks 5,838,907 7,715,600 132%

The final step in creating the reference volumes is applying the unforced AEO multipliers.
The AEO multipliers are applied by car/truck type. Table 1.14 shows the normalized volume,
the unforced AEO 2016 truck multiplier for MY 2025, and the final resulting volume for a
number of FCA Full-Size Non-Premium Vans.
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Table 1.14 Example Applying the Unforced AEO Truck Multiplier to FCA Full-Size Non-Premium Vans

Manufacturer Model C/T Type 2025 Project Unforced AEO 2025 Project
Volume Before 2016 Truck Volume with
Unforced AEO Multiplier for Unforced AEO
2016 2025 2016
Normalization Normalization
FCA CargoVan A| Truck 148 132% 196
FCA CargoVan B | Truck 4,076 132% 5,385

1.1.3.2 What Are the Sales Volumes and Characteristics of the MY2015 Based Reference

Fleet?

Table 1.15 and Table 1.16 below contain the sales volumes that result from the process above
for MY2015 and MY's 2021-2025. In Table 1.15, “SmallPickup” is zero. The only manufacturer
that produced a small pickup in recent years was Honda, and Honda did not build a MY?2015

Ridgeline.
Table 1.15 Vehicle Segment VVolumes
Segment Actual and Projected Sales VVolume
2015 2021 2022 2023 2024 2025
SubCmpctAuto 990,135 879,310 907,553 967,714 967,714 973,176
CompactAuto 2,564,949 2,395,133 2,382,352 2,466,062 2,466,062 2,566,388
MidSizeAuto 3,905,449 2,860,094 2,916,546 2,980,777 2,980,777 3,073,007
LargeAuto 523,225 538,526 550,746 568,332 568,332 586,843
SmallPickup - - - - - -
LargePickup 1,786,223 1,875,652 1,815,030 1,815,163 1,815,163 1,843,621
SmallSuv 2,184,788 2,696,071 2,664,266 2,691,022 2,691,022 2,689,904
MidSizeSuv 2,204,122 2,159,523 2,132,377 2,153,164 2,153,164 2,133,971
LargeSuv 1,088,051 1,427,186 1,392,192 1,387,494 1,387,494 1,373,818
ExtralLargeSuv 920,239 717,693 728,207 684,299 684,299 662,595
MiniVan 548,342 494,165 518,402 519,562 519,562 497,794
CargoVan 20,876 23,068 26,907 28,042 28,042 29,683
Table 1.16 Car and Truck Volumes
Vehicle Type Actual and Projected Sales Volume
2015 2021 2022 2023 2024 2025
Cars 9,597,936 8,136,902 8,222,542 8,478,234 8,583,611 8,715,199
Trucks 7,138,461 7,929,520 7,812,037 7,783,396 7,719,964 7,715,601
Cars and Trucks 16,736,397 | 16,066,421 16,034,579 | 16,261,630 | 16,303,575 | 16,430,800

Table 1.17 lists the sales volumes by manufacturer and C/T type for MY2015 and MY 2021-

2025. Lotus is a small volume manufacturer and chose not to build MY2015 vehicles.
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Table 1.17 Car and Truck Definition Manufacturer VVolumes

Manufacturers c/T 2015 2021 2022 2023 2024 2025
Type Baseline Projected Projected Projected Projected Projected
Sales Volume Volume Volume Volume Volume
All Both 16,736,397 | 16,066,421 | 16,034,579 | 16,261,630 | 16,303,575 | 16,430,800
All Cars 9,597,936 | 8,136,902 | 8,222,542 | 8,478,234 | 8,583,611 | 8,715,199
All Trucks | 7,138,461 | 7,929,520 | 7,812,037 | 7,783,396 | 7,719,964 | 7,715,601
Aston Martin* Cars 1,119 1,384 1,320 1,325 1,290 1,422
Aston Martin* Trucks - - - - - -
BMW Cars 338,704 317,648 332,266 350,651 357,144 348,293
BMW Trucks 87,135 115,780 110,687 107,555 105,521 104,931
FCA Cars 769,687 535,600 554,402 552,943 547,469 558,331
FCA Trucks 1,416,487 1,270,099 1,261,444 1,267,012 1,256,467 1,275,022
Ferrari* Cars 2,645 2,999 6,491 7,904 8,519 9,190
Ferrari* Trucks - - - - - -
Ford Cars 888,604 831,609 829,433 818,078 800,638 833,326
Ford Trucks 972,891 1,256,726 | 1,243,115 | 1,226,286 | 1,204,489 | 1,182,848
GM Cars 1,331,442 | 1,154,344 | 1,162,751 | 1,242,812 | 1,241,036 | 1,239,682
GM Trucks | 1,525,017 | 1,258,030 | 1,261,455 | 1,210,912 | 1,196,960 | 1,199,874
Honda Cars 1,020,310 819,658 839,422 865,428 895,193 883,518
Honda Trucks 556,864 861,851 857,929 869,110 853,349 836,097
Hyundai/Kia Cars 1,228,399 1,129,153 1,138,735 1,157,423 1,168,074 1,185,878
Hyundai/Kia Trucks 91,058 227,750 217,616 227,780 226,399 227,669
JLR Cars 15,600 22,932 24,262 25,440 25,156 24,494
JLR Trucks 54,435 102,505 100,010 96,409 95,196 94,350
Lotus* Cars - - - - - -
Lotus* Trucks - - - - - -
Mazda Cars 207,100 212,725 212,269 210,091 217,939 225,981
Mazda Trucks 78,793 129,877 135,392 139,357 135,675 136,192
McLaren* Cars 625 941 1,045 1,199 1,372 1,336
MclLaren* Trucks - - - - - -
Mercedes Cars 231,899 218,508 224,049 237,549 238,973 238,811
Mercedes Trucks 123,727 178,096 172,461 168,875 167,255 166,733
Mitsubishi Cars 91,822 47,775 50,602 55,964 60,376 61,002
Mitsubishi Trucks 39,366 35,229 34,592 36,127 35,425 39,452
Nissan Cars 1,216,392 820,204 816,918 861,832 864,924 895,430
Nissan Trucks 481,583 579,939 563,728 544,882 540,234 551,676
Subaru Cars 175,352 140,987 149,303 147,953 148,723 152,485
Subaru Trucks 447,383 531,411 506,265 540,938 539,008 555,249
Tesla Cars 24,322 90,547 88,844 99,390 102,654 109,459
Tesla Trucks - - - - - -
Toyota Cars 1,524,190 | 1,203,844 | 1,206,329 | 1,233,020 | 1,280,689 | 1,299,472
Toyota Trucks | 1,127,056 | 1,071,915 | 1,047,556 | 1,056,695 | 1,058,452 | 1,031,420
Volkswagen Cars 487,108 541,520 540,983 567,019 581,817 599,186
Volkswagen Trucks 112,382 261,463 249,199 244,025 259,817 265,166
Volvo Cars 42,616 44,523 43,117 42,216 41,626 47,901
Volvo Trucks 24,284 48,849 50,589 47,432 45,717 48,921
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*Note: These manufacturers are shown here for reference but are not in the analysis in Chapter 5 or considered in the
ZEV sales that are part of the analysis fleet as discussed in Chapter 1.2.1.

Table 1.18 shows how the change in fleet makeup may affect the footprint distributions over
time. The resulting data indicate that the average vehicle footprint would not change
significantly between 2015 and 2025.

Table 1.18 Production Weighted Foot Print Mean

Model Year | Average Footprint of all Vehicles | Average Footprint Cars | Average Footprint Trucks
2015 49.3 46.1 53.7
2017 49.8 46.0 53.0
2018 49.7 46.1 53.0
2019 49.7 46.1 53.0
2020 49.5 46.1 53.0
2021 49.5 46.1 53.0
2022 49.5 46.1 53.0
2023 49.4 46.0 52.9
2024 49.3 46.0 52.9
2025 49.3 46.1 53.0

Table 1.19 shows the projected changes in number of engine cylinders over the model years
of the rule. The current assumptions indicate that the number of cylinders would shrink slightly
between 2015 and 2019 for trucks and then remain relatively constant over the 2019-2025 time
frame, with only a very slight shift to 4 cylinders in trucks (possibly due to an increase in the
number of small SUVs).

Table 1.19 Percentages of 4, 6, and 8 Cylinder Engines by Model Year

Trucks Cars

Model 4 6 8 4 6 8
Year Cylinders | Cylinders | Cylinders | Cylinders | Cylinders | Cylinders
2015 28.6% 50.3% 21.1% 81.1% 16.2% 2.7%
2017 31.5% 50.7% 17.8% 81.3% 15.8% 2.9%
2018 32.5% 49.7% 17.8% 80.7% 16.4% 2.9%
2019 33.0% 49.2% 17.8% 80.8% 16.4% 2.9%
2020 33.1% 49.1% 17.8% 81.0% 16.1% 2.9%
2021 33.2% 49.4% 17.5% 81.0% 16.0% 3.0%
2022 33.0% 49.7% 17.3% 80.7% 16.2% 3.1%
2023 33.6% 49.4% 17.0% 80.8% 16.2% 3.0%
2024 33.7% 49.3% 17.0% 80.9% 16.1% 3.0%
2025 33.8% 49.0% 17.2% 80.9% 16.1% 3.0%
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1.1.3.3 What Are the Differences in the Sales Volumes and Characteristics of the MY2008-
Based (FRM) and the MY2015-Based Reference Fleets?

This section compares some of the differences between the MY2008-based reference fleet
used in previous analyses and the MY 2015-based reference fleet used in the current analysis.
The 2008 fleet projection is based on several sources: MY 2008 certification data, a long range
forecast provided by CSM, and interim unforced AEO 2011. The 2015 fleet projection is based
on MY2015 certification data, a long-range forecast provided by IHS-Polk Automotive, and the
unforced AEO 2016, as described earlier in this chapter. All tables in this section show the
differences between the MY2008 and MY 2015 fleets.

Table 1.20, Table 1.21, and Table 1.22 below show the sales volume differences between the
two fleets, calculated by subtracting the M'Y2008-based fleet projection from the MY 2015-based
fleet projection. The sales in MY2015 were significantly higher (by 3,025,250 vehicles) than in
MY 2008, when sales may have been impacted by an economic recession. MY2015 volumes are
also higher than forecast at the time of the FRM.

For 2015, there is an increase in the number of compact and midsize autos, large trucks, and
all SUVs. For 2025, one of the biggest differences between the two forecasts is the number of
cars, which in part seem to be replaced by small and midsize SUVs. The shift from cars to
trucks is due to application of the unforced AEO 2016 data while the shifts within segments
reflect the data from the IHS-Polk forecast.

Table 1.20 Differences in Vehicle Segment Volumes

Reference Class Actual Sales Difference in Projected Sales Volume
Segment Volume
2015-2008 2021 2022 2023 2024 2025

SubCmpctAuto -306,978 | -1,657,574| -1,688,249| -1,660,379| -1,734,262| -1,808,385
CompactAuto 603,852 -107,830 -191,482 -147,905 -259,283 -257,112
MidSizeAuto 813,354 -573,597 -623,142 -702,899 -761,429 -732,487
LargeAuto -42,851 152,870 186,900 199,948 206,089 211,829
SmallPickup -177,497 -150,123 -147,138 -151,315 -154,627 -154,838
LargePickup 221,780 522,791 480,262 527,579 556,971 596,868
SmallSuv 575,990 1,143,916 1,107,175 1,147,906 1,117,851 1,101,240
MidSizeSuv 912,792 722,167 692,742 715,745 699,660 671,233
LargeSuv 437,341 363,099 310,474 282,426 224,914 182,174
ExtralLargeSuv 171,164 25,363 7,251 -64,288 -50,488 -78,501
MiniVan -171,187 -351,891 -331,269 -329,887 -311,176 -341,658
CargoVan -12,508 -70,492 -65,216 -64,878 -58,841 -58,889
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Table 1.21 Differences in Actual and Projected Sales Volumes between MY2015 and MY2008 fleets

C/T Type Difference in Difference in Projected Sales Volume
Actual Sales
Volume
2015 - 2008 2021 2022 2023 2024 2025
Cars 1,468,413 -2,251,245 -2,393,927 -2,368,096 -2,551,279 -2,700,077
Trucks 1,556,837 2,269,945 2,132,236 2,120,147 2,068,602 2,031,550
Cars and Trucks 3,025,250 18,700 -261,691 -247,948 -482,677 -668,527

Table 1.22 below shows the differences in sales volumes by manufacturer and car/truck type
between the MY2008-based fleet and the MY2015-based fleet. The manufacturers with the next
largest increases in sales in MY2015 (from MY2008) are FCA, Ford, Hyundai/Kia, Nissan,
Subaru, and Toyota. The manufacturers with a net decrease in sales in MY 2015 (from MY2008)
are Aston Martin, Honda, GM, Mazda, Mitsubishi, and VVolvo. The manufacturers with the next
largest increases in sales in MY2025 are FCA, Subaru, and Tesla. The manufacturers forecast to
have a significant net decrease in sales in MY 2025 are GM, Mazda, and Volvo. Table 1.22 also
shows a projected decrease in the total vehicle market in MY2025 by 668,527 vehicles.

Table 1.22 Differences in Sales Volumes by Manufacturer and Car/Truck Type between MY2008-based and

MY 2015-based fleets

Manufacturers Segment 2015-2008 2021 2022 2023 2024 2025
Type Difference | Difference | Difference | Difference | Difference | Difference
in Sales in Volume | inVolume | inVolume | inVolume | in Volume
All Both 3,025,250 18,700 -261,691 -247,948 -482,677 -668,527
All Cars 1,468,413 | -2,251,245| -2,393,927| -2,368,096 | -2,551,279 | -2,700,077
All Trucks 1,556,837 | 2,269,945 2,132,236 | 2,120,147 | 2,068,602 | 2,031,550
Aston Martin Cars -251 326 271 284 149 240
Aston Martin Trucks 0 0 0 0 0 0
BMW Cars 46,908 -41,450 -27,768 -9,911 -31,050 -56,963
BMW Trucks 25,811 -12,944 -18,211 -19,966 -41,005 -40,478
FCA Cars 66,529 114,587 130,229 129,061 121,452 121,852
FCA Trucks 459,695 921,486 898,435 905,949 911,505 943,261
Ferrari Cars 1,195 -4,059 -647 677 1,078 1,532
Ferrari Trucks 0 0 0 0 0 0
Ford Cars -68,095 -570,009 -585,788 -656,719 -703,032 -706,784
Ford Trucks 158,697 542,545 528,849 526,281 515,635 498,372
GM Cars -255,949 -409,932 -415,805 -363,683 -395,769 -434,253
GM Trucks 17,220 -271,990 -246,198 -285,906 -296,637 -324,134
Honda Cars 13,671 -379,222 -398,082 -400,136 -412,658 -456,803
Honda Trucks 51,724 325,935 318,695 332,212 316,355 278,400
Hyundai/Kia Cars 668,550 184,479 171,669 180,369 158,483 145,845
Hyundai/Kia Trucks -21,572 -24,148 -34,572 -29,097 -35,812 -38,120
JLR Cars 6,004 -35,745 -35,087 -35,200 -38,572 -40,923
JLR Trucks -1,149 44,352 41,420 37,543 37,215 37,544
Lotus Cars -252 -278 -290 -299 -308 -316
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Lotus Trucks 0 0 0 0 0 0
Mazda Cars -39,561 -62,015 -68,882 -86,818 -82,676 -80,823
Mazda Trucks 22,908 70,650 75,085 77,391 73,705 74,824
McLaren Cars 625 941 1,045 1,199 1,372 1,336
MclLaren Trucks 0 0 0 0 0 0
Mercedes Cars 23,704 -81,870 -80,689 -74,958 -93,364 -101,907
Mercedes Trucks 44,592 78,647 71,526 63,561 60,171 65,666
Mitsubishi Cars 6,464 -18,076 -16,659 -11,716 -10,352 -12,303
Mitsubishi Trucks 23,995 -80 -635 657 -577 3,066
Nissan Cars 498,523 -92,425 -120,529 -92,508 -117,848 -119,345
Nissan Trucks 176,037 171,910 151,844 127,761 118,018 125,221
Subaru Cars 59,317 -89,794 -89,310 -93,659 -99,560 -104,486
Subaru Trucks 364,837 458,638 433,528 467,917 464,865 480,528
Tesla Cars 23,522 61,924 60,475 71,240 71,792 77,485
Tesla Trucks 0 0 0 0 0 0
Toyota Cars 266,609 -694,059 -773,704 -797,805 -793,547 -802,220
Toyota Trucks 175,920 -143,624 -187,497 -168,285 -149,561 -178,596
Volkswagen Cars 173,933 -86,364 -94,983 -72,890 -69,314 -78,034
Volkswagen Trucks 66,586 101,487 91,064 78,727 91,469 99,663
Volvo Cars -23,033 -48,203 -49,395 -54,624 -57,555 -53,206
Volvo Trucks -8,464 7,081 8,903 5,401 3,256 6,332

Table 1.23 shows the difference in footprint distributions between the MY 2015-based fleet
projection and the M'Y2008-based fleet projection. The differences between MYs 2015 and
2008 are small, resulting from the manufacturers’ projected product mix in those model years.
MY 2025 shows an increase in average car footprints. This is due to the significant decrease in
subcompact cars forecast in the MY 2015-based fleet projection. Truck footprints decrease
slightly due to the increase in small SUVs. Because the total numbers of cars and trucks differs,
production weighting can affect the average for the whole fleet as compared to the averages for
cars and trucks. This can cause the result to appear counterintuitive when taking the difference
of the averages.
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Table 1.23 Difference in Footprint Distributions between MY2015-based and MY2008-based Fleet
Projections

Model Difference in Average Footprint Difference in Average Difference in Average Footprint
Year of all Vehicles Footprint Cars Trucks
2015-2008 49.3-48.9=0.4 46.1-45.4=0.7 53.7-54.0=-0.3
2017 49.8-483=15 46.0-449=1.1 53.0-53.8=-0.8
2018 49.7-48.1=1.6 46.1-449=1.2 53.0-53.7=-0.7
2019 49.7-48.0=1.7 46.1-449=1.2 53.0-53.6 =-0.6
2020 49.5-48.0=15 46.1-449=1.2 53.0-53.7=-0.7
2021 49.5-48.0=15 46.1-44.9=1.2 53.0-53.6 =-0.6
2022 49.5-479=16 46.1-449=1.2 53.0-53.6 =-0.6
2023 49.4-479=15 46.0-449=1.1 52.9-53.5=-0.6
2024 493-47.7=16 46.0-449=1.1 52.9-53.4=-0.5
2025 493-47.7=16 46.1-449=1.2 53.0-53.3=-0.3

Table 1.24 shows the difference in the distribution of the number of engine cylinders between
the MY2015-based fleet and the MY2008-based fleet. The MY2015 fleet includes fewer
vehicles with 6- and 8-cylinder engines than the MY2008fleet. The presence of fewer 6- and 8-
cylinder vehicles in the baseline fleet, along with vehicle mix changes, results in more 4-cylinder
engines in trucks and cars by 2025.

Table 1.24 Differences in Percentages of 4, 6 and 8 Cylinder Engines by Model Year

Trucks Cars
Model |4 Cylinders | 6 Cylinders | 8 Cylinders | 4 Cylinders | 6 Cylinders | 8 Cylinders
Year
2015-2008 18.1% -5.2% -12.8% 23.4% -20.7% -2.7%
2017 20.4% -12.5% -8.0% 19.3% -17.1% -2.1%
2018 21.7% -14.3% -7.4% 18.6% -16.5% -2.1%
2019 22.4% -15.7% -6.7% 18.7% -16.5% -2.1%
2020 22.6% -15.9% -6.7% 19.2% -17.1% -2.2%
2021 22.7% -16.5% -6.3% 18.9% -17.0% -1.9%
2022 22.6% -16.5% -6.0% 18.1% -16.4% -1.7%
2023 23.2% -17.8% -5.3% 18.3% -16.6% -1.8%
2024 23.0% -18.3% -4.7% 18.4% -16.6% -1.8%
2025 23.1% -18.8% -4.3% 18.3% -16.5% -1.8%

1.1.3.4 What Are the Differences in the Sales Volumes and Characteristics of the EPA
MY2014-Based (Draft TAR) and the MY2015-Based Reference Fleets?

This section compares some of the differences between the MY2014-based reference fleet
(used in the Draft TAR analysis) and the MY2015-based reference fleet used in the current
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analysis. As described earlier in this chapter, the MY2014-based reference fleet projection is
based on several sources: MY 2014 certification data, a long-range forecast provided by IHS-
Polk Automotive, and the unforced AEO 2015. The MY2015-based reference fleet projection is
based on MY2015 certification data, a long-range forecast provided by IHS-Polk Automotive
(the same source used to create the 2016 fleet volumes), and the unforced AEO 2016. All tables
in this section show the differences between the MY 2014-based and MY 2015-based fleets.

Table 1.25, Table 1.26, and Table 1.27 below list the sales volume differences between the
two fleets, calculated by subtracting the M'Y2014-based fleet projection from the MY2015-based
fleet projection. The sales in MY2015 were significantly higher (by 1,218,062 vehicles) than in
MY?2014. This suggests that automotive sales remain strong as advanced fuel-saving
technologies have entered the market in response to the GHG/fuel economy standards, and that
sales have increased even as the standards' stringency increased. In addition, this comparison
demonstrates the need to use final sales year data to construct the baseline fleet, rather than mid-
year fleet projections. The mid-year data provided by vehicle manufacturers to NHTSA did not
reflect the actual substantial increase in sales that was seen in MY2015.

For MY 2015, there is a small increase in the number of compact and midsize autos, and all
SUVs (except the largest). For MY2025, the differences between the two forecasts is very small
when compared to the size of the overall market, with the largest change being for pickup trucks
at -246,276, which is only 1.5 percent of the total market and 3 percent of the truck market.

Table 1.25 Vehicle Segment VVolume Differences

Reference Class Actual Sales Difference in Projected Sales Volume
Segment Volume (2015-2014)
2015-2014 2021 2022 2023 2024 2025

SubCmpctAuto -41,437 130,356 141,833 154,668 151,677 136,131
CompactAuto 19,228 -68,469 -51,745 -4,512 -81,261 -24,442
MidSizeAuto 366,984 105,689 134,839 186,828 136,170 156,879
LargeAuto 44,008 125,647 127,693 147,562 152,996 155,953
SmallPickup -12,143 -15,227 -14,222 -16,067 -15,908 -16,123
LargePickup -130,838 -235,294 -246,707 -233,482 -235,964 -246,276
SmallSuv 172,388 88,569 97,330 128,525 107,569 87,439
MidSizeSuv 656,145 141,260 127,151 121,146 141,228 106,402
LargeSuv 34,554 -20,285 -24,211 -16,511 -9,111 -20,463
ExtraLargeSuv 255,614 -51,336 -58,327 -52,516 -51,981 -55,367
MiniVan -54,352 -59,725 -61,542 -63,043 -56,681 -78,215
CargoVan -47,737 -57,663 -53,690 -58,918 -60,858 -63,169
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Table 1.26 Differences in Actual and Projected Sales Volumes between MY2015 and MY2014 fleets

C/T Type Difference in Actual Sales Volume Difference in Projected Sales Volume
2015 - 2014 2021 2022 2023 2024 2025
Cars 391,150 526 78,901 208,341 173,114 117,786
Trucks 826,913 -30,693 -72,677 -36,652 -78,788 -111,998
Cars and Trucks 1,218,062 -30,167 6,225 171,689 94,326 5,788

Table 1.27 below contains the differences in sales volumes by manufacturer and C/T type
between the 2014 MY based fleet and the 2015 MY based fleet. The manufacturers with the
next largest increases in sales in 2015 MY (from 2014) are FCA cars, GM trucks, Honda cars,
Hyundai/Kia cars, Nissan cars and trucks, and Toyota cars and trucks. The manufacturers with a
net decrease in sales in 2015 (from 2014) are Aston Martin, Ford, JLR, Mazda, and Mercedes.
The differences in forecasted volumes are relatively small.
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Table 1.27 Differences in Sales Volumes by Manufacturer and Car/Truck Type between MY2014-based and
MY2015-based fleets

Manufacturers | Segment Type | 2015-2014 2021 2022 2023 2024 2025

Difference | Difference | Difference | Difference | Difference | Difference
in Sales in Volume | inVolume | inVolume | inVolume | inVolume

All Both 1,218,062 -30,167 6,225 171,689 94,326 5,788
All Cars 391,150 526 78,901 208,341 173,114 117,786
All Trucks 826,913 -30,693 -72,677 -36,652 -78,788 -111,998
Aston Martin Cars -153 60 68 87 77 77
Aston Martin Trucks 0 0 0 0 0 0
BMW Cars 41,316 18,668 22,079 28,049 26,191 24,070
BMW Trucks 5,197 5,411 4,499 4,283 3,766 3,294
FCA Cars 121,310 -72,065 -68,327 -57,334 -60,510 -64,580
FCA Trucks -29,878 -174,041 -174,870 -175,572 -181,415 -195,077
Ferrari Cars 344 744 4,257 5,543 5,914 6,455
Ferrari Trucks 0 0 0 0 0 0
Ford Cars -370,128 -103,403 -93,708 -81,800 -83,955 -96,358
Ford Trucks -102,611 -102,958 -111,309 -103,414 -105,913 -106,382
GM Cars -225,259 -57,491 -47,791 -28,774 -34,774 -48,048
GM Trucks 360,407 -66,520 -74,663 -68,675 -75,402 -80,294
Honda Cars 151,973 25,092 34,239 47,588 44,120 38,803
Honda Trucks -20,964 110,081 104,487 107,609 101,567 97,991
Hyundai/Kia Cars 210,858 19,337 30,167 42,398 36,275 31,198
Hyundai/Kia Trucks 23,860 68,341 65,663 74,274 71,742 70,503
JLR Cars 3,277 -1,229 -969 -575 -699 -750
JLR Trucks -798 -984 -1,062 -485 -998 -1,104
Lotus Cars -280 -234 -232 -231 -232 -233
Lotus Trucks 0 0 0 0 0 0
Mazda Cars -10,233 -36,292 -35,287 -29,957 -30,241 -33,496
Mazda Trucks -33 21,875 21,890 23,075 21,806 21,674
Mclaren Cars 346 41 54 79 82 73
Mclaren Trucks 0 0 0 0 0 0
Mercedes Cars -46,227 -8,095 -5,958 -2,854 -4,509 -6,530
Mercedes Trucks 31,415 18,217 16,872 16,834 15,879 15,534
Mitsubishi Cars 31,143 679 1,261 2,177 2,052 1,675
Mitsubishi Trucks 9,538 5,904 5,660 6,102 5,892 6,326
Nissan Cars 280,397 52,328 58,513 75,317 69,960 67,479
Nissan Trucks 91,944 20,248 18,265 15,072 10,560 9,668
Subaru Cars 66,274 6,089 7,746 9,749 8,872 8,298
Subaru Trucks 90,565 58,299 53,318 58,105 55,433 56,031
Tesla Cars 6,531 3,911 4,609 6,549 6,124 5,957
Tesla Trucks 0 0 0 0 0 0
Toyota Cars 103,549 71,759 82,501 100,317 96,860 92,042
Toyota Trucks 354,247 45,351 39,021 45,199 39,630 33,796
Volkswagen Cars 22 76,717 81,615 87,411 87,343 86,996
Volkswagen Trucks 4,803 -42,347 -43,073 -41,478 -43,598 -45,973
Volvo Cars 26,090 3,911 4,065 4,601 4,165 4,657
Volvo Trucks 9,221 2,431 2,625 2,419 2,263 2,013
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Table 1.28 below shows the differences in engine technology penetration between MY2015
and MY2014. One of the larger differences is indicated by the increased use of turbochargers by
Ferrari, Ford, Mercedes, Volkswagen, and Volvo. Many manufacturers are also changing the
type of variable valve timing employed. Significant increases in use of direct injection is
indicated for Ford, Honda, Hyundai/Kia, Subaru, and VVolvo.

Table 1.28 Change (2015-2014) in Engine Technology Penetration
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All Both 1% 0% 0% 0% 0% 0% -3% 0% 2% 1% 0% 4%
All Cars 0% 0% 2% -2% 0% 0% -5% 0% 5% 0% 0% 1%
All Trucks 3% 0% -2% 3% -1% -1% 0% 0% -1% 2% -1% 9%
Aston Martin | Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Aston Martin | Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
BMW Cars 2% 0% 0% 0% 0% 0% 0% 0% 4% -4% 0% 2%
BMW Trucks 0% 0% 0% 0% 0% 0% 1% 0% -7% 6% 0% 0%
FCA Cars -3% 1% 0% 2% -2% -2% -29% 0% 31% 0% -3% 0%
FCA Trucks 1% 0% 1% 6% -7% -7% 1% 0% 5% 1% -7% 0%
Ferrari Cars 32% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Ferrari Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Ford Cars 5% 0% 0% 0% 0% 0% -2% 0% 0% 2% 0% -4%
Ford Trucks 19% 0% -7% 7% 0% 0% -16% 0% 0% 16% 0% 19%
GM Cars -3% 0% 0% 0% 0% 0% -5% 0% 6% 0% 0% 6%
GM Trucks 2% 0% 0% 4% -4% -3% 4% 0% 0% -1% -2% 9%
Honda Trucks 0% 0% -1% 1% 0% 0% 0% 0% 0% 0% 2% 40%
Honda Cars 0% 0% 10% -10% 0% 0% 0% 0% 0% 0% 1% 17%
Hyundai/Kia Trucks -3% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 21%
Hyundai/Kia Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1%
JLR Cars 7% -3% 0% 0% 0% 0% 4% 0% -4% 0% 0% 0%
JLR Trucks 18% | -18% 0% 0% 0% 0% 38% 0% | -38% 0% 0% 0%
Lotus Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Lotus Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mazda Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 7%
Mazda Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 4%
Mclaren Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mclaren Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mercedes Cars 33% 0% 0% 0% 0% 0% 1% 0% 0% -1% 0% 3%
Mercedes Trucks 7% 0% 0% 0% 0% 0% 9% 0% 0% -9% 0% 0%
Mitsubishi Cars -3% 0% -3% 4% 0% 0% 0% 0% 0% 0% 0% 0%
Mitsubishi Trucks 0% 0% 0% 0% 0% 0% 29% 6% | -23% 0% 0% 0%
Nissan Cars -1% 0% 0% -2% 0% 0% -1% 0% 0% 2% 0% 2%
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Nissan Trucks 0% -2% 0% 0% 0% 0% 0% 0% 0% 0% 0% -1%
Subaru Cars 8% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 14%
Subaru Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Tesla Cars 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Tesla Trucks 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Toyota Cars 2% 0% 0% 0% 0% 0% 0% 0% -1% 0% 0% 0%
Toyota Trucks 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Volkswagen Cars 10% -2% -1% 1% 0% 0% 0% 0% 4% -4% 0% 7%
Volkswagen Trucks 14% 3% 0% 0% 0% 0% -3% 0% 4% -2% 0% 0%
Volvo Cars 21% 6% 0% 0% 0% 0% 0% 0% 0% 0% 0% 74%
Volvo Trucks 44% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

Table 1.29 shows the difference in footprint distributions between the MY2015-based fleet
projection and the MY2014-based fleet projection. The differences between MYs 2015 and
2014 are small, and are primarily the result of differences in the manufacturers’ product mix in
those model years. The decrease in large pickup trucks and the increase in small and midsize
SUVs causes the average truck footprint and the overall average footprint to decrease slightly.
The difference between the MY2014-based and MY 2015-based forecasts are small.

Table 1.29 2015 Projection - 2014 Projection Production Weighted Foot Print Mean Difference

Model Difference in Average Footprint Difference in Average Difference in Average Footprint
Year of all Vehicles Footprint Cars Trucks
2015-2014 49.3-49.7=-0.5 46.1-46.0=-0.1 53.7-55.0=-13
2017 49.8-50.0=-0.2 46.0-46.0 =0 53.0-54.0=-1
2018 49.7-50.1=-0.3 46.1-46.1=0 53.0-54.0=-1
2019 49.7-50.1=-0.3 46.1-46.1=0 53.0-54.1=-1.1
2020 49.5-50.0=-0.5 46.1-46.1=0 53.0-54.0=-1
2021 49.5-50.0=-0.5 46.1-46.1=0 53.0-54.1=-1.1
2022 49.5-50.0=-0.5 46.1-46.1=0 53.0-54.1=-1.1
2023 49.4-49.9=-0.5 46.0-46.0=0 52.9-54.0=-1.1
2024 49.3-49.9=-0.6 46.0-46.0=0 52.9-54.0=-1.1
2025 49.3-49.8=-0.5 46.1-46.1=0 53.0-54.0=-1

Table 1.30 shows the difference in distribution of number of engine cylinders between the

MY2015-based fleet and the MY2014-based fleet. MY2015 includes fewer vehicles with 6- and
8-cylinder engines than MY2014. Fewer 6- and 8-cylinder vehicles in the baseline fleet, along
with changes in product mix, results in greater representation of 4-cylinder engines in trucks and

cars by 2025.
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Table 1.30 Differences in Percentages of 4, 6 and 8 Cylinder Engines by Model Year

Trucks Cars
Model |4 Cylinders | 6 Cylinders | 8 Cylinders | 4 Cylinders | 6 Cylinders | 8 Cylinders
Year
2015-2014 4.2% -0.1% -4.2% 3.0% -2.9% -0.1%
2017 4.8% -0.7% -4.2% 2.5% -2.6% 0.1%
2018 4.8% -0.5% -4.3% 2.4% -2.5% 0.1%
2019 5.0% -0.7% -4.3% 2.4% -2.5% 0.1%
2020 4.9% -0.8% -4.1% 2.4% -2.6% 0.2%
2021 5.0% -0.7% -4.3% 2.4% -2.6% 0.2%
2022 5.1% -0.9% -4.2% 2.4% -2.6% 0.2%
2023 5.2% -1.0% -4.2% 2.3% -2.6% 0.2%
2024 5.2% -1.0% -4.2% 2.3% -2.5% 0.2%
2025 5.1% -0.9% -4.2% 2.2% -2.5% 0.2%

1.2 The OMEGA Fleet

The prior section presented the development of the baseline fleet and how future sales were

estimated.

For OMEGA, we do not apply the baseline fleet as presented above in its "raw™ form

for a number of reasons:

1)

2)

3)

4)

It includes small-volume manufacturers, which we exclude from this analysis since
they are eligible to apply for unique standards.

Despite the need to generate future sales projections for modeling purposes, of
perhaps greater importance to OMEGA is the technology characterization of the
baseline fleet. That is, OMEGA needs "know" the level of technology on baseline
vehicles so that it can properly track costs and effectiveness improvements going
forward.

It focuses on consumer metrics for vehicle classification (e.g., small car, large car,
SUV) rather than modeling metrics (e.g., road loads, power-to-weight ratios).

It does not include the ZEV program and the fleet of battery electric vehicles (BEVS)
and plug-in electric vehicles (PHEVSs) that are projected to be part of the nationwide
fleet in the time frame of the analysis (MY's 2021 through 2025).

As a result, the baseline fleet as presented above undergoes a transition to put that fleet into a
form and of proper content that it can be processed by OMEGA. Removing small-volume
manufacturers from the baseline fleet is easily done as the first step by simply removing Aston
Martin, Ferrari, Lotus and McLaren. The result is a slightly smaller fleet of remaining vehicles.
The technology "walk" from what might be termed "real-world space” to "OMEGA space" is
simply a process of coding specific technologies in the baseline fleet into the technology codes
understood by OMEGA. To properly track costs, OMEGA must, for example, understand that a
vehicle has a V8 rather than an 14 engine, since the two engines have very different cost metrics
for certain additional technologies (for example, engine friction reduction) for which costs are
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based on the number of cylinders. Determining the road load and power-to-weight ratio metrics
is also important for modeling, and is described in more detail in Chapter 2 of this TSD.

For the Proposed Determination analysis, converting the baseline presented in Chapter 1.1
into a ZEV program-compliant "OMEGA baseline"” was performed in largely the same way as
for the Draft TAR analysis. One notable difference is that, in the Draft TAR, EPA built ZEV
program vehicles on the same platforms as the ICE vehicle from which the sales were taken. In
this analysis, we have built those ZEV program vehicles on unique platforms. The result is a far
greater number of platforms in this analysis, but this also allows us to essentially leave those
existing ZEV program vehicles, and all BEV/PHEV vehicles in our analysis, alone. They simply
pass through OMEGA untouched and unimproved. Their emissions, both tailpipe and upstream,
are considered by OMEGA in determining a path toward compliance, but those vehicles are not
considered for improvement since most already perform considerably better than their respective
footprint-based targets.

1.2.1 Incorporation of the California Zero Emissions Vehicle (ZEV) Program into the
OMEGA Reference Fleet

1.2.1.1 The ZEV Regulation in OMEGA

In its analysis for this Proposed Determination, EPA has considered sales of electrified
vehicles as projected to be needed to meet state Zero Emission Vehicle (ZEV) requirements.
Because these ZEVs are already required by separate regulations in California and nine other
states, these vehicles are built into the OMEGA reference fleet. This approach reasonably avoids
attributing costs to the federal GHG program which necessarily occur due to another existing
requirement, and assures that those costs are not double counted. Note that this reflects a change
from the 2012 FRM, where EPA did not account for compliance with the ZEV regulations in the
reference case fleet for the 2017-2025 standards. However, this was because CARB was
simultaneously substantially revising the ZEV regulation in early 2012 just prior to the release of
the 2012 FRM, and EPA had not yet acted upon California's waiver request for the ZEV
program. The approach described here is consistent with the approach EPA took in the Draft
TAR.

Public comments on the Draft TAR included some comments related to our inclusion of ZEV
program vehicles in the reference case. Specifically, the Alliance of Automobile Manufacturers
and others commented that including compliance with the ZEV program as part of our reference
fleet analysis was unfairly counting their benefits without estimating their costs.! This comment
is mistaken. The presence of ZEV program vehicles in our analysis is done both in the reference
and control cases. As such, costs associated with those vehicles and any benefits derived by them
cancel out in calculating net benefits. EPA's methodology is also consistent with OMB Circular
A-4, which states that in developing a baseline for purposes of analyzing the potential effects of
a proposed rule,"[t]his baseline should be the best assessment of the way the world would look
absent the proposed action."’

' EPA-HQ-OAR-2015-0287-0928 at Section 4.1.2.1.
I Office of Management and Budget Circular No. A-4, "Regulatory Analysis," at page 15, available at
https://www.whitehouse.gov/omb/memoranda_m03-21.
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Other commenters, including NGOs such as the Environmental Defense Fund and the Union
of Concerned Scientists, believe that EPA correctly accounted for the ZEV program by including
California's ZEV vehicles in its reference fleet, as this approach ensures that the costs of the ZEV
program, which are not imposed by the 2022-2025 standards but rather by state law are not
included as costs of the national rule. EPA agrees. The California ZEV program is an existing
state requirement that has been adopted by California, as well as by several other states.
Therefore, EPA included vehicles that are needed to comply with the ZEV program as part of
our reference fleet in assessing the MY2022-2025 GHG standards. Thus, as explained above,
the Draft TAR did not include an assessment of the benefits or the costs of the ZEV program in
the assessment of 2022-2025 National Program standards. However, any ZEV vehicles sold in
California and other states will help a manufacturer in meeting the EPA GHG standards. While
the fleet-average GHG emissions standards establish minimum standards, they do not limit the
ability of manufacturers to achieve further reductions, and any manufacturer that does will
generate credits that can be used or sold. ZEVs sold in California and other states will help a
manufacturer to meet (or exceed) the EPA GHG standards.

The conclusions presented in this analysis are meant to be one example representation of how
the ZEV program requirements could be fulfilled; it is in no way meant to reflect the exact way
in which any given manufacturer would actually comply with the ZEV program. Rather, it is
meant as an illustration to reflect the potential number and penetration of ZEVs across the
national fleet as part of the reference case. To accomplish this, the baseline fleet with future
sales projections had to be adjusted to account for the projected ZEV sales. Those sales
adjustments are described in detail below (see 1.2.1.2). The analysis fleets used in OMEGA and
in EPA's benefit cost analysis for the AEO reference fuel price case are shown in Table 1.31
through Table 1.34, with additional breakdowns of these sales shares shown in Table 1.35.

Note that, in Table 1.31 through Table 1.34, EPA shows "Baseline” BEV and PHEV sales and
"Additional ZEV Program" BEV and PHEV sales. The "baseline™ sales are sales projected in
EPA's MY2015-based baseline fleet. In other words, these vehicles are part of the future fleet
described in Chapter 1.1. The "additional ZEV program" sales are BEV and PHEV sales above
and beyond those projected in Chapter 1.1. The "additional ZEV program™ sales were taken from
the ICE-only sales that were projected in Chapter 1.1. We have not increased the size of the
fleet, but have "converted" some ICE-only vehicles to BEVs and PHEVs to meet the projected
sales required by the ZEV program in California and nine other states. We describe the process
of doing this in the text following the tables. Importantly, the costs of “converting" the
"additional ZEV program" sales are attributable to the ZEV program and, therefore, those costs
are not considered in the EPA analysis. Similarly, any benefits from those vehicles are not
considered explicitly in the EPA analysis. However, there is an implicit benefit that is
considered. Since the ZEV program vehicles are part of the analysis fleet, they reduce slightly
the GHG compliance burden (i.e., the fleet average GHG standards) for any manufacturer
required to meet the ZEV program because the additional ZEVs, when averaged with other
vehicles, lower that manufacturer's fleet average GHG emissions.® By starting with a lower

K Importantly, we have modeled MY 2025 electricity consumption considering the upstream emissions. As a result,
BEV and PHEV miles driven using full electric power are not considered zero. Because of this, the impact of the
ZEV program vehicles is less in this analysis than it was in the Draft TAR since that analysis considered upstream
emissions to be zero.
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GHG-emitting baseline fleet, the compliance burden to get to the final standards is smaller but
this necessarily also means that the calculated GHG benefits (the delta between the baseline and
final standards) are also smaller. We model the fleet in this way because this is how ZEV
program vehicles will be reflected in compliance with the national GHG standards.

Table 1.31 OMEGA MY2021 Car Fleet using the AEO 2016 Reference Fuel Price Case

ICE-only Car Baseline Baseline Additional ZEV Additional ZEV Total Car
Sales BEV Sales PHEV Sales | Program BEV Sales | program PHEV Sales Sales

BMW 296,220 4,347 17,082 0 0 317,648
FCA 523,734 5,704 0 1,172 4,990 535,600
Ford 810,252 1,212 9,491 5,220 5,434 831,609
GM 1,118,223 1,688 28,544 5,889 0| 1,154,344
Honda 800,481 0 0 7,472 11,705 819,658
Hyundai/Kia 1,110,746 589 0 6,700 11,118 | 1,129,153
JLR 22,382 0 0 214 336 22,932
Mazda 208,312 0 0 1,719 2,693 212,725
Mercedes 210,362 3,167 50 961 3,968 218,508
Mitsubishi 47,071 0 0 275 430 47,775
Nissan 785,250 25,188 0 34 9,732 820,204
Subaru 137,854 0 0 1,220 1,912 140,987
Tesla 0 90,547 0 0 0 90,547
Toyota 1,172,623 0 4,695 11,415 15,111 1,203,844
Volkswagen 526,653 2,737 1,343 3,026 7,761 541,520
Volvo 43,480 0 0 406 636 44,523
Fleet 7,813,644 135,179 61,204 45,723 75,827 8,131,578

Note: The analysis fleet differs from the baseline fleet by removing small volume manufacturers (Aston Martin,
Ferrari, McLaren, and Lotus) and by adjusting sales to account for projected ZEV sales.

Table 1.32 OMEGA MY2021 Truck Fleet using the AEO 2016 Reference Fuel Price Case

ICE-only Car Baseline Baseline Additional ZEV Additional ZEV Total Car
Sales BEV Sales PHEV Sales | Program BEV Sales | program PHEV Sales Sales
BMW 115,780 0 0 0 0 115,780
FCA 1,258,798 0 0 2,150 9,151 | 1,270,099
Ford 1,247,780 0 0 4,383 4,562 | 1,256,726
GM 1,254,629 0 0 3,401 0| 1,258,030
Honda 841,687 0 0 7,856 12,308 861,851
Hyundai/Kia 224,154 0 0 1,352 2,244 227,750
JLR 100,048 0 0 957 1,500 102,505
Mazda 127,183 0 0 1,050 1,644 129,877
Mercedes 174,375 0 0 725 2,996 178,096
Mitsubishi 34,710 0 0 202 317 35,229
Nissan 573,978 0 0 21 5,941 579,939
Subaru 519,605 0 0 4,600 7,206 531,411
Tesla
Toyota 1,055,084 0 0 7,243 9,588 | 1,071,915
Volkswagen 253,117 0 4,120 1,185 3,040 261,463
Volvo 47,705 0 0 446 698 48,849
Fleet 7,828,633 0 4,120 35,571 61,196 | 7,929,520

Note: The analysis fleet differs from the baseline fleet by removing small volume manufacturers (Aston Martin,
Ferrari, McLaren, and Lotus) and by adjusting sales to account for projected ZEV sales.
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Table 1.33 OMEGA MY2025 Car Fleet using the AEO 2016 Reference Fuel Price Case

ICE-only Car Baseline Baseline Additional ZEV Additional ZEV Total Car
Sales BEV Sales PHEV Sales | Program BEV Sales | program PHEV Sales Sales

BMW 311,383 7,867 29,016 28 0 348,293
FCA 540,170 5,579 0 4,679 7,904 558,331
Ford 802,137 1,322 9,525 10,711 9,631 833,326
GM 1,189,943 2,186 31,131 12,938 3,484 | 1,239,682
Honda 848,485 0 0 16,107 18,926 883,518
Hyundai/Kia 1,153,285 535 0 14,543 17,515 1,185,878
JLR 23,499 0 0 458 538 24,494
Mazda 218,037 0 0 3,652 4,292 225,981
Mercedes 224,860 3,955 106 3,434 6,456 238,811
Mitsubishi 59,477 0 0 701 824 61,002
Nissan 846,189 26,490 0 6,734 16,017 895,430
Subaru 146,744 0 0 2,640 3,102 152,485
Tesla 0 109,459 0 0 0 109,459
Toyota 1,244,257 0 4,742 24,558 25,915 | 1,299,472
Volkswagen 573,109 3,049 1,509 8,708 12,811 599,186
Volvo 46,000 0 0 874 1,027 47,901
Fleet 8,227,574 160,441 76,029 110,766 128,441 | 8,703,251

Note: The analysis fleet differs from the baseline fleet by removing small volume manufacturers (Aston Martin,
Ferrari, McLaren, and Lotus) and by adjusting sales to account for projected ZEV sales.

Table 1.34 OMEGA MY2025 Truck Fleet using the AEO 2016 Reference Fuel Price Case

ICE-only Car Baseline Baseline Additional ZEV Additional ZEV Total Car
Sales BEV Sales PHEV Sales | Program BEV Sales | program PHEV Sales Sales
BMW 104,922 0 0 8 0 104,931
FCA 1,253,319 0 0 8,071 13,632 | 1,275,022
Ford 1,166,687 0 0 8,509 7,651 | 1,182,848
GM 1,191,481 0 0 6,613 1,780 | 1,199,874
Honda 802,944 0 0 15,243 17,910 836,097
Hyundai/Kia 221,511 0 0 2,794 3,365 227,669
JLR 90,516 0 0 1,762 2,071 94,350
Mazda 131,404 0 0 2,201 2,586 136,192
Mercedes 160,299 0 0 2,234 4,200 166,733
Mitsubishi 38,466 0 0 454 533 39,452
Nissan 539,914 0 0 3,481 8,280 551,676
Subaru 534,344 0 0 9,612 11,294 555,249
Tesla
Toyota 1,003,343 0 0 13,661 14,416 | 1,031,420
Volkswagen 253,335 0 4,056 3,146 4,629 265,166
Volvo 46,980 0 0 893 1,049 48,921
Fleet 7,539,466 0 4,056 78,682 93,397 | 7,715,601

Note: The analysis fleet differs from the baseline fleet by removing small volume manufacturers (Aston Martin,
Ferrari, McLaren, and Lotus) and by adjusting sales to account for projected ZEV sales.
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Table 1.35 Breakdown of MY2025 Internal Combustion Engine, Electric and Plug-in Electric Vehicle Sales
using the AEO 2016 Reference Fuel Price Case

Car Truck Sum Share
ICE-only 8,227,574 | 7,539,466 | 15,767,039 | 96.0%
Baseline BEV 160,441 0 160,441 1.0%
Baseline PHEV 76,029 4,056 80,085 0.5%
ZEV BEV 110,766 78,682 189,447 1.2%
ZEV PHEV 128,441 93,397 221,838 1.4%

Total ICE+BEV+PHEV | 8,703,251 | 7,715,601 | 16,418,851 | 100.0%

Baseline BEV 160,441 0 160,441 | 24.6%
Baseline PHEV 76,029 4,056 80,085 | 12.3%
ZEV BEV 110,766 78,682 189,447 | 29.1%
ZEV PHEV 128,441 93,397 221,838 | 34.0%

Total BEV+PHEV 475,677 | 176,135 651,812 | 100.0%

ICE 8,227,574 | 7,539,466 | 15,767,039 | 96.0%
Baseline BEV+PHEV 236,470 4,056 240,527 1.5%
ZEV BEV+PHEV 239,207 | 172,079 411,285 2.5%

Total ICE+BEV+PHEV | 8,703,251 | 7,715,601 | 16,418,851 | 100.0%

ICE 8,227,574 | 7,539,466 | 15,767,039 | 96.0%
Total BEV+PHEV 475,677 | 176,135 651,812 4.0%
Total ICE+BEV+PHEV | 8,703,251 | 7,715,601 | 16,418,851 | 100.0%

The ZEV program sales are calculated based on the baseline fleet described in Chapter 1.1.
From that fleet, we removed Aston Martin, Ferrari, McLaren and Lotus vehicles. That fleet
includes some BEVs and PHEVs consistent with the sales in the MY2015 baseline fleet as
projected forward to MYs 2021 and 2025. The additional ZEV program sales shown above in
Table 1.31 through Table 1.34 were modeled as replacing ICE vehicles in the baseline fleet to
maintain the same overall sales volume for each manufacturer's fleet. To "generate" the
projected additional ZEV program vehicles, each model within a manufacturer's fleet was
mapped into a vehicle type matching its characteristics and capability. For this analysis, it was
assumed that only vehicle types classified as non-towing would be considered for conversion
from an ICE to a ZEV to meet the ZEV program requirements. The 24 vehicle types considered
for additional ZEV program sales include all of vehicle types not designated as large pickups. In
other words, we now allow many more types of vehicles to electrify than we allowed in the Draft
TAR or the 2012 FRM where we essentially limited BEV and PHEV electrification to passenger
cars. Table 1.36 shows the 29 vehicle types being used in this analysis including the towing or
non-towing designation and consideration as a “ZEV-source platform.” Rather than selecting
which individual vehicle models or platforms would be the most likely sources, all ICE vehicles
within the non-towing vehicle types in a manufacturer's fleet were considered as a source for
additional ZEV program sales. Each manufacturer's additional ZEV program sales were then
created by converting, on a platform-level sales weighted basis across all eligible vehicle types,
the necessary number of ICE vehicles into the respective BEV and PHEV sales. By sales-
weighting across all eligible vehicle types, the vehicle category and size (footprint)
characteristics of each manufacturer’s fleet were kept consistent with the original baseline
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projections. The tables below are meant to provide clarity with a simple example of how this

was done.-
Table 1.36 Vehicle Types Considered for Conversion to ZEV Program Vehicles
Vehicle Type Description Curb Weight Class ALPHA Class ZEV source?
1 14 DOHC 1 LPW_LRL Yes
2 14 DOHC 1 MPW_LRL Yes
3 14 DOHC 2 MPW_LRL Yes
4 14 DOHC 2 LPW_HRL Yes
5 14 DOHC 3 MPW_LRL Yes
6 14 DOHC 3 LPW_HRL Yes
7 14 DOHC 4 LPW_HRL Yes
8 14 DOHC 6 Truck No, Heavy-tow
9 V6 OHV 6 Truck No, Heavy-tow
10 V6 SOHC 3 HPW Yes
11 V6 SOHC 4 MPW_HRL Yes
12 V6 DOHC 1 LPW_LRL Yes
13 V6 DOHC 2 MPW _LRL Yes
14 V6 DOHC 2 LPW_LRL Yes
15 V6 DOHC 3 HPW Yes
16 V6 DOHC 3 MPW _LRL Yes
17 V6 DOHC 3 LPW_HRL Yes
18 V6 DOHC 4 HPW Yes
19 V6 DOHC 4 MPW_HRL Yes
20 V6 DOHC 5 HPW Yes
21 V6 DOHC 5 MPW_HRL Yes
22 V6 DOHC 6 Truck No, Heavy-tow
23 V8 OHV 5 HPW Yes
24 V8 OHV 5 MPW_HRL Yes
25 V8 OHV 6 Truck No, Heavy-tow
26 V8 DOHC 4 HPW Yes
27 V8 DOHC 5 HPW Yes
28 V8 DOHC 5 MPW_HRL Yes
29 V8 DOHC 6 Truck No, Heavy-tow

Note: DOHC=dual overhead cam; SOHC=single overhead cam; OHV=overhead valve; Curb Weight Class is a
percentile-based weight classification with 1 being the lightest and 6 being the heaviest vehicles; ALPHA class is
described in Chapter 2.3 of this TSD and designates low/medium/high power-to-weight (L/M/HPW) and
low/medium/high road load (L/M/HRL) or Truck which is used for large pickups like the Ford F150 and Chevy

Silverado.

First, consider a simple manufacturer fleet consisting of seven vehicle models built on five
platforms, which we have mapped into three vehicle types with total fleet sales of 600 vehicles,

as shown in Table 1.37.

L The Excel spreadsheets used to generate the ZEV program fleet are in the docket and on our website at
https://www.epa.gov/regulations-emissions-vehicles-and-engines/optimization-model-reducing-emissions-
greenhouse-gases. The filenames include the keyword "FleetsABC."
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Table 1.37 Example Manufacturer Fleet from which ZEVs are to be Created

Platform index | Vehicle index | Model | Fuel | VehType | Baseline sales
100 1 A G 1 100
100 2 B G 1 100
101 3 C G 2 75
101 4 D G 2 75
102 5 E G 1 100
103 6 F G 2 50
104 7 G G 29 100
Total 600

For this manufacturer, we will assume that the needed additional ZEV program sales are 50
BEVs and, for simplicity, no PHEVs. As noted above, vehicle types 8, 9, 22, 25 and 29 are not
considered to be ZEV-source platforms. Thus, the 50 ZEV program vehicles cannot come from
platform 104 since that is vehicle type 29. We determine the number of BEVs to create from
each platform according to its sales weighting within ZEV-source platforms.™ This is shown in
Table 1.38. We also need to know how many vehicles within each vehicle model to convert to a
ZEV program vehicle. This is shown in Table 1.39.

Table 1.38 Number of Additional ZEV Program Sales from each Platform

Platform index | VehType 1 | VehType 2 | Total | %in Platform | # of ZEV program sales
100 200 200 40% 20
101 150 150 30% 15
102 100 100 20% 10
103 50 50 10% 5
Total 300 200 500 100% 50

Table 1.39 Percentage of Additional ZEV Program Sales from Each Vehicle Model

Platform index | Model A | Model B | Model C | Model D | Model E | Model F | Total
100 50% 50% 100%
101 50% 50% 100%
102 100% 100%
103 100% | 100%

With the details shown in Table 1.38 and Table 1.39, we can then convert ICE vehicles into
ZEV program vehicles as shown in Table 1.40.

M The ZEV-source platforms are those platforms “mapped” into the 23 "ZEV platform" vehicle types presented in
Table 1.36. The point of Table 1.36 is to make clear that we are creating ZEV program vehicles in only those
types of vehicles that we believe to make the most sense. Those types of vehicles being passenger cars and sport
and cross-over utility vehicles that are not generally heavy-towing vehicles. The ZEV program vehicles are
created only from within those vehicle types and, therefore, the creation of ZEV program vehicles is done using
sales-weighting within those vehicle types rather than within all vehicles.
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Table 1.40 Example Manufacturer's OMEGA Fleet including ZEV Program Sales

Platform Vehicle index Model Fuel VehType Baseline Sales | OMEGA fleet
index with ZEV
program sales
100 1 A G 1 100 90
100 2 B G 1 100 90
101 3 C G 2 75 68
101 4 D G 2 75 68
102 5 E G 1 100 90
103 6 F G 2 50 45
104 7 G G 29 100 100
105 8 ZEV E 1 0 20
106 9 ZEV E 1 0 15
107 10 ZEV E 2 0 10
108 11 ZEV E 2 0 5
Total sales G 600 550
Total sales E 0 50
Total sales 600 600

As noted above, we then created each manufacturer's ZEV program fleet by converting, on a
platform-level sales weighted basis, the necessary number of ICE vehicles into the respective
BEV and PHEYV sales. EPA staff considered an alternate approach to look instead at which
specific platforms, or even vehicle models, were the best candidates for conversion to
BEV/PHEV. However, that approach was rejected because there is no industry consensus on
which characteristics make a vehicle the best candidate for conversion. Is it the smallest cars, the
lightest cars, those that already have a BEV or PHEV version, etc.? Any attempt at determining
the "best" candidates for conversion might be seen as "cherry picking" in order to provide a
certain result. Some might see us as choosing all of the smallest vehicles, thereby leaving all of
the larger, perhaps "dirtier” vehicles as ICE vehicles needing costly improvements to comply
with the future standards. Others might see us as choosing all of the largest vehicles, thereby
leaving all of the smaller, perhaps "cleaner" vehicles as ICE vehicles needing less costly
improvements to comply with future standards. Further, there is no clear trend as to which
vehicles or platforms manufacturers are currently using for BEV or PHEV platforms. Current
and publicly-announced near term models span platforms from subcompact cars to large cars,
large SUVs to minivans, and use of shared or dedicated platforms. Our final decision was to
choose equally (by sales weighting) from each ZEV source platform such that there would be no
net impact on the sales weighted footprint of remaining ICE vehicles needing technology to
comply.

1.2.1.2 The ZEV Program Requirements

The preceding discussion describes how we determined which vehicles would be converted
from ICE technology to BEV/PHEV. Here we discuss the assumptions regarding the
characteristics of the ZEVs used in the analysis and how compliance (total sales) with the ZEV
mandate was modeled.
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1.21.2.1 Overview

California requires the largest vehicle manufacturers to manufacture ZEV credit producing
vehicles to comply with the increasing number of ZEV credits required through 2025.” The ZEV
credits can be generated by producing battery electric vehicles, fuel cell electric vehicles, and
certain plug-in hybrid vehicles. In addition to the requirements applying in California (CA),
several other states have used section 177 (S177) of the federal Clean Air Act to adopt the
California ZEV requirements (referred to as S177 ZEV States).® These states, when combined
with CA, account for nearly 30 percent of all new light-duty vehicles sold in the United States.

Under the ZEV regulation, manufacturers are required to generate ZEV credits to fulfill an
annual obligation based on their cumulative vehicle sales as summarized in Table 1-40.
Requirements are satisfied by producing vehicles that generate credit which, for MY2018 and
beyond, means a combination of plug-in hybrid electric vehicles (PHEV), battery electric
vehicles (BEV), and fuel cell electric vehicles (FCEV). Each PHEV, BEV, and FCEV earns
between 0.4 and 4 credits per vehicle depending on its electric range over a test cycle as
specified in the CA ZEV regulation.® For example, a PHEV with a 10-mile electric range earns
0.4 credits and a BEV or FCEV with a 350-mile test range earns 4.0 credits.

To incorporate the ZEVs into the OMEGA fleet, the ZEV regulation credit requirements were
converted to a vehicle sales requirement as follows:

1) Determine how many total ZEV credits each manufacturer will need in CA and the
S177 ZEV states for each year being modeled in OMEGA (MY2021 and MY2025).

2) Develop a nominal BEV electric range (described in Table 4.33) and a nominal
PHEV set of electric range characteristics (described in Table 4.34) that are projected
to be representative of BEV and PHEV capability in the MY2021-2025 time frame.
The range and characteristics are then used to determine how many ZEV credits each
vehicle will generate. For simplification and alignment with existing OMEGA
technology packages, FCEVs were not included in the compliance scenarios.

3) Calculate the incremental ZEV credits needed beyond those generated by any ZEVs
already included in the OMEGA reference fleet projections and expected to be sold in
CA and the S177 ZEV states.

4) Determine how many incremental BEVs and PHEVs each manufacturer will need to
sell to satisfy their ZEV credit obligations for MY2021 and MY2025.

1.21.2.2 ZEV Credit Requirement

Each manufacturer’s ZEV credit obligation is calculated by multiplying its projected total
light duty vehicle sales in CA and S177 ZEV states by the ZEV credit percentage required (see
Table 1.41 below). The total projected CA and S177 ZEV states sales volume for each
manufacturer was calculated by multiplying the manufacturer-specific reference fleet national
sales volumes in OMEGA by the CA and S177 ZEV states sales volume ratio (MY2014). For
example, if manufacturer “A” is projected to sell 250,000 vehicles nationally in MY2021, and its
CA and S177 ZEV state sales are 40 percent of its national sales, its projected MY2021 CA and
S177 ZEV state sales would be 100,000 (250,000*40%). Although the regulation has
flexibilities in the technologies a manufacturer may use to generate credits, there is a cap on the
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portion of the credits that can be satisfied with PHEVs as identified in Table 1.41. For example,
if manufacturer “A” sells 100,000 vehicles in CA and the S177 ZEV states in 2021, it is required
to generate 12,000 ZEV credits (100,000*12%) in 2021 and, of those 12,000 ZEV credits, only
4,000 (100,000*4%) can come from PHEVs. For the purpose of this analysis, manufacturers are
projected to comply with the ZEV requirements by maximizing their ZEV credits earned using
PHEVs and using BEVs to generate the remaining credits.

Table 1.41 ZEV Regulation Credit Requirements

2018 | 2019 | 2020 | 2021 2022 2023 2024 2025
Total ZEV Credit Required | 4.50% | 7.00% | 9.50% | 12.00% | 14.50% | 17.00% | 19.50% | 22.00%
Max. Credits from PHEVs | 2.50% | 3.00% | 3.50% | 4.00% | 4.50% | 5.00% | 5.50% | 6.00%

1.2.1.2.3 Projected Representative PHEV and BEV Characteristics for MY2021-2025

The first step to calculate the number of ZEVs needed to meet the manufacturer’s projected
credit obligation is to determine the type of vehicles that will be used to comply with the
regulation. The primary characteristic for determining ZEV credits per vehicle is the urban
dynamometer driving schedule (UDDS) test cycle range for BEVs and the UDDS test cycle
“equivalent all electric range” for PHEVs. ZEV credits are generated based on UDDS range, not
label range, and a review of current certified BEVs indicates a UDDS range to label range
correction factor of between 0.65 and 0.76. For this analysis, a value of 0.7 was used for all
vehicles. Given that these would be future vehicles for which actual specifications are not yet
known, assumptions were made regarding what future range(s) might be in the MY 2021 and
MY 2025 time frame. Further simplifications of such projections were also necessary to fit
within the existing model framework of OMEGA including baseline vehicles and technology
packages. These simplifications include the use of a single nominal BEV range and a single
nominal PHEV range for all manufacturers and all vehicle classes with characteristics projected
to be representative of BEVs and PHEVs in the MY2021-2025 time frame. Given these
constraints, this projection reflects a scenario for minimum compliance with the ZEV regulation
using a representative nominal BEV and PHEV, but not a ‘likely’ scenario that might reflect a
wide variety of different ranges of PHEV and BEV offerings across manufacturers, vehicle
classes, and model years, or the inclusion of FCEVs, which have already begun to enter the
market.

To develop the nominal BEV and PHEYV electric range, EPA staff first looked at the relative
impact of battery pack costs for a variety of battery costs (dollars per kilowatt-hour (kWh)). For
this simplified analysis, vehicle energy consumption was assumed to be constant for all vehicle
types; therefore, all-electric vehicle range and battery pack size increase proportionally. The
relative costs to achieve longer range were then compared to the number of ZEV credits earned
for the increased range. The qualitative results are shown in Figure 1.4. As the figure shows,
building individual BEVs with a longer range directionally results in a lower cost per ZEV credit
earned (i.e., satisfying the ZEV credit obligation with fewer long range BEVs is directionally
more cost-effective than using a larger volume of shorter range BEVs). And, as Figure 1.4
illustrates, the relative impact is even larger at the lower battery costs projected for the 2022-
2025 time frame. Accordingly, the nominal BEV and PHEV packages modeled longer range
variants of both types of ZEVs rather than multiple variants of shorter and longer range vehicles.
Note that the range of battery costs used in the figure (from $150/kWh to $300/kWh in the 2021-
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2025 time frame) is generally consistent with the projections of the EPA battery costing analysis
for PHEVs and BEVs as reported in Chapter 2.3.4.3.7 of this TSD. EPA's projected costs used
in the 2012 FRM, the Draft TAR, and this analysis are supported elsewhere in the Draft TAR
and this TSD, particularly in Chapter 5 of the Draft TAR where we evaluated the 2012 FRM and
Draft TAR battery cost projections, and in Chapter 2 of this TSD where we discuss the battery
cost projections used in this analysis.

Relative Cost of Additional ZEV Credits

\ . Battery Cost:

$300/kWh
Battery Cost:

$250/kWh
Battery Cost:

$200/kWh
—— Battery Cost:

$150/kWh

100 200 300 400

Range (miles)

Figure 1.4 Relative Cost of ZEV Credits for Different Ranges and Battery Costs

The projected range for the nominal BEV and PHEV in the MY2021 to 2025 time frame was
developed assuming a constant sales weighted average percent improvement from the current
range. The MY2015 BEV sales-weighted label range is ~133 miles, as shown in Table 1.42
below; for MY2015 PHEVs, the sales-weighted label electric range is ~25 miles as shown in

Table 1.43.

1-42




Baseline and Reference Vehicle Fleets

Table 1.42 Range Characteristics of BEVs for MY2015

Brand Model EPA Label All-electric Range (miles)
BMW 13 BEV 81
BMW 13 BEV 81
BMW I3 REX 72
BMW I3 REX 72
FCA 500e 87
Ford Focus Electric FWD 76
GM SPARK EV 82
Hyundai/Kia Soul Electric 93
Mercedes B-Class Electric Drive 87
Mercedes | smart fortwo elec. drive (conv.) 68
Mercedes |smart fortwo elec. drive (coupe) 68
Nissan LEAF 84
Nissan LEAF 84
Tesla Model S 260
Tesla Model S AWD 260
Volkswagen e-Golf 83
Sales-Weighted Average Range (label Miles) 133

Table 1.43 Range Characteristics of PHEVs for MY2015

Brand Model EPA Label All-electric Range (miles)
Ford C-Max Energi 20
Ford Fusion Energi 20
Cadillac ELR 37
Chevrolet Volt 38
Toyota Prius Plug-In 11
Sales-Weighted Average Range (label Miles) 25

For this analysis, the range for future vehicles was estimated to increase at a rate of 5 percent
per year until the sales-weighted label range reaches 245 miles, which correlates to the maximum
number of ZEV credits earned by any one vehicle. While manufacturers are not expected to
actually redesign vehicles to increase the range every year nor to cap the range when they reach
245 miles, this rate of annual improvement is consistent with the improvements manufacturers
have been making over more discrete intervals such as redesigns, refreshes, or other updates.

For example, new or updated model introductions and announcements for the Ford Focus EV,
VW e-Golf, Nissan Leaf, Tesla Model S, Tesla Model 3, Chevy Bolt EV, Chevy Volt PHEV,
and BMW i3 have all included increased range compared to their predecessors. The 5 percent
rate of growth is an estimated average of both longer and shorter range vehicles. It is not
expected that BEVs with 200+ miles of range, such as some Tesla vehicles, will increase their
range as quickly as shorter range vehicles such as the BMW i3. This is supported by the 2.5
percent per year increase observed in the Model S (85 to 90 kwW-h) compared to the 9 percent per
year increase seen by the GM Volt and the BMW i3. Additionally, while some OEMs may
continue offering BEVs with lower ranges, these may be offset by longer range offerings such as
hydrogen fuel cell electric vehicles (FCEVs) like those announced by Toyota and Honda, having
ranges that well exceed 200 miles.
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Given that the time period of interest is MY2021-2025 and that the ZEV requirements
increase annually, a nominal range for the single BEV variant to be used for the model years of
interest was determined by calculating the sales-weighted average for the years being evaluated.
Table 1.44 combines the results from Table 1.42 for average electric range with the projected
BEV sales for MY2021-2025 to calculate a sales-weighted average BEV for MY's 2021-2025.
The sales-weighted average was calculated as 209 miles. Although this projection results in an
estimated 209-mile range, a final range of 200 miles was chosen to provide for a potential
slower-than-historical increase in range and to be consistent with an existing technology package
in OMEGA (BEV200). EPA believes that a 200-mile label range is reasonable given recent
announcements in this magnitude for the Tesla Model 3, GM Bolt EV, and an announced future
Ford BEV which will all be available prior to MY2021.N For the model years being evaluated,
all BEV200s are assumed to have a label range of 200 miles and a UDDS range of 286 miles
which generates 3.36 ZEV credits per vehicle.

Table 1.44 Projected Sales Weighted BEV Range for MY2021-2025

Model year | BEV real-world range BEV sales BEV sales
(% of whole fleet) | (% of 2021-2025 cumulative BEV sales)

2021 187 2% 14%
2022 196 3% 17%

2023 206 3% 20%

2024 216 4% 23%

2025 227 4% 26%

Range Based on Sales Weighting MY2021-2025 209

The projected ranges for PHEVs in the MY 2021-2025 time frame were calculated in a similar
manner to the BEV ranges, with one minor difference. PHEVs generate credits based not only
on electric range on the UDDS cycle, but also on the ability to drive all-electrically for at least 10
miles of the US06 supplemental FTP test cycle. PHEVs that can meet this US06 criterion earn
an additional 0.2 credits per vehicle. While the reality is that motor, inverter, and battery pack
sizing along with the powertrain architecture all play a role in determining whether a PHEV can
meet this criterion, for this analysis, the ability to meet it was assumed to increase linearly for
vehicles with electric range from 20 to 40 miles (i.e., 0 percent of PHEVs with 20-mile range, 50
percent of PHEVs with a 30-mile range, and 100 percent of PHEVs with 40-mile range can meet
the USO06 criterion). The analysis summarized in Table 1.45 shows that, for MY's 2021-2025, the
sales-weighted average PHEV is projected to have a range of about 39 miles, which was rounded
down to a final range of 40 miles to be consistent with an existing technology package
(PHEV40) in OMEGA. A PHEV40 is assumed to be 100 percent US06 capable, so it generates
1.07 credits per vehicle after adjusting from a 40-mile label range to an equivalent UDDS range
and including the additional credits for US06 capability. For perspective, the newly revised
MY2016 GM Volt already exceeds this capability and other manufacturers are expected to
further increase their range and capability over the next 5 to 9 years.

N More examples supporting the rationale for BEV200 and discussion of public comment on this topic can be found
in Chapters 2.2.4.4.5 and 2.3.4.3.5 of this TSD.
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Table 1.45 Projected Sales Weighted PHEV Range for MY2021-2025

Model year | BEV real-world range PHEV sales PHEV sales
(% of whole fleet) | (% of 2021-2025 cumulative PHEV sales)
2021 35 4% 17%
2022 37 4% 19%
2023 39 5% 20%
2024 41 5% 21%
2025 43 5% 23%
Range Based on Sales Weighting MY2021-2025 39
12124 Calculation of Incremental ZEVs Needed for ZEV Program Compliance

Next, the number of ZEV credits generated from vehicles already included in the projected
reference fleet was subtracted from the total credit obligation. Given that the projected reference
fleet only included national sales numbers for ZEVs, those numbers were first scaled to
California and S177 ZEV state sales using the current (average of MY2014 and MY2015)
manufacturer-specific percentage of national ZEV sales in California and the S177 ZEV states.
For this analysis, all manufacturers are projected to generate ZEV credits using the nominal BEV
and PHEV all-electric ranges calculated above, and each manufacturer is projected to fulfill their
credit requirements without exercising any of the various additional flexibilities included in the
ZEV regulation. These earned credits were then subtracted from each manufacturer’s credit
obligation to calculate the remaining incremental credits needed. For example, if a
manufacturer’s ZEV credit obligation for MY 2021 is 12,000 credits, and the original baseline
projected 1000 BEV sales in California and the S177 ZEV states, its incremental obligation is
8,640 ZEV credits (12,000 credits -1000 vehicles*3.36 credits/vehicle).

Finally, the incremental credits needed were translated to the number of additional PHEV and
BEV sales for each manufacturer. For this analysis, it was assumed that each manufacturer
would satisfy the maximum amount of ZEV credits allowed with PHEVs, and the remaining
portion with BEVs. Both the ZEVs in the original reference fleet and those incrementally added
take this PHEV limitation into account. No ZEV credit trading and banking was included in this
analysis; each manufacturer was assumed to meet its ZEV obligation in MY 2021 and MY 2025
with vehicles produced for those model years. For the projected sales volumes used in this
analysis, the overall effect of the ZEV regulation is as shown in Table 1.31 through Table 1.34.
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Chapter 2: Technology Costs, Effectiveness, and Lead Time Assessment

2.1 Overview

Technology assessment was a critical element of the development of the 2017-2025 GHG
standards in the 2012 final rulemaking (FRM). The standards were ultimately guided by a
detailed assessment of GHG-reducing technologies that were available as of the 2012 calendar
year time frame. The assessment included technologies that were currently in production at the
time, or pending near term release, as well as consideration of further developments in
technologies where there was reliable evidence that those technologies could be feasibly
deployed by 2025.

As the first step in the MTE process, the 2016 Draft TAR summarized the current state of
technology through the mid-2016 time frame, including technology developments since the FRM
and the outlook for future developments through MY2025. The Draft TAR found that the fleet
penetration of many of the GHG-reducing technologies identified in the FRM has proceeded
steadily, accompanied by new technologies not anticipated at the time. Technology assumptions
for cost, effectiveness, and availability were then revised and incorporated into the Draft TAR
GHG Assessment, a substantial and comprehensive update to the assessment performed for the
2012 FRM.

This Chapter 2 of the Proposed Determination Technical Support Document (TSD) provides
EPA's updated assessment of the current state of technology and likely future developments
through MY2025. A description of the technical work that has been done to inform the Draft
TAR and the Proposed Determination analysis is also included in this chapter, along with a
summary of the assumptions and inputs used to characterize technologies in the analysis. In the
cases where public comments received on the Draft TAR or updated information gathered since
the Draft TAR have contributed additional insight on the current state of technology or on
assumptions for technology cost and effectiveness, this information is incorporated into the
discussion. The results of EPA's Proposed Determination analysis are discussed in Section 1V of
the Proposed Determination document.

In researching the Draft TAR, the agencies (EPA, NHTSA, and CARB) relied on many
sources to evaluate the state of technology, including vehicle certifications, vehicle simulation
modeling, reviews of technical papers and conference proceedings, agency meetings with vehicle
manufacturers and suppliers, and the 2015 NAS report. This collaborative effort produced an
extensive catalog of information on fuel-saving and GHG-reducing technologies that built upon
the 2012 FRM assessment. In developing the assessment for this Proposed Determination, EPA
has built further upon the body of information relied on for the Draft TAR assessment, by
continuing our in-house vehicle benchmarking testing program, enhancing and refining our
models, assessing the latest available data and literature, and considering public comments
received on the Draft TAR.

It is clear that the automotive industry is innovating and bringing new technology to market at
a brisk pace. Many of the technologies that figured prominently in the analysis performed for the
2012 FRM, such as gasoline direct injection, turbocharging and downsizing, and higher-
efficiency transmissions, have seen continued market penetration, and continued to have an
important role in the Draft TAR analysis. Even some well-established technologies had advanced
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enough to require a re-evaluation of cost, effectiveness, and implementation for the Draft TAR.
For example, the ongoing improvements in transmissions with higher ratio spreads and gear
count, and the application of light-weight materials that had previously been applied only to
high-performance and luxury vehicles, were beginning to appear in mass-market vehicles. While
the cost, effectiveness,” and feasibility of implementation of individual technologies projected in
the Draft TAR were generally consistent with the compliance pathways projected in the 2012
FRM, some developments did not unfold as predicted. The Draft TAR found that several new
technology applications not considered in the FRM analysis, or which had been predicted to have
very low market penetration, had continued to evolve and deserved a reassessment. For example,
Atkinson Cycle engines have now been applied to non-hybrids successfully, and continuously
variable transmissions (CVTs) have entered the market more widely than originally expected in
applications that have been well-received by consumers and expert reviewers. Another example
is 48-volt mild hybridization, which by some accounts is gathering momentum rapidly, offering
significant efficiency benefits with lower complexity and system cost compared to the higher
voltage mild hybrid systems examined in the FRM analysis. The Draft TAR built upon the FRM
technology assessment by recognizing these technology developments and incorporating many
of them into the Draft TAR technology assessment.

Although some comments received on the Draft TAR were critical of EPA's assessment of the
effectiveness of some technologies, as a whole, EPA believes that the Draft TAR was broadly
accurate in its characterization of technology effectiveness. Through our consideration of public
comments on the Draft TAR, as well as continued analysis of sources such as current vehicle
certifications, continued benchmarking activities, literature reviews and modeling, it is our
assessment that the effectiveness values developed for the Draft TAR are largely fair and
accurate representations of benefits achievable by manufacturers within the time frame of the
rule. This is not to imply that every manufacturer that has added a technology has achieved the
effectiveness estimated in the Draft TAR. Some applications of technology are in their first or
second design iteration, and we expect that successive iterations will improve their effectiveness.
One example is the emerging use of integrated and cooled exhaust manifolds and the resulting
improved effectiveness from turbo-charged downsized engines. Some manufacturers that have
adopted technology have used some of the benefit to improve other vehicle attributes, rather than
solely to improve fuel economy. For example, the efficiencies gained can often be used to
promote other attributes such as acceleration performance, cargo capacity, towing capability,
and/or vehicle size and mass while holding fuel economy relatively constant. Vehicle
manufacturers have adopted many examples of technologies that perform very well, such as the
Mazda SKYACTIV-G® engine and the ZF 8-speed transmission, and when these technologies
are combined with the sole intent of improving vehicle efficiency, our analysis continues to show
that significant improvements from the baseline fleets are broadly achievable using conventional
powertrains.

This Chapter 2 provides a complete description of EPA's assessment of the status, cost,
effectiveness, and application of the technologies that we considered in this analysis. We have
included a brief review of the technology assessment conducted for the Draft TAR, as well as a

A The term ‘effectiveness' is used throughout this Chapter to refer both to a reduction in tailpipe CO, emissions and a
reduction in fuel consumption. In cases where the two are not equivalent (e.g., when changing fuel type), separate
values are presented.
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summary of the updates that further inform the Proposed Determination assessment. Finally, we
discuss how we synthesized all of the available information to derive our conclusions for cost,
effectiveness, and application that informed the Proposed Determination technology assessment.

Like the technology assessment conducted for the Draft TAR, the Proposed Determination
technology assessment includes a wide array of fundamental assumptions, modeling constructs,
and general methodologies, as well as assumptions for cost and effectiveness of specific fuel-
saving and GHG-reducing technologies. Key changes and updates EPA has implemented for this
Proposed Determination assessment include:

An updated baseline fleet, based on MY2015 GHG compliance data, the latest
complete data set available

Updated projections of future fuel prices and vehicle sales to AEO 2016, the latest
available

All monetized values are updated to 2015 dollars

Better accounting for tire and aerodynamic improvements in the baseline fleet
Updated accounting for light duty truck mass reduction in the baseline fleet
Updated ZEV program sales using data from the California Air Resources Board
Updated vehicle class definitions for modeling effectiveness to improve
representativeness of power-to-weight and road load characteristics

Expanded vehicle classification structure from 19 to 29 vehicle types to improve the
resolution of cost-effectiveness estimates as applied in the OMEGA model

Updated characterization and modeling of certain advanced engine technologies,
including Atkinson cycle

Updated effectiveness estimates for certain advanced transmission technologies
Updated battery costs for plug-in vehicles, resulting from several battery modeling
improvements such as an improved battery sizing method, updated data from
electrified vehicles released or certified since the Draft TAR, and an updated
accounting for energy consumption and road load technology improvements

Added accounting in the compliance modeling for upstream emissions of plug-in
vehicles phasing in from MYs 2022 to 2025

Incorporated additional off-cycle technology options into OMEGA to better account
for manufacturer's expected use of off-cycle credit opportunities

Conducted additional sensitivity analyses to show the cost and technology penetration
impacts of alternative technology pathways

Updated our vehicle simulation model, ALPHA, to include the latest data on
technology effectiveness from the EPA vehicle benchmarking testing program and
other sources, across vehicle types

Added quality assurance checks of technology effectiveness estimates into ALPHA
and the lumped parameter model (LPM)

Complete descriptions of these changes, as well as discussion of public comments received on
the Draft TAR and updated information contributing to the Proposed Determination assessment,
can be found in the corresponding technology and methodology chapters of this TSD.

The remaining sections of this chapter provide detail on the state of development of specific
fuel-saving and GHG-reducing technologies, and their estimated cost and effectiveness.
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Section 2.2 of this chapter presents EPA's assessment of the current state of individual
technologies and the advancements that have occurred since the 2012 FRM and up to the
completion of the Draft TAR. EPA has reexamined every technology considered in the Draft
TAR, as well as assessed some technologies that are currently commercially available but did not
play a significant role in the Draft TAR analysis. We have also considered emerging
technologies for which enough information has become known that they may be included in this
Proposed Determination assessment. The categories of technologies discussed include engines,
transmissions, electrification, aerodynamics, tires, mass reduction, and several other vehicle
technologies. In addition, Chapter 2.2.9 provides an overview of the air conditioning efficiency
and leakage credit provisions, a summary of the situation regarding low global warming potential
(GWP) refrigerant, and discussion of key comments received on these topics. Chapter 2.2.10
provides a summary of the off-cycle credit program and an overview of how off-cycle credits
have been used by manufacturers in their current compliance with the GHG program. Chapter
2.3.4.9 (Additional Off-cycle Credits and Costs) details how off-cycle credits have been
considered in the Proposed Determination analysis. Key comments on the off-cycle credit
provisions are addressed in Section B.3.4 of the Proposed Determination Appendix.

Section 2.3 of this chapter presents details of the approaches, assumptions, and technology
inputs used in the Proposed Determination technology assessment.

The particular details of the assessment begin in Chapter 2.3.1 with a description of the
fundamental assumptions for performance neutrality, fuels, methods for measurement of cost and
effectiveness, and approach to vehicle classification, which together comprise the underpinnings
of the technical analysis.

Chapter 2.3.2 focuses on the approach for determining technology costs, which includes the
determination of both direct and indirect costs, as well as the application of cost reduction
through manufacturer learning, and maintenance and repair costs. The methodologies used to
develop technology costs remain largely unchanged from the Draft TAR. However, as was the
case in the Draft TAR, technology cost inputs have again been reevaluated based on updated
information and comments received on the Draft TAR.

Chapter 2.3.3 describes the approach for investigating technology effectiveness. VVehicle
benchmarking is one of the foundations of EPA’s analysis of technology effectiveness. A
description of testing and benchmarking conducted by EPA can be found in Chapter 2.3.3.1.
Modeling of effectiveness across the vehicle fleet involves grouping vehicles into classifications,
and the approach to classifying vehicles for this purpose is described in Chapter 2.3.3.2. These
classifications and the data collected through benchmarking are used by EPA's full vehicle
simulation model, known as ALPHA. The ALPHA model is described in Chapter 2.3.3.3. An
outline of sources and methods for determining technology effectiveness is provided in Chapter
2.3.3.4. EPA's modeling methodology also includes use of a "lumped parameter model” (LPM),
which models incremental effectiveness differences between vehicle technology packages.
Updates to the LPM and its application in the Proposed Determination assessment are described
in Chapter 2.3.3.5.

Chapter 2.3.4 describes the specific data and assumptions for individual technologies that are
used in this Proposed Determination assessment. Informed by all of the information on the state
of technologies described in Section 2.2, these inputs and assumptions for cost, effectiveness,
and technology application ultimately led to the OMEGA model determination of the cost-
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minimizing compliance pathways that are outlined in Section IV of the Proposed Determination
document and described in full detail in Section C of the Proposed Determination Appendix.

2.2  State of Technology and Advancements since the 2012 Final Rule

2.2.1 Individual Technologies and Key Developments

2.2.1.1 List of Technologies Considered

The key technologies considered in this Proposed Determination technology assessment are
summarized below. Assumptions for cost, effectiveness, or application of some of these
technologies have been updated for this Proposed Determination assessment, while others remain
unchanged from the Draft TAR where EPA has determined that changes are not warranted. Full
discussion of these technologies and any applicable updates is provided in the corresponding
technology sections of this chapter.

A number of technologies that were considered in the 2012 FRM analysis underwent
significant updates in the process of developing the Draft TAR assessment, which was a major
update of the FRM assessment representing more than four years of active technology evolution
and development throughout the automotive industry. Some of these most actively changing
technologies were significantly updated for the Draft TAR analysis, and in some cases further
updated for the Proposed Determination analysis. They include:

HEV Atkinson cycle engines

Non-HEV Atkinson cycle engines
Turbocharging and downsizing

Miller Cycle Engine

Direct Injection Miller Cycle Engine
Turbocharger improvements

Cylinder deactivation

Variable geometry valvetrain systems (VVT, DVVL, CVVL)
Continuously variable transmissions (CVTs)
Dual clutch transmissions (DCTSs)

48-volt mild hybrid electric vehicles (MHEVS)

Other technologies that were included in the FRM and the Draft TAR analysis, some of which
also received updates to how they were represented in the Proposed Determination analysis,
include:

Stoichiometric gasoline direct injection

Exhaust gas recirculation with boost

Low-friction lubricants

Second level of low-friction lubricants and engine friction reduction
Reduction of engine friction losses

Diesel engines

Improved automatic transmission controls

Increased gear-count automatic transmissions
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Shift optimization

Manual 6-speed transmission

High efficiency gearbox (automatic, DCT, CVT, or manual)
Low-rolling-resistance tires

e Aerodynamic drag reduction

e Mass reduction

e Low-drag and zero drag brakes

e Secondary axle disconnect for four-wheel drive systems
Electric power steering (EPS)

Improved accessories (IACC)

Low-leakage and higher-efficiency air conditioner systems
Non-hybrid 12-volt stop-start

High-voltage mild and strong hybrids (HEVs), including strong P2 and power split
Plug-in hybrid electric vehicles (PHEVS)

Battery electric vehicles (BEVSs)

Each of these technologies are described in more detail in the following section. Full detail of
the current development state of each technology can be found in the remaining sections of this
chapter.

2.2.1.2 Descriptions of Technologies and Key Developments since the FRM

As described in the previous section, a number of technologies considered in the 2012 FRM
analysis underwent significant updates in the process of developing the Draft TAR assessment.
Some technologies that had not been considered in the 2012 FRM were added for the Draft TAR
analysis, while others that had been included had developed differently than expected, and were
updated accordingly.

This section provides capsule descriptions of the fuel-saving and GHG-reducing technologies
considered in the Proposed Determination assessment, beginning with this subset of actively
changing technologies that largely distinguished the Draft TAR assessment from the 2012 FRM
assessment. It highlights some of the key considerations and updates that affected how each of
these technologies were considered for the Draft TAR and, in many cases, further consideration
and updates that were implemented for the Proposed Determination assessment. Other
technologies that were considered in both the 2012 FRM and Draft TAR assessments, and which
continue to be considered in the Proposed Determination assessment, are also outlined in this
section.

This section is meant to provide only a brief outline of the technologies that EPA considered.
For complete descriptions of the state of development of each technology, please refer to
Chapters 2.2.2 through 2.2.10. Specific assumptions for cost and effectiveness for each
technology as applied to the Proposed Determination assessment are discussed in Chapter 2.3.4.
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HEV Atkinson cycle engines. These engines have a substantial increase in geometric
compression ratio® (in the range of 12.5 - 14:1) and intake valve event timing to provide much
later intake valve closing (LIVVC). This lowers the trapped air charge, effectively lowering actual
compression ratio to reduce knock-limited operation while maintaining the expansion ratio for
improved efficiency. Although producing lower torque at low engine speeds for a given
displacement, this engine has specific high efficiency operating points and is capable of
significant CO2 reductions when properly matched to a strong hybrid system. Electric
motor/generators produce high torque at low speeds and are thus are capable of offsetting low
engine speed torque deficiencies with Atkinson Cycle engines.

Non-HEV Atkinson cycle engines. For non-HEV applications, this technology often combines
direct injection, a substantial increase in geometric compression ratio (in the range of 13-14:1),
wide authority variable intake camshaft timing, variable exhaust camshaft timing, and an
optimized combustion process to enable significant reductions in CO2 compared to a standard
direct injected engine. This engine is capable of changing the effective compression ratio by
varying intake valve events enabling Otto and Atkinson operation. This multiple mode
capability enables these engines to be applied in hybrid and non-hybrid applications. The ability
to reduce pumping losses over a large area of operation may allow avoidance of the additional
cost of higher gear count transmissions. The Mazda SKYACTIV-G engine is one example of
this technology. The 2GR-FKS engine used in the MY2015-2017 Toyota Tacoma pickup truck
is another example. The 2.0L "Nu" engine in the MY2017 Hyundai Elantra is another example
of use of Atkinson Cycle in non-HEV application, although the "Nu" Atkinson engine uses PFI
instead of GDI and has a slightly lower geometric CR than used by Mazda. The Toyota 1INR-
FKE and 2NR-FKE Atkinson Cycle engines use both PFI and cEGR instead of GDI. In the
FRM, the use of Atkinson Cycle engines was primarily considered in HEV applications. In the
past few years, a new generation of naturally-aspirated SI Atkinson Cycle engines applicable to
non-HEVSs has been introduced into light-duty vehicle applications. The most prominent
application of this technology is the Mazda SKYACTIV-G® system. It combines direct injection,
an ability to operate over an Atkinson Cycle with increased expansion ratio, wide-authority
intake camshaft timing, and an optimized combustion process. Other OEMs have intruded non-
HEV Atkinson Cycle engines using PFI instead of GDI, in some cases combined with cooled,
external EGR (CEGR). This type of engine operation is also not limited to naturally aspirated
engines and when applied to boosted engines is referred to as "Miller Cycle," as described below.
In addition to Mazda, other manufacturers using non-HEV application of Atkinson Cycle
engines include Hyundai, Toyota, and FCA.

Turbocharging and downsizing. This approach increases the available airflow and specific
power level, allowing a reduced engine size while maintaining performance. This reduces
pumping losses at lighter loads in comparison to a larger engine. In the FRM, turbocharged,

B Geometric compression ratio is a ratio of the piston clearance volume + displacement swept volume to the
displacement swept volume in a reciprocating piston engine. The actual effective compression ratio and
expansion ratio must also take into account valve events governing the actual flows involved in the combustion
process. Effective compression ratio and expansion ratios for typical Otto-cycle engines are nearly equivalent
and governed by the chosen geometric compression ratio. Atkinson and Miller Cycle engines lower the trapped
air or air-fuel charge volume during intake via either late intake valve closing or early intake valve closing to
reduce effective compression ratio while simultaneously increasing effective expansion ratio. This is done by
reducing the piston clearance volume and thus increasing the geometric compression ratio.
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downsized engines were anticipated to be a prominent technology applied by vehicle
manufacturers to improve vehicle powertrain efficiency. The penetration rate of turbo-downsized
engines into the light-duty fleet has increased from 3 percent in 2008 to 16 percent in 2014.1 The
Draft TAR recognized that turbocharged, downsized engines are adopting head-integrated
exhaust manifolds or separate, water-cooled exhaust manifolds. These systems also use separate
coolant loops for the head/manifold and for the engine block. The changes allow faster warmup,
improved temperature control of critical engine components, further engine downspeeding, and
reduce the necessity for commanded enrichment for component protection. The net result is
improved efficiency over the regulatory cycles and during real world driving. Engine
downspeeding also has synergies with recently developed, high-gear-ratio spread transmissions
that may result in further drive cycle efficiency improvements. In this Proposed Determination,
consistent with the Draft TAR, EPA considered two levels of boosting, 18 bar brake mean
effective pressure (BMEP) and 24 bar, as well as four levels of downsizing, from 14 to smaller 14
or 13, from V6 to 14, and from V8 to V6 and 14. 18 bar BMEP is applied with 33 percent
downsizing and 24 bar BMEP is applied with 50 percent. To achieve the same level of torque
when downsizing the displacement of an engine by 50 percent, approximately double the
manifold absolute pressure (2 bar) is required.

Miller Cycle Engine. This technology combines direct injection, a significant increase in
geometric compression ratio relative to other boosted engines, wide authority intake camshaft
timing, and variable exhaust camshaft timing, and an optimized combustion process to enable
significant reductions in CO> as compared to a standard direct injected engine. This is
essentially Atkinson Cycle with the addition of a turbocharger boosting system. The addition of
a turbocharger improves volumetric efficiency and broadens the areas of high-efficiency
operation. The ability to reduce pumping losses over a large area of operation may allow
avoidance of the additional cost of higher gear count transmissions. Examples include the
Mazda SKYACTIV-G Turbo engine used in the MY2017 CX9; the VW EA211 evo 1.5L 14,
EA888 3B 2.0L 14, and EA839 3.0L V6; the Toyota 8NR-FTS 1.2L 14 and 8AR-FTS 2.0L 14;
the PSA 1.2L 13 PSA EB Puretech, and the Honda L15B7 1.5L 14.

Direct Injection Miller Cycle Engine. This new generation of turbocharged GDI engine
combines direct injection, the ability to operate over a Miller Cycle (boosted Atkinson Cycle)
with increased expansion ratio, wide-authority intake camshaft timing, and an optimized
combustion process. Current manufacturers include VW, Mazda, Toyota, and PSA.

Turbocharger improvements. Newer turbochargers have been developed that reduce both
turbine and compressor inertia allowing faster turbocharger spool-up. Improvements have been
made to broaden the range of compressor operation before encountering surge and to improve
compressor efficiency at high pressure ratios. The introduction of head-integrated exhaust
manifolds or separate, water-cooled exhaust manifolds reduces exhaust turbine inlet
temperatures under high-load conditions and improves exhaust temperature control. This allows
the use of less expensive, lower temperature materials for the turbine housing and exhaust
turbine. Reduced turbine inlet temperatures also allow the introduction of turbochargers with
variable nozzle turbines into SI engine applications, similar to those used in light-duty diesel
applications. Twin-scroll turbochargers are finding broad application in turbocharged, downsized
GDI engines. Twin-scroll turbochargers improve turbocharger spool-up and improve torque
output at lower engine speeds, allowing further engine downspeeding. Turbochargers with
variable nozzle turbines (VNT) are now common in light-duty diesel applications and are under
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development for gasoline spark ignition engines, particularly those that use cooled EGR and
head-integrated exhaust manifolds.

Cylinder deactivation. This technology deactivates the intake and exhaust valves and prevents
fuel injection into some cylinders during light-load operation. The engine runs temporarily as
though it were a smaller displacement engine with fewer cylinders which substantially reduces
pumping losses. Cylinder deactivation applied to engines with less than six cylinders was not
analyzed as part of the FRM. Further developments in NVH (noise, vibration, and harshness)
abatement, including the use of dual-mass dampening systems, have resulted in the recent
introduction of a 4-cylinder/2-cylinder engine into the European light-duty vehicle market. The
development of rolling or dynamic cylinder deactivation systems allows a further degree of
cylinder deactivation for odd-cylinder (e.g., 3-cylinder, 5-cylinder) inline engines than was
possible with previous cylinder deactivation system designs. Both 3-cylinder/2-cylinder and 3-
cylinder/1.5-cylinder (rolling deactivation) designs are at advanced stages of development.

Variable geometry valvetrain systems. This technology includes systems that vary valve
timing and/or valve lift. Variable valve timing alters the timing or phase of the intake valve,
exhaust valve, or both, primarily to reduce pumping losses, increase specific power, and control
residual gases. Discrete variable valve lift increases efficiency by optimizing air flow over a
broader range of engine operation which reduces pumping losses, and is accomplished by
controlled switching between two or more cam profiles. Continuous variable valve lift is an
electromechanically controlled system in which cam period and phasing is changed as lift height
is controlled. This yields a wide range of performance optimization and volumetric efficiency,
including enabling the engine to be valve throttled. Variable geometry systems were anticipated
in the FRM and Draft TAR to be important technologies for reducing engine pumping losses.

Continuously variable transmissions (CVTs). This transmission uses a belt or chain between
two variable ratio pulleys, allowing a continuous (infinite) range of gear ratios and enabling the
engine to operate in a more efficient operating range over a broad range of vehicle operating
conditions. EPA did not assign a significant role to CVTs in the FRM analysis in part because of
indications that some manufacturers had experienced consumer acceptance problems with CVTs,
largely due to differences in shift feel compared to a conventional automatic transmission. Since
the FRM, a new generation of CVTs has been introduced into the light-duty market by several
OEMs. These new CVTs have significant improvements in shift feel as well as efficiency, and
have achieved a wider ratio spread. CVTs have become increasingly common in manufacturers'
product lines today.

Dual clutch transmissions (DCTSs). This transmission is similar to a manual transmission, but
the vehicle controls shifting and launch functions. A dual-clutch automated shift manual
transmission uses separate clutches for even-numbered and odd-numbered gears, so the next
expected gear is pre-selected, which allows for faster, smoother shifting. Early DCTs, mostly in
non-performance vehicles, were accepted in Europe but were not widely accepted in the North
American market, in part because launch and shift characteristics differed from conventional
automatic transmissions. However, strategies have been developed to improve overall DCT
operational characteristics. DCTs occur in variations called wet clutch, dry clutch, and "damp
clutch.” The damp clutch DCT combines the durability and driveability of a wet clutch with the
efficiency of a dry clutch DCT. The combination of a DCT with a torque converter can greatly
improve operational characteristics and eliminates the need for complex crankshaft dampers and
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other NVH technologies. The elimination of these NVH technologies approximately offsets the
additional cost of the torque converter. DCTs also can be integrated into P2-architecture HEVs
as well as 48-volt P2 hybrid drive systems, providing advantages such as improved launch assist,
low-speed creep capability, and driving characteristics similar to a torque-converter/planetary
gear-set automatic transmission.

48-volt mild hybrids. Mild hybrids provide idle-stop capability and launch assistance and use
a higher voltage battery with increased energy capacity over typical automotive batteries. The
higher system voltage allows the use of a smaller, more powerful electric motor than possible
with a 12-volt system, and reduces the weight of the motor, inverter, and battery wiring
harnesses. This system replaces a standard alternator with an enhanced power, higher voltage,
higher efficiency belt-driven starter-alternator which can recover braking energy while the
vehicle slows down (regenerative braking). At the time of the FRM, high-voltage (e.g. 120-volt)
mild hybrids were known in the market (for example, the Chevrolet Malibu eAssist system), and
were anticipated to grow in market share. In the time since the FRM, both mild and strong hybrid
sales have not grown as quickly as expected, an outcome that is often attributed to lower fuel
prices. Another factor may be the rate of improvements in the efficiency of conventional
vehicles, which appear to be closing the fuel economy gap. However, a new generation of mild
hybrid technologies is being introduced into the light-duty market, using a 48-volt electrical
system, which can reduce costs by eliminating high-voltage safety requirements and battery
cooling hardware (in many cases), while offering an effectiveness similar to that of higher-
voltage mild hybrids, potentially resulting in significantly greater cost effectiveness. The Draft
TAR recognized this trend and added consideration of 48-volt mild hybridization technology.

The following paragraphs outline other technologies that were included in the 2012 FRM and
Draft TAR analyses and continue to be included in the Proposed Determination analysis. In
many cases the cost, effectiveness, or specific applications of these technologies have also been
updated for this analysis. For complete descriptions of the state of development of each
technology, please refer to Chapters 2.2.2 through 2.2.10. Specific assumptions for cost and
effectiveness for each technology as applied to the Proposed Determination assessment are
discussed in Chapter 2.3.4.

Stoichiometric gasoline direct-injection technology. This technology injects fuel at high
pressure directly into the combustion chamber to improve cooling of the air/fuel charge within
the cylinder, which allows for higher compression ratios and increased thermodynamic
efficiency. In the FRM as in the Draft TAR and the current analysis, this technology is projected
to be very widespread by 2025.

Exhaust-gas recirculation with boost. Increases the exhaust-gas recirculation used in the
combustion process to improve knock-limited operation and reduce pumping losses. Peak levels
of exhaust gas recirculation approach 25 percent by volume in these highly boosted engines (this,
in turn raises the boost requirement by approximately 25 percent). EPA applies this technology
only to 24 bar BMEP and Miller cycle engines.

Low-friction lubricants. Low viscosity and advanced low friction lubricants oils are now
available with improved performance and better lubrication.

Second level of low-friction lubricants and engine friction reduction. As technologies
continue to advance between now and 2025, we expect further developments enabling lower
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viscosity and lower friction lubricants and more engine friction reduction technologies available,
including the use of roller bearings for balance shaft systems and further improvements to
surface treatment coatings. As of MY2017, many of the friction reduction technologies classified
as “second level” are already being introduced into light-duty vehicles.

Reduction of engine friction losses. This can be achieved through low-tension piston rings,
roller cam followers, improved material coatings, more optimal thermal management, piston
surface treatments, cylinder wall treatments and other improvements in the design of engine
components and subsystems that improve engine operation.

Diesel engines. Despite recent controversy concerning emission control, diesel engines have
several characteristics that give superior fuel efficiency, including reduced pumping losses due to
lack of (or greatly reduced) throttling, and a combustion cycle that operates at higher
compression and expansion ratios, with a very lean air/fuel mixture, than an equivalent-
performance gasoline engine. This technology requires additional enablers, such as use of NOx
adsorption exhaust catalyst (NAC), selective catalytic reduction (SCR) of NOx, or a combination
of both NAC and SCR NOx catalytic after-treatment and use of a catalyzed diesel particulate
filter (CDPF) for PM emissions control.

Improved automatic transmission controls. This technology optimizes the shift schedule to
maximize fuel efficiency under wide ranging conditions, and minimizes losses associated with
torque converter slip through lock-up or modulation.

Six, seven, and eight-speed (or more) automatic transmissions. Also described here as
increased gear-count transmissions, the gear ratio spacing and transmission ratio are optimized to
enable the engine to operate in a more efficient operating range over a broader range of vehicle
operating conditions. In the FRM, EPA limited its consideration of the effect of additional gears
to eight-speed transmissions. However, some ATs with more than eight gears are already in
production, and more examples are in development. At this time, nine-speed transmissions are
being manufactured by ZF (which produces a FWD nine-speed incorporated into Fiat/Chrysler,
Honda, and Jaguar/Land Rover vehicles) and Mercedes (which produces a RWD nine-speed).
Ford has released a ten speed transmission in the F150 Raptor, and GM released a variation of
the same ten speed in the 2017 Camaro ZL1. In addition, Ford and General Motors have
announced plans to jointly design and build a nine-speed FWD transmission, and Honda is
developing a ten-speed FWD transmission.

Shift optimization. This technology targets engine operation at the most efficient point for a
given power demand. The shift controller emulates a traditional continuously variable
transmission by selecting the best gear ratio for fuel economy at a given required vehicle power
level to take full advantage of high BMEP engines. The shift controller also incorporates
boundary conditions to prevent undesirable operation such as shift busyness and NVH issues.

Manual 6-speed transmission. This technology offers an additional gear ratio, often with a
higher overdrive gear ratio, than a 5-speed manual transmission.

High efficiency gearbox (automatic, DCT, CVT, or manual). This technology represents
continuous improvement in seals, bearings and clutches, super-finishing of gearbox parts, and
development in the area of lubrication, all aimed at reducing friction and other parasitic loads in
the system for an automatic, DCT or manual type transmission.
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Low-rolling-resistance tires. This technology includes tires that have characteristics that
reduce frictional losses associated with the energy dissipated in the deformation of the tires under
load, thereby reducing the energy needed to move the vehicle. EPA's analyses have
characterized two levels of rolling resistance reduction (LRRT1 and LRRT2), targeting a 10
percent and 20 percent rolling resistance reduction from baseline tires, respectively.

Aerodynamic drag reduction. This technology refers to approaches to reducing aerodynamic
drag, which can be achieved by various means such as changing vehicle shapes, reducing frontal
area, sealing gaps in body panels, and adding additional components including side trim, air
dams, underbody covers, and aerodynamic side view mirrors. EPA's analyses have considered
two levels of aerodynamic drag reduction (AERO1 and AERO?2), targeting a 10 percent and 20
percent aerodynamic drag reduction, respectively.

Mass reduction. This technology encompasses a variety of techniques ranging from improved
design and better component integration to application of lighter and higher-strength materials.
In addition to reduced road load, mass reduction can lead to collateral GHG benefits by enabling
a downsized engine and/or downsized ancillary systems (transmission, steering, brakes,
suspension, etc.) that directly result from the reduced vehicle weight.

Low-drag and zero drag brakes. This technology reduces the sliding friction of disc brake
pads on rotors when the brakes are not engaged by pulling the brake pads away from the rotors.

Secondary axle disconnect for four-wheel drive systems. This technology applicable to all-
wheel drive systems provides a torque distribution disconnect between front and rear axles when
torque is not required for the non-driving axle. This results in the reduction of associated
parasitic energy losses.

Electric power steering (EPS). This represents an electrically-assisted steering system that has
advantages over traditional hydraulic power steering because it replaces a continuously operated
hydraulic pump, thereby reducing parasitic losses from the accessory drive.

Improved accessories (IACC). This represents accessories with improved efficiency. EPA's
analyses have considered two levels of IACC. The first level may include high efficiency
alternators, electrically driven (i.e., on-demand) water pumps and cooling systems. This
excludes other electrical accessories such as electric oil pumps and electrically driven air
conditioner compressors. The second level of IACC includes alternator regenerative braking on
top of what are included in the first level of IACC.

Low-leakage and higher-efficiency air conditioner systems. These technologies are focused on
reducing leakage of high-GWP refrigerants and improved energy efficiency. Leakage measures
include improved hoses, connectors and seals for leakage control. Efficiency measures include
improved compressors, expansion valves, heat exchangers and the control of these components
for the purposes of improving tailpipe CO. emissions and fuel economy when the A/C is
operating.

Non-hybrid stop-start. Also known as idle-stop or 12V micro hybrid, this is the most basic
system that facilitates idle-stop capability. This system includes an enhanced performance
starter and battery but no additional hybridization features. While stop-start has been in
production for a considerable amount of time in Europe (a predominantly manual transmission
market), some of the initial product offerings in the U.S. met with consumer feedback concerns.
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Since the FRM, some recent vehicles were introduced with stop-start implementations that were
specifically designed for the U.S. market, such as the Chevrolet Malibu, and have been met with
very good reviews. Indications from suppliers are that further improvements, including the use of
continuously engaged starters, are under development.

Strong hybrids (P2 hybrid). Strong hybrids include what are known as P2 hybrids and power-
split hybrids, among other types. EPA models strong hybrids as P2 hybrids. The P2 hybrid is a
technology that uses a transmission-integrated electric motor placed between the engine and a
gearbox or CVT, with a wet or dry separation clutch which is used to decouple the
motor/transmission from the engine. A P2 hybrid would typically be equipped with a larger
electric machine than a mild hybrid system, but smaller than a power-split hybrid architecture.
Disengaging the clutch allows all-electric operation and more efficient brake-energy recovery.
Engaging the clutch allows efficient coupling of the engine and electric motor and based on
simulation, when combined with a DCT transmission, provides similar efficiency to other strong
hybrid systems.

Power-split Hybrid (PSHEVs). While EPA models primarily P2 hybrids in this analysis,
power-split hybrids are represented in the baseline fleet. Power split is a hybrid electric drive
system that replaces the traditional transmission with a single planetary gearset and two
motor/generators. One motor/generator uses the engine to either charge the battery or supply
additional power to the drive motor. The second, usually more powerful, motor/generator is
permanently connected to the vehicle’s final drive and always turns with the wheels, as well as
providing regenerative braking capability. The planetary gear-set splits engine power between
the first motor/generator and the output shaft to either charge the battery or supply power to the
wheels. The Power-split hybrid provides similar efficiency to other strong hybrid systems.

Plug-in hybrid electric vehicles (PHEVs). Hybrid electric vehicles with the means to charge
their battery packs from an outside source of electricity (usually the electric grid). These
vehicles have larger battery packs than non-plug-in hybrid electric vehicles with more energy
storage and a greater capability to be discharged. They also use a control system that allows the
battery pack to be substantially depleted under electric-only or blended mechanical/electric
operation, allowing for reduced fuel use during “charge depleting” operation. The FRM, Draft
TAR and this Proposed Determination analysis models PHEVs with 20-mile and 40-mile ranges.

Battery electric vehicles (BEVs). Vehicles with all-electric drive and with vehicle systems
powered by energy-optimized batteries charged from an outside source of electricity (usually the
electric grid). In the FRM, BEVs were modeled with driving ranges of 75 miles, 100 miles, and
150 miles. The Draft TAR revised the 150-mile BEV to a 200-mile BEV, which is retained for
this analysis.

In summary, this Chapter 2.2.1 has provided only a brief outline of the fuel-saving and GHG-
reducing technologies considered in the Proposed Determination analysis. For complete
descriptions of the state of development of each technology, please refer to Chapters 2.2.2
through 2.2.10. Specific assumptions for cost and effectiveness for each technology are
discussed in Chapter 2.3.4.

2.2.2 Engines: State of Technology
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Internal combustion engine improvements continue to be a major focus in improving the
overall efficiency of light-duty vehicles. While the primary type of light-duty vehicle engine in
the United States is a gasoline fueled, spark ignition (SI), port-fuel-injection (PFI) design, it is
undergoing a significant evolution as manufacturers work to improve engine brake thermal
efficiency (BTE) from what has historically been approximately 25 percent to BTE of 37 percent
and above. This focus on improving gasoline SI engines has resulted in the adoption of
technologies such as gasoline direct injection (GDI), turbo-charging and downsizing, Atkinson
Cycle, Miller Cycle, increased valve control authority through variable valve timing and variable
valve lift, integrated exhaust manifolds, reduced friction, and cooled EGR (cEGR). Vehicle
manufacturers have more choices of technology for internal combustion engines than at any
previous time in automotive history and more control over engine operation and combustion. In
addition, manufacturers have access to improved design tools that allow them to investigate and
simulate a wide range of technology combinations to allow them to make the best decisions
regarding the application of technology into individual vehicles. Despite the access to improved
tools and simulation, EPA believes that manufacturers have not yet explored the entire design
space of modern powertrain architectures and that innovation will continue resulting in
improvements in efficiency that are beyond what is currently being demonstrated in the new car
fleet.

As discussed in Chapter 3, the use of many of the major powertrain technologies analyzed in
the 2012 FRM, including engine technologies such as VVT, direct injection, turbocharging, and
cylinder deactivation have increased since the publication of the FRM and appear to be trending
towards EPA projections of technology penetration levels from the 2017-2025 FRM analysis
(see Chapter 3). Engines equipped with GDI are projected to achieve a 46 percent market share
in MY2015. Approximately 18 percent of new vehicles are projected to be equipped with
turbochargers for MY2015. Use of cylinder deactivation has grown to capture a projected 13
percent of light-duty vehicle production for MY2015. Light duty diesel vehicles are projected to
increase to a projected 1.5 percent of new vehicle production for MY 2015, which is the highest
level since MY1984. Recently introduced light-duty diesels in the U.S. include several new
pickup truck (2015 Ram 1500, 2016 Chevrolet Colorado, 2016 GMC Canyon) and SUV (2015
Jeep Grand Cherokee, 2016 Land Rover Range Rover, Mercedes GLE300 and GLE350) models.
Mazda has transitioned all of their products to either Atkinson Cycle or Miller Cycle engines.
Volkswagen's entire gasoline vehicle product range uses downsized/turbocharged/GDI engines
and most of these engine families are now transitioning to Miller Cycle.
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Figure 2.1 Light-duty Vehicle Engine Technology Penetration since the 2012 Final Rule

2.2.2.1 Overview of Engine Technologies

Since the FRM, to prepare for the Draft TAR the agencies met with automobile
manufacturers, major Tier 1 automotive suppliers and major automotive engineering services
firms to review both public and confidential data on the development of advanced internal
combustion engines for MY2022 and later. A considerable amount of new work was completed
both within the agencies and within industry and academia that was therefore available for
consideration in the Draft TAR. EPA completed several engine benchmarking programs that
have produced detailed engine maps. These engine maps represent some of the best performing
engines available today and have been used in the ALPHA model to directly estimate the
effectiveness of modern powertrain technology being applied to a wide spectrum of vehicle
applications. In addition, industry and academia regularly publishes similar levels of detail with
regard to engine operation in the public domain, and EPA has also used this information to either
directly inform or to compare effectiveness estimations.

In addition to creating detailed engine maps for full vehicle simulation, EPA conducted proof-
of-concept, applied research to investigate the potential for further engine improvements. This
includes the use of both computer-aided engineering tools and the development and analysis of
advanced engine technologies via engine dynamometer testing. Further details are provided in
Chapter 2.3.

In the time since the FRM, in meetings with automobile manufacturers and Tier 1 suppliers,
we learned about convergent and divergent trends in engine technologies. Through this ongoing
analysis and OMEGA modeling, it continues to be our assessment that through MY 2022, with
few exceptions, gasoline direct injection and VVT will be applied to most engines. Significant
attention will be placed on reducing engine friction and accessory parasitic loads. In passenger
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car and smaller light-duty truck segments, there will be considerable diversity of engine
technologies, including turbocharged GDI engines with up to 25-bar BMEP, both turbocharged
and naturally aspirated GDI engines with external cooled EGR, engines that combine GDI with
operation over the Atkinson Cycle, use of Atkinson Cycle in non-HEV applications, and use of
Miller Cycle (boosted Atkinson Cycle). With respect to larger, heavier vehicles, including full-
size SUVs and pickup trucks with significant towing utility, some manufacturers will be relying
on naturally aspirated GDI engines with cylinder deactivation, some will be relying more on
turbocharged-downsized engines, and others will be using a variety of engine technologies,
including light-duty diesels. Vehicle manufacturers are at advanced stages of research with
respect to:

e Stratified-charge, lean-burn combustion

e Multi-mode combustion approaches
° homogenous charge, compression ignition, lean-burn operation at light loads
° stratified-charge, lean-burn spark ignition at moderate loads
° stoichiometric homogenous charge, spark ignition at high loads

e Variable-compression ratio (VCR) engines

e Engines exceeding 24-bar BMEP

While the introduction of variable compression ratio engines and highly boosted GDI engines
above 24-bar BMEP is expected within the 2022-2025 time frame, these technologies will most
likely be introduced into relatively low-volume, high performance applications. Manufacturers
and suppliers are finding that turbocharged engines can achieve lower CO, emissions over the
regulatory drive cycles and improved real-world fuel economy at more moderate (24 bar and
below) BMEP levels. While there are both performance and efficiency advantages to VCR at
high BMEP levels, both Atkinson Cycle and Miller Cycle with VVT are technologies that
compete with VCR and that have a comparable ability to vary effective compression ratio but
with reduced cost and complexity.

We also learned from manufacturers and suppliers that specific engine technologies have
synergies with other CO»-reduction technologies. For example, measures to reduce engine
friction, particularly friction at startup, help reduce the motor torque necessary for restart in 12V
start/stop systems. GDI and electric cam phasing systems can be used for combustion assistance
of engine restart. There are also synergies between Miller Cycle, IEM, cooled-EGR, and the use
of VNT turbochargers which are described in more detail in Chapter 2.2.2.7.

Despite recent EPA and California ARB compliance actions with respect to light-duty diesel
NOx emissions, diesel engines remain a technology for the reduction of GHG emissions from
light-duty vehicles. Advances in NOx and PM emissions control technology are bringing light-
duty diesels fully into compliance with Federal Tier 3 and California LEV 1ll emissions
standards at a cost that is competitive with the cost-effectiveness other high efficiency, advanced
engine technologies. In the FRM, diesel powertrains were not expected to be a significant
technology for improving vehicle efficiency, however, since then many new light-duty vehicles
have been introduced to the U.S. market with diesel engines, including the Ram 1500 full-size
pickup truck, the Chevrolet Colorado mid-size pickup truck, the Jeep Grand Cherokee SUV, and
the Chevrolet Cruze. In addition, diesel engines are continuing to evolve using technologies
similar to those being introduced in new light-duty gasoline engines and heavy-duty diesel truck
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engines, including the use of advanced friction reduction measures, increased turbocharger
boosting and engine downsizing, use of VNT and/or sequential turbocharging, engine
"downspeeding,” the use of advanced cooled EGR systems, improved integration of charge air
cooling into the air intake system, and improved integration of exhaust emissions control systems
for criteria pollutant control. The best BTE of advanced diesel engines under development for
light duty applications is now 46 percent and thus is approaching that of heavy-duty diesel truck
engines.>

In addition to a reevaluation of all of the cost and effectiveness values of the technologies that
were considered in the FRM, this TSD (as did the Draft TAR) includes evaluations of
technologies where substantial new information has emerged since the FRM, including Atkinson
and Miller cycle engines, and application of cylinder deactivation operation to 3-cylinder, 4-
cylinder, and turbocharged engines.

2.2.2.2 Sources of Engine Effectiveness Data

In addition to the sources of engine CO; effectiveness data used in the 2017-2025 LD GHG
FRM, EPA also used engine data from a wide range of sources to update engine effectiveness for
the draft TAR and Proposed Determination, including:

e Publicly available data (e.g., peer-reviewed journals, peer-reviewed technical papers,
conference proceedings)

o Data directly acquired by EPA via engine dynamometer testing at EPA-NVFEL or at
contract laboratories

e Benchmarking and simulation modeling of current and future engine configurations

e Confidential data from OEMSs, Tier 1 suppliers, and major automotive engineering
services firms

e Data from the U.S. Department of Energy Vehicle Technologies Program

A considerable amount of brake-specific fuel consumption (BSFC), brake-thermal efficiency
(BTE) and chassis-dynamometer drive cycle fuel consumption data for advanced powertrains has
been published in journals, technical papers and conference proceedings since the publication of
the 2012 FRM. In some cases, published data includes detailed engine maps of BSFC and/or
BTE over a wide area of engine operation. In addition, these publications provide a great deal of
information regarding the specific design changes made to an engine which allow the engine to
operate at an improved BSFC and vehicles to operate with improved fuel consumption. These
design details often include changes to engine friction, changes to valvetrain and valve control,
combustion chamber design and combustion control, boosting components and boosting control,
and exhaust system modifications. This information provides the agency an indication of which
technologies to investigate in more detail and offers the opportunity to correlate testing and
simulation results against currently available and future designs.

Since 2012, many examples of advanced engine technologies have gone into production for
the U.S., European and Japanese markets. EPA has acquired many vehicles for chassis
dynamometer testing and has developed a methodology for conducting detailed engine
dynamometer testing of engines and engine/transmission combinations. Engine dynamometer
testing was conducted both at the EPA-NVFEL facility in Ann Arbor, MI and at other test
facilities under contract with EPA. Engine dynamometer testing of production engines outside
of the vehicle chassis required the use of a vehicle-to-engine (or vehicle-to-engine/transmission)
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wiring tether and simulated vehicle feedback signals in order to allow use of the vehicle
manufacturer’s engine management system and calibrated control parameters. In addition to fuel
consumption and regulated emissions, many of the engines were also instrumented with piezo-
electric cylinder pressure transducers and crankshaft position sensors to allow calculation of the
apparent rate of heat release and combustion phasing. Engines with camshaft-phasing were also
equipped with camshaft position sensors to allow monitoring of the timing of valve events.
Engine dynamometer testing also incorporated hardware-in-the-loop HIL simulation of drive
cycles so that vehicle packages with varying transmission configurations and road-loads could be
evaluated. Specific examples of engine benchmarking and HIL simulation used by EPA were
published within peer reviewed literature prior to release of the Draft TAR.®

While the confidential data provided by vehicle manufacturers, suppliers and engineering
firms cannot be published in the Draft TAR, these sources of data were important as they
allowed EPA to perform quality and rationality checks against the data that we are making
publicly available. In each case where a specific technology was benchmarked, EPA met with
the vehicle manufacturer to confirm the results. In cases where expected combinations of future
engine technologies were not available for testing from current production vehicles, a
combination of proof-of-concept engine dynamometer testing and engine and vehicle CAE
simulations were used to determine drive cycle effectiveness. For example, use of cooled EGR
and an increased geometric compression ratio was modeled using Gamma Technologies GT-
Power simulations of combustion and gas dynamics with subsequent engine dynamometer
validation conducted using a prototype engine management system, a developmental external
low-pressure cooled EGR system, and a developmental dual-coil offset ignition system. Finally,
several of these benchmarking activities were the subject of technical papers published by SAE
and included a peer review of the results as part of the publication process.

2.2.2.3 Low Friction Lubricants (LUB)

One of the most basic methods of reducing fuel consumption in gasoline engines is the use of
lower viscosity engine lubricants. More advanced multi-viscosity engine oils are available today
with improved performance in a wider temperature band and with better lubricating properties.
This can be accomplished by changes to the oil base stock (e.g., switching engine lubricants from
a Group | base oils to lower-friction, lower viscosity Group Il synthetic) and through changes to
lubricant additive packages (e.g., friction modifiers and viscosity improvers). The use of 5W-30
motor oil is now widespread and auto manufacturers are introducing the use of even lower
viscosity oils, such as 5W-20 and 0W-20, to improve cold-flow properties and reduce cold start
friction. However, in some cases, changes to the crankshaft, rod and main bearings and changes
to the mechanical tolerances of engine components may be required. In all cases, durability
testing is required to ensure that durability is not compromised. The shift to lower viscosity and
lower friction lubricants also improve the effectiveness of valvetrain technologies such as
cylinder deactivation, which rely on a minimum oil temperature (viscosity) for operation.

2.2.2.4 Engine Friction Reduction (EFR1, EFR2)

In addition to low friction lubricants, manufacturers can also reduce friction and improve fuel
consumption by improving the design of engine components and subsystems. Approximately 10
percent of the energy consumed by a vehicle is lost to friction, and just over half is due to
frictional losses within the engine. Examples include improvements in low-tension piston rings,
piston skirt design, roller cam followers, improved crankshaft design and bearings, material
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coatings, material substitution, more optimal thermal management, and piston and cylinder
surface treatments. Additionally, as computer-aided modeling software continues to improve,
more opportunities for evolutionary friction reductions may become available.

All reciprocating and rotating components in the engine are potential candidates for friction
reduction, and minute improvements in several components can add up to a measurable fuel
economy improvement.

2.2.2.5 Cylinder Deactivation (DEAC)

In conventional spark-ignited engines throttling the airflow controls engine torque output. At
partial loads, efficiency can be improved by using cylinder deactivation instead of throttling.
Cylinder deactivation (DEAC) can improve engine efficiency by disabling or deactivating
cylinders when the load is significantly less than the engine’s total torque capability — the valves
are kept closed, and no fuel is injected — as a result, the trapped air within the deactivated
cylinders is simply compressed and expanded as an air spring, with reduced friction and heat
losses. The active cylinders combust at higher loads to compensate for the deactivated cylinders.
Pumping losses are significantly reduced as long as the engine is operated in this “part-cylinder”
mode.

Cylinder deactivation control strategy relies on setting maximum manifold absolute pressures
or predicted torque within which it can deactivate the cylinders. Noise and vibration issues
reduce the operating range to which cylinder deactivation is allowed, although manufacturers
continue exploring vehicle and engine changes that enable increasing the amount of time that
cylinder deactivation might be suitable. Some manufacturers have adopted active engine
mounts, active noise cancellations systems, and crankshaft dampening systems to address NVH
concerns and to allow a greater operating range of activation.

2.2.2.6 Variable Valve Timing (VVT) Systems

Variable valve timing (VVT) is a family of valve-train designs that alter the timing of the
intake valve, exhaust valve, or both, primarily to reduce pumping losses, increase specific power,
and control the level of residual gases in the cylinder. VVT reduces pumping losses when the
engine is lightly loaded by controlling valve timing closer to an optimum needed to sustain
horsepower and torque. VVT can also improve volumetric efficiency at higher engine speeds
and loads. Additionally, VVT can be used to alter (and optimize) the effective compression ratio
where it is advantageous for certain engine operating modes (e.g., in the Atkinson Cycle).

VVT has now become a widely adopted technology. In MY2015, more than 98 percent of
light-duty vehicles sold in the U.S. are projected to use some form of VVT.1*® The three major
types of VVT are listed in the sub-sections below.

Each of the three implementations of VVT uses a cam phaser to adjust the camshaft angular
position relative to the crankshaft position, referred to as “camshaft phasing.” The phase
adjustment results in changes to the pumping work required by the engine to accomplish the gas
exchange process. The majority of current cam phaser applications use hydraulically-actuated
units, powered by engine oil pressure and managed by a solenoid that controls the oil pressure
supplied to the phaser. Electric cam phasing allows a wider range of camshaft phasing, faster
time-to-position, and allows adjustment of camshaft phasing under conditions that can be
challenging for hydraulic systems, for example, during and immediately after engine startup.
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2.2.26.1 Intake Cam Phasing (ICP)

Valvetrains with ICP can modify the timing of the inlet valves by phasing the intake camshaft
while the exhaust valve timing remains fixed. This requires the addition of a cam phaser on each
bank of intake valves on the engine. An in-line 4-cylinder engine has one bank of intake valves,
while V-configured engines have two banks of intake valves.

2.2.26.2 Coupled Cam Phasing (CCP)

Valvetrains with coupled (or coordinated) cam phasing can modify the timing of both the inlet
valves and the exhaust valves an equal amount by phasing the camshaft of a single overhead cam
(SOHC) engine or a cam-in-block, overhead valve (OHV) engine. For overhead cam engines,
this requires the addition of a cam phaser on each bank of the engine. Thus, an in-line 4-cylinder
engine has one cam phaser, while SOHC V-engines have two cam phasers. For overhead valve
(OHV) engines, which have only one camshaft to actuate both inlet and exhaust valves, CCP is
the only VVT implementation option available and requires only one cam phaser.

2.2.26.3 Dual Cam Phasing (DCP)

The most flexible VVT design is dual (independent) cam phasing, where the intake and
exhaust valve opening and closing events are controlled independently. This option allows the
option of controlling valve overlap, which can be used as an internal EGR strategy. At low
engine loads, DCP creates a reduction in pumping losses, resulting in improved fuel
consumption/reduced CO- emissions. Increased internal EGR also results in lower engine-out
NOx emissions. The amount by which fuel consumption is improved and CO, emissions are
reduced depends on the residual tolerance of the combustion system and on the combustion
phasing achieved. Additional improvements are observed at idle, where smaller valve overlap
could result in improved combustion stability, potentially reducing idle fuel consumption.

22264 Variable Valve Lift (VVL)

Controlling the lift of the valves provides a potential for further efficiency improvements. By
optimizing the valve-lift profile for specific engine operating regions, the pumping losses can be
reduced by reducing the amount of throttling required to produce the desired engine power
output. By moving the throttling losses further downstream of the throttle valve, the heat
transfer losses that occur from the throttling process are directed into the fresh charge-air mixture
just prior to compression, delaying the onset of knock-limited combustion. Variable valve lift
control can also be used to induce in-cylinder mixture motion, which improves fuel-air mixing
and can result in improved thermodynamic efficiency. Variable valve lift control can also
potentially reduce overall valvetrain friction. At the same time, such systems may incur
increased parasitic losses associated with their actuation mechanisms. A number of
manufacturers have already implemented VVL into all (BMW) or portions (Toyota, Honda, and
GM) of their fleets, but overall this technology is still available for application to most vehicles.
There are two major classifications of variable valve lift, discrete variable valve lift (DVVL) and
continuous variable valve lift (CVVL).

DVVL systems allow the selection between two or three discrete cam profiles by means of a
hydraulically-actuated mechanical system. By optimizing the cam profile for specific engine
operating regions, the pumping losses can be reduced by reducing the amount of throttling
required to produce the desired engine power output. This increases the efficiency of the engine.
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These cam profiles may consist of a low and a high-lift lobe or other combinations of cam
profiles, and may also include an inert or blank lobe to incorporate cylinder deactivation (in the
case of a 3-step DVVL system). DVVL is normally applied together with VVT control. DVVL
is also known as Cam Profile Switching (CPS). DVVL is a mature technology with low
technical risk.

In CVVL systems, valve lift is varied by means of a mechanical linkage, driven by an actuator
controlled by the engine control unit. The valve opening and phasing vary as the lift is changed
and the relation depends on the geometry of the mechanical system. BMW has considerable
production experience with CVVL systems and has versions of its “Valvetronic” CVVL system
since 2001. CVVL allows the airflow into the engine to be regulated by means of intake valve
opening reduction, which improves engine efficiency by reducing pumping losses from throttling
the intake system further upstream as with a conventionally throttled engine. CVVL provides
greater effectiveness than DVVL, since it can be fully optimized for all engine speeds and loads,
and is not limited to a two or three step compromise. There may also be a small reduction in
valvetrain friction when operating at low valve lift, resulting in improved low load fuel
consumption for cam phase control with variable valve lift as compared to cam phase control
only. Most of the fuel economy effectiveness is achieved with variable valve lift on the intake
valves only. CVVL is typically only applied to double overhead cam (DOHC) engines.

2.2.2.7 GDI, Turbocharging, Downsizing and Cylinder Deactivation

Between 2010 and 2015, automotive manufacturers have been adopting advanced powertrain
technologies in response to GHG and CAFE standards. Just over 45 percent of MY2015 light-
duty vehicles in U.S. were equipped with gasoline direct injection (GDI) and approximately 18
percent of MY2015 light-duty vehicles were turbocharged.* Nearly all vehicles using
turbocharged spark-ignition engines also used GDI to improve suppression of knocking
combustion. GDI provides direct cooling of the in-cylinder charge via in-cylinder fuel
vaporization.® Use of GDI allows an increase of compression ratio of approximately 0.5 to 1.5
points relative to naturally aspirated or turbocharged engines using port-fuel-injection (e.g., an
increase from 9.9:1 for the 5.3L PFI GM Vortec 5300 to 11:1 for the 5.3L GDI GM Ecotec3 with
similar 87 AKI gasoline octane requirements).

Figure 2.2 shows a comparison of brake thermal efficiency (BTE) versus engine speed and
load between a high-volume, MY2008 2.4L 14 engine equipped with PFl and a MY2013 GM
Ecotec™ 2.5L 14 equipped with GDI. The GDI engine has a significantly higher compression
ratio, (11.3:1 vs 9.6:1), higher efficiency throughout its range of operation, and achieves higher
BMEP levels (approximately 12.5 bar vs 11.3 bar), allowing a significant increase in power per
displacement. The incremental effectiveness at approximately 2-bar BMEP and 2000 rpm was
17 percent but varied from approximately 3 percent to approximately 11 percent at other speed
and load points of importance for the regulatory drive cycles.
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Figure 2.2 Comparison of BTE for A Representative MY2008 2.4L 14 NA DOHC PFI 4-valve/cyl. Engine
with Intake Cam Phasing (Left)® and a GM Ecotec 2.5L NA GDI Engine with Dual Camshaft Phasing
(Right).P

Note: Area of Operation > 34% BTE is Shown in Light Green. Area of Operation >35% BTE is Shown in
Dark Green.

Toyota's D-4S system combines GDI and PFI systems, with two injectors per cylinder (one
directly in-cylinder and one immediately upstream of the intake port).5"# As of 2015, all Toyota
vehicles in the U.S. with GDI appear to be using a variation of the D-4S dual GDI/PFI fuel
injection system. This system increases peak BMEP, provides additional flexibility with respect
to calibration of the EMS for improved cold-start emissions and offers an efficiency
improvement over GDI alone. Based on certification data and EPA confirmatory test data,
Toyota vehicles using engines equipped with the D4S system have relatively low PM emissions
over the FTP75 cycle that are roughly comparable to PFI-equipped vehicles (<0.60 mg/mi).° A
comparison of the Toyota 2GR-FSE engine is shown compared to a 3.5L PFI engine in Figure
2.3. The 2GR-FSE achieves a very high BMEP for a naturally aspirated engine (13.7 bar).
Although both engines have comparable displacement, they are not directly comparable because
the higher BMEP attained by the 2GR-FSE would allow further engine downsizing for a similar
application, with potential for further improvement in BTE at light load relative to the 3.5L PFI
engine. The area greater than 34 percent BTE is significantly larger for the Toyota 2GR-FSE
due to a combination of factors, including a higher compression ratio enabled by GDI and
reduced pumping losses through use of a dual camshaft phasing system that enables reduced
throttling and internal EGR at light loads.

¢ Based on engine dynamometer test data provided to EPA as part of "Light Duty Vehicle Complex Systems
Simulation," EPA Contract No. EP-W-07-064, work assignment 2-2, with PQA and Ricardo.
P Based on EPA engine dynamometer test data.
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Figure 2.3 Comparison of BTE for A Representative MY2010 3.5L V6 NA PFI 4-valve/cyl. EngineF (Left)
and a Toyota 2GR-FSE GDI/PFI Engine with Dual Camshaft Phasing™ (Right).

Note: Area of Operation > 34% BTE is Shown in Light Green.

The recently redesigned Ford turbocharged 3.5L "EcoBoost™" engine in the 2017 Ford F150
also uses a dual GDI/PFI injection system to increase power, reduce emissions, and improve
efficiency,'® but other engines in Ford's EcoBoost lineup use GDI alone. In MY2015, Ford
offered a version of the EcoBoost turbocharged GDI engines as standard or optional engines in
nearly all of models of light-duty cars and trucks. Ford's world-wide production of EcoBoost
engines exceeded 200,000 units per month during CY2015.1

Approximately 13 percent of MY2015 light-duty vehicles used cylinder deactivation,
primarily in light-duty truck applications. In MY2015, General Motors introduced their
“Ecotec3” line of OHV V6 and V8 engines across their entire lineup of light-duty pickups and
truck-based SUVs. These engines are equipped with GDI, coupled-cam-phasing, and cylinder
deactivation. Both the V6 and V8 EcoTec3 engines are capable of operation on 4-cylinders
under light-load conditions. Application of GDI has synergies with cylinder deactivation. The
higher BMEP achievable with GDI also increases the BMEP achievable once cylinders have
been deactivated, thus increasing the range of operation where cylinder deactivation is enabled.

Cylinder deactivation operates the remaining, firing cylinders at higher BMEP under light
load conditions. This moves operation of the remaining cylinders to an area of engine operation
with less throttling and thus lower pumping losses (Figure 2.4) and reduced BSFC.

E Based on engine dynamometer test data provided to EPA as part of "Light Duty Vehicle Complex Systems
Simulation," EPA Contract No. EP-W-07-064, work assignment 2-2, with PQA and Ricardo.
F Based on EPA engine dynamometer test data.
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Figure 2.4 Graphical Representation Showing How Cylinder Deactivation Moves Engine Operation to
Regions of Operation with Improved Fuel Consumption over the UDDS Regulatory Drive Cycle (shaded
area).

Since 2012, improvements in crankshaft dampening systems have extended the application of
cylinder deactivation to four cylinder engines. Volkswagen introduced their 1.4L TSI EA 211
turbocharged GDI engine with “active cylinder management” in Europe for MY2013.12 This
engine is the first production application of cylinder deactivation to an 14 engine and can
deactivate 2 cylinders via cam-shifting under light load conditions. VW recently introduced a
Miller Cycle variant of the same EA211 engine family with cylinder deactivation (1.5L EA 211
evo).'® Schaeffler has developed a dynamic cylinder deactivation system for 13 and 15 engines
that alternates or "rolls™ the deactivated cylinders. This system allows all cylinders to be
deactivated after every ignition cycle and reactivated during the next cycle. Cylinder deactivation
thus alternates within a single deactivation phase and not each time a new deactivation mode is
introduced. The net result is that engines with an odd number of cylinders can operate, on
average, with half their cylinder displacement (i.e., I3 can drop to 1.5 cylinders on average or an
I5 can drop to 2.5 cylinders on average). Ford and Schaeffler investigated both rolling cylinder
deactivation and a system to deactivate one cylinder with Ford’s EcoBoost 1.0L I3 engine and
found that, with appropriate vibrational dampening, either strategy could be implemented with
no NVH deterioration and with 3 percent or greater improvement in both real-world and EU
drive cycle fuel economy.* Tula Technology has demonstrated a system with the capability of
deactivating any cylinder that they refer to as "Dynamic Skip Fire.”*® Tula found a combined-
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cycle fuel economy improvement of approximately 14 percent for an unspecified vehicle
equipped with a 6.2L PFI V8 and approximately 6 percent for an application equipped with the
GM Active Fuel Management 4/8 cylinder deactivation system. It should be noted that engines
with more opportunity for pumping loss reduction over the regulatory drive cycles (e.g., larger
displacement, naturally aspirated, PFI) generally have higher CO, effectiveness when equipped
with cylinder deactivation.

Many automotive manufacturers have launched a third or fourth generation of GDI engines
since their initial introduction in the U.S. in 2007. Turbocharged, GDI engines are in now in
volume production at between 21-bar and 25-bar BMEP. Most recent turbocharged engine
designs now use head-integrated, water-cooled exhaust manifolds and coolant loops that separate
the cooling circuits between the engine block and the head/exhaust manifold(s). Head-integrated
exhaust manifolds (IEM) are described further in the section on thermal management in 2.2.2.11.
The use of IEM was assumed within the EPA analysis of 27-bar BMEP turbocharged GDI
engines for the FRM. The benefits, including increased ability to downspeed the engine without
pre-ignition and the potential for cost savings in the design of the turbocharger turbine housing
appear to extend to lower BMEP-level turbocharged GDI engines and will likely be incorporated
into many future turbocharged light-duty vehicle applications. The application of IEMs does
effect cooling system design and manufacturers will be required to provide sufficient cooling
system capacity if they adopt this technology.

The 2.7L Ford EcoBoost engine was introduced in the MY2015 Ford F150. This engine uses
one turbocharger per bank, IEM and dual camshaft phasing. Peak BMEP is approximately 24-bar
and the maximum towing capacity of the F150 equipped with this engine is 13,300 Ibs. when
used with a 3.73:1 final drive ratio in the 2016 Ford F150. Figure 2.5 shows a comparison of
BMEP and torque vs. engine speed and BTE between a conventional MY2010 5.4L OHC V8
light-duty pickup truck engine and the MY 2015 2.7L Ford EcoBoost engine. This comparison
thus represents 50 percent engine downsizing using turbocharging and GDI. The 2.7L EcoBoost
engine has higher peak torque and power, higher peak BTE, and approximately double the area
above 34 percent BTE. Figure 2.6 shows data from operation of a 2015 Ford F150 with a 2.7L
EcoBoost engine operated over the UDDS (City Cycle) and HWFET (Highway Cycle)
superimposed over the BTE data from engine dynamometer testing. Turbocharging and
downsizing along with proper selection of transmission and final drive gear ratios and shifting
strategy moves results in operation over the regulatory drive cycles that are more closely aligned
with regions of higher BTE.
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Figure 2.6 Engine Speed and BMEP Points Taken from 10 Hz-sampled data over the UDDS and HWFET!'
Superimposed Over BTE Data From a Ford 2.7L V6 EcoBoost Turbocharged, GDI Engine With Dual Camshaft Phasing’

(Right).

Figure 2.7 shows maps of BMEP and torque vs. engine speed and BTE for a representative

turbocharged, GDI, engine with an integrated exhaust manifold (IEM) and dual camshaft

phasing.’® The 1.0L EcoBoost engine also has a peak BMEP of 25-bar and center-mounted,

spray-guided fuel injection. While not a direct comparison for purposes of engine downsizing
(the 1.0L EcoBoost is more comparable to a 1.8 — 2.0L NA PFI engine based on torque

G Based on engine dynamometer test data provided to EPA as part of "Light Duty Vehicle Complex Systems

Simulation," EPA Contract No. EP-W-07-064, work assignment 2-2, with PQA and Ricardo.
H Based on EPA engine dynamometer test data.
' Based on EPA Chassis dynamometer data.
J Based on EPA engine dynamometer test data.
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characteristics and rated power), this comparison of BTE does demonstrate the manner that
turbocharging and downsizing can be used to expand regions of high thermal efficiency to cover
a larger portion of engine operation. For example, the EcoBoost engine exceeds 30 percent BTE
above 6-bar BMEP/50 N-m torque over most of the engine’s range of engine speeds while the
area above 30 percent BTE for the NA PFI engine is considerably smaller.

2% 5
24 .f'-l 3 B ~
2 / -\*'---__‘ 110 1Y
0+ 168~ /
18] 48—
16

g

BMEP (8ar)
N -~

o

4m —

3

g

Torque (Nmj

I . TENSSENS S

3000 4000
Engine Speed (rpm)

5000

§14

s 18
w

S N Ao

10t

Torque (N
2 .‘F‘.-

I

%

"

15

e

1000

2000

3000 4000
Engine Speed (rpm)

5000

6000

Figure 2.7 Comparison of BTE for A Representative MY2010 2.4L NA PFI EngineK (Left) and A Modern,
1.0L Turbocharged, Downsized GDI Engine® (Right).

Note: Area of Operation > 34% BTE is Shown in Light Green.

A comparison of the same 2.4L PFI engine with a more recent, MY2017 Honda L15B7 1.5L
Turbocharged GDI engine with IEM is shown in Figure 2.8.1"1® The torque characteristics of the
Honda engine are a closer match to the 2.4L PFI engine and the Honda engine represents
approximately 37 percent downsizing relative to the 2.4L PFI engine due to turbocharging and
includes other improvements (friction reduction, dual cam phasing, higher rates of internal
EGR). The Honda 1.5L turbocharged GDI engine has significantly improved efficiency when
comparing BTE across 20 speed and load points of significance for the regulatory drive cycles
(1500 -2500 rpm and 2-bar to 8-bar BMEP as referenced to the 2.4 ENGINE). The BTE of the
Honda 1.5L turbocharged engine showed an incremental effectiveness of 6 percent to 30 percent
across this entire range of operation. The difference was more pronounced at lighter loads.
Incremental effectiveness was 16 percent to 30 percent below 6-bar BMEP relative to the 2.4L
engine (~112 N-m of torque).

K Based on engine dynamometer test data provided to EPA as part of "Light Duty Vehicle Complex Systems
Simulation," EPA Contract No. EP-W-07-064, work assignment 2-2, with PQA and Ricardo.
L Adapted from Ernst et al. 2011.¢
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Figure 2.8 Comparison of BTE for A Representative MY2010 2.4L NA PFI EngineK (Left) and A Modern,
1.5L Turbocharged, Downsized GDI EngineM (Right).

Note: Area of Operation > 34% BTE is Shown in Light Green. Area of Operation >35% BTE is Shown in Dark
Green. BTE Was Also Compared Across 20 Operational Points of Significance for Regulatory Drive Cycles between

1500 and 2500 RPM.

Recent turbocharger improvements have included use of lower-mass, lower inertia

components and lower friction ball bearings to reduce turbocharger lag and enable higher peak

rotational speeds. Improvements have also been made to turbocharger compressor designs to

improve compressor efficiency and to expand the limits of compressor operation by improving

surge characteristics (see Figure 2.9).

M Adapted from Wada et al. 2016 and Nakano et al 2016.7:8
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Be Matched Over a Broader Range of Engine Operation Via Surge Improvement and Higher Operational
Speed.

Turbochargers with variable nozzle turbines (VNT) use moveable vanes within the
turbocharger to allow adjustment of the effective exhaust turbine aspect ratio, allowing the
operation of the turbocharger to be better matched across the entire speed and load range of an
engine. VNT turbochargers are commonly used in modern light-duty and heavy-duty diesel
engines. The use of head-integrated exhaust manifolds (IEM) and split-coolant loops within the
engine and the use of cooled EGR (Chapters 2.2.2.8 and 2.2.2.11) can reduce peak exhaust
temperatures sufficiently to allow lower cost implementation of VNT turbochargers in spark
ignition engines. There are also synergies between the application of VNT and Miller cycle
(increased low-speed torque, improved torque response).™

Figure 2.10 Cross Sectional View of a Honeywell VNT Turbocharger
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Note: The moveable turbine vanes and servo linkage are highlighted in red.

2.2.2.8 EGR

Exhaust gas recirculation (EGR) is a broad term used for systems that control and vary the
amount of inert, residual exhaust gases left in cylinder during combustion. EGR can improve
efficiency at part-load by reducing pumping losses due to engine throttling. EGR also reduces
combustion temperatures and thus reduces NOx formation. The use of cooled EGR can reduce
knocking combustion, thus allowing compression ratio and/or turbocharger boost pressure to be
increased or spark timing to be advanced. EGR also slows the rate of combustion, so its use is
often accompanied by other changes to the engine (e.g., inducing charge motion and turbulent
combustion) to shorten combustion duration and allow improved combustion phasing. Internal
EGR uses changes in independent cam-phasing to vary the overlap between intake and exhaust
valve timing events, thus changing the amount of residual gases trapped in cylinder after cylinder
scavenging. External EGR recirculates exhaust gases downstream of the exhaust valve back into
the air induction system. With turbocharged engines, there are variants of external EGR that use
a low pressure loop, a high pressure loop or combinations of the two system types (see Figure
2.11). External EGR systems can also incorporate a heat-exchanger to lower the temperature of
the recirculated exhaust gases (e.g., cooled EGR or cEGR), improving both volumetric efficiency
and enabling higher rates of EGR. Nearly all light-duty diesel engines are equipped with cEGR
as part of their NOx emission control system. Some diesel applications also use relatively large
amounts (>25 percent) of cEGR at light- to part-load conditions to enable dilute low-temperature
combustion (see Chapter 2.2.2.11 for a more detailed description of light-duty diesel
technologies). Research is also underway to apply similar forms of low-temperature combustion
using high EGR rates to gasoline engine applications. This includes lean-homogenous
compression auto ignition (see Chapter 2.2.2.14) and other homogenous charge compression
ignition concepts (see Chapter 2.2.2.11).

The use of cEGR was analyzed as part of EPA’s technology packages for post-2017 light-
duty vehicles with engines at 24-bar BMEP, primarily as a means to prevent pre-ignition at the
high turbocharger boost levels needed at 24-bar BMEP and above. The analysis did take into
account efficiency benefits from the use of cEGR with turbocharged engines due primarily to
part-load reductions in pumping losses and the reduction or elimination of commanded fuel
enrichment under high-load conditions.

Prior to 2012, there were no examples of production vehicles equipped with turbocharged
GDI engines using cEGR. The PSA 1.2L EB PureTech Turbo engine was recently launched in
the MY 2014 Peugeot 308 in Europe as the first high-volume production application of cEGR on
a turbocharged GDI engine. This engine has over 24-bar BMEP and also operates using Miller
Cycle (see Chapter 2.2.2.10 for a more detailed description of Miller-Cycle). The MY2016
Mazda CX-9 2.5L SKYACTIV Turbo engine similarly combines the use of Miller Cycle with
CEGR.
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Figure 2.11 A Functional Schematic Example of a Turbocharged Engine Using Two Variants of External
EGR.

Note: The Schematic On The Left Shows The Details Of A Low Pressure Loop (Post-Turbine To Pre-Compressor)
CEGR System. The Schematic Inset on the Right Shows High Pressure Loop (Pre-Turbine to Post-Compressor)
EGR.® In The FRM Analysis, Some TDS24 Packages And All TDS27 Packages Used Dual-Loop (Both High And
Low Pressure) EGR.

2.2.2.9 Atkinson Cycle

Typical 4-cycle internal combustion engines have an effective compression ratio and effective
expansion ratio that are approximately equivalent. Current and past production Atkinson Cycle
engines use changes in valve timing (e.g., late-intake-valve-closing or LIVC) to reduce the
effective compression ratio while maintaining the expansion ratio (see Figure 2.12 and Figure
2.13). This approach allows a reduction in top-dead-center (TDC) clearance ratio (e.g., increase
in “geometric” or “physical” compression ratio) to increase the effective expansion ratio without
increasing the effective compression ratio to a point that knock-limited operation is encountered.
Increasing the expansion ratio in this manner improves thermal efficiency but also lowers peak
brake-mean-effective-pressure (BMEP), particularly at lower engine speeds.N Depending on
how it is implemented, some Atkinson Cycle engines may also have sufficient cam-phasing
authority to widely vary effective compression ratio and can use this variation as a means of load

N BMEP is defined as torque normalized by cylinder displacement. It allows for emissions and efficiency
comparisons between engines of different displacement.

2-31



Technology Cost, Effectiveness, and Lead Time Assessment

control without use of the standard throttle in some operating conditions, resulting in additional
pumping loss reductions.

2 Otto-cycle and LIVC Atkinson/Miller Cycle Valve Events
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Figure 2.12 Comparison of the Timing of Valve Events for Otto-Cycle (black and orange lines) and LIVC
Implementations of Atkinson- Or Miller-Cycle (black and green lines).
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Figure 2.13 Diagrams of Cylinder Pressure Vs. Cylinder Volume For a Conventional Otto-Cycle SI Engine
(orange line) Compared to a LIVC Implementation of Atkinson Cycle (green line) Highlighting the Reduction
in Pumping Losses.
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Prior to 2012, the use of naturally-aspirated Atkinson Cycle engines has been limited to HEV
and PHEYV applications where the electric machine could be used to boost torque output,
particularly at low engine speeds. Because of this, EPA’s analyses for the FRM did not include
the use of Atkinson Cycle outside of HEV and PHEV applications. Nearly all HEV/PHEV
applications in the U.S. use Atkinson Cycle, including the Honda Insight, Toyota Prius, Toyota
Camry Hybrid, Lexus 400h, Hyundai Sonata Hybrid and Chevrolet VVolt. The Toyota 2ZR-FXE
used in the third-generation Toyota Prius and Lexus 200h uses a combination of LIVC Atkinson
Cycle, cooled EGR, and port-fuel-injection (PFI) to achieve a peak BTE of 38.5 percent, the
highest BTE achieved to date for a production spark-ignition engine. Further refinements to this
engine, including increased tumble to increase both the speed of combustion and EGR tolerance,
have resulted in peak BTE of 40 percent.?°

Since 2012, Atkinson Cycle engines have been introduced into non-hybrid applications.
These applications use camshaft-phasing with a high degree of authority together with either
GDI (e.g., Mazda SKYACTIV-G 1.5L, 2.0L and 2.5L engines, Toyota 2GR-FKS engine), PFI
(MY2017 Hyundai Elantra "Nu" 2.0-liter PFI Atkinson) or a combination of PFI with cooled
EGR (Toyota 1INR-FKE and 2NR-FKE engines). As of MY2017, all of Mazda's engines for the
U.S. market are either Atkinson Cycle or Miller Cycle (boosted Atkinson). Toyota's 2GR-FKS
engine became an optional engine offered in the Toyota Tacoma pickup truck beginning in
MY2016. The Tacoma is currently the mid-size pickup truck segment sales leader in the U.S.
The Toyota Tacoma equipped with the 2GR-FKS Atkinson Cycle engine has an SAE J2807 tow
rating of 6,800 pounds. The Hyundai "Nu" 2.0-liter PFI Atkinson Cycle engine is the base
engine offering in the Hyundai Elantra. The Hyundai Elantra is currently within the top 5 in
sales within the compact car segment in the U.S.

The effective compression ratio of Atkinson Cycle engines can be varied using camshaft
phasing to increase BMEP and GDI (Mazda) or cEGR (Toyota) are used, in part, for knock
mitigation. These engines from Mazda and Toyota also incorporate other improvements, such as
friction reduction from valvetrain and piston design enhancements. The Toyota INR-FKE 1.3L
I3 and 2NR-FKE 1.5L 14 engines achieve a peak BTE of 38 percent, very close to the BTE
achieved with the 2ZR-FXE engine used in the Toyota Prius.??! EPA testing of 2.0L and 2.5L
variants of the Mazda SKYACTIV-G engine achieved peak BTE of 37 percent while using either
88AKI (91 RON) or 92 AKI (96 RON) fuel. More important from a standpoint of drive-cycle
fuel economy and COz emissions was the very large “island” of more than 32 percent BTE
(Figure 2.14) which, depending on the transmission and road load, would cover most operation
over the UDDS and HWFET regulatory drive cycles depending on the specific vehicle
application (e.g., road loads, final drive, gear-ratio spread). In the case of the Mazda
SKYACTIV-G engines, the use of GDI and cam-phasing resulted in increased BMEP and rated
power relative to the previous PFI, non-Atkinson versions of this engine and allowed a small
degree of engine downsizing (e.g., replacement of the previous 2.5L PFI engine with the 2.0
SKYACTIV-G) on some Mazda platforms with equal or improved performance. In the case of
the Toyota 1INR-FKE, the use of cEGR and cam-phasing allowed BMEP to be maintained
relative to peak BMEP of the Non-Atkinson Cycle engine it replaced and allowed the use of a
lower cost PFI fuel system. Both the Mazda and Toyota Atkinson Cycle engines use electro-
mechanical systems for camshaft phasing on the intake camshaft.
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Figure 2.14 Comparison of BTE for a Representative MY2010 2.4L NA PFI Engine® (left) and a 2.0L NA
GDI LIVC Atkinson Cycle Engine (right) tested by EPA.P?2

A recent benchmarking analysis by EPA of a 2014 Mazda SKYACTIV-G naturally aspirated
(NA) gasoline direct injection (GDI) engine showed a peak BTE of approximately 37 percent,
relatively high for SI engines.”? This was in part due to an ability to use late-intake-valve-
closing (L1VVC) Atkinson-cycle operation to decouple the knock-limited effective CR from the
expansion ratio available from a very high 13:1 geometric CR. This can be seen in the variation
of effective compression ratio observed during dynamometer testing, where the maximum
effective CR (~11 to 11.5:1) is comparable to other GDI naturally aspirated GDI engines having
87 AKI gasoline as a recommended fuel, for example 2015 and later GM Ecotec3 V6 and V8
engines (see Figure 2.15).
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Figure 2.15 Measured effective compression ratio for 2.0L NA GDI LIVC Atkinson Cycle Engine (right)
tested by EPA.

© Based upon engine dynamometer data provided to EPA under a contract with PQA and Ricardo, "Light Duty
Vehicle Complex Systems Simulation" EPA Contract No. EP-W-07-064, work assignment 2-2.
P Derived from EPA engine dynamometer data first presented by Lee et al. 2016. 2
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Note that the thick black line denotes measurement and calculation limits for mapping and does not necessarily reflect maximum rated
torque at each speed condition.

The Mazda SKYACTIV-G is one of the first implementations of a naturally-aspirated, LIVC
Atkinson-cycle engine in U.S. automotive applications outside of hybrid electric vehicles (HEV)
and also appears to be the first Atkinson-cycle engine to use GDI. Port-fuel-injected (PFI)
Atkinson-cycle engines have been used in hybrid electric vehicle applications in the U.S. for
over a decade. PFI/Atkinson-cycle engines have demonstrated peak BTE of approximately 39
percent in the 2015 Honda Accord HEV and 40 percent in the 2016 Toyota Prius HEV.
Atkinson-cycle engines can achieve comparable or better peak BTE in comparison with
downsized, highly boosted, turbocharged GDI engines like the Ricardo EGRB configuration
analyzed within the FRM. However, such modern turbocharged GDI engines often have
relatively high BTE across a broader range of engine speed and torque as well as improved BTE
and fuel consumption at light loads compared with Atkinson-cycle engines, as shown in Figure
2.16. Based on EPA’s initial engineering analysis of the Mazda SKYACTIV-G engine, it
appeared that another reasonable, alternative technological path to both high peak BTE and a
broad range of operation with high BTE might be possible through the application of cooled-
EGR (cEGR), a higher compression ratio, and cylinder deactivation to a naturally-aspirated
GDI/Atkinson-cycle engine like the SKYACTIV-G. Discussion of modeling and engine
development by EPA of application of these technologies to an Atkinson-cycle engine are
summarized in Chapter 2.3 of the TSD.
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Figure 2.16 A Comparison of BSFC Maps Measured For The 2.0L 13:1CR SKYACTIV-G Engine® (left) and
Modeled For A 1.0L Ricardo “EGRB Configuration”® (right).

2.2.2.10 Miller Cycle

Like Atkinson Cycle, Miller Cycle engines use changes in valve timing to reduce the effective
compression ratio while maintaining the expansion ratio. Automakers have investigated both
early intake valve closing (EIVC) and LIVC variants. There is some disagreement over the
application of the terms Atkinson or Miller Cycle to EIVC and LIVC valve event timing and
sometimes the terms are used interchangeably. For the purpose of EPA’s analyses, Miller Cycle
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is a variant of Atkinson cycle with intake manifold pressure boosted by a either a turbocharger
and/or a mechanically or electrically driven supercharger. It is simply an extension of Atkinson
Cycle to boosted engines and can use either EIVC or LIVC. The first production vehicle offered
using Miller Cycle was the MY 1995 Mazda Millenia S, which used the KJ-ZEM 2.3L PFI
engine with a crankshaft-driven Lysholm compressor for supercharging. Until recently, no
Miller Cycle gasoline Sl engines were in mass production after 2003, and Miller Cycle was not
evaluated as a potential gasoline engine technology as part of the 2017-2025 GHG FRM.

As with Atkinson Cycle engines, the use of GDI and camshaft-phasing with a high degree of
authority have significant synergies with Miller Cycle. Modern turbocharger and charge air
cooling systems allow Miller Cycle engines to attain BMEP levels approaching those of other
modern, downsized, turbocharged GDI engines. The 1.2L I3 PSA “EB PureTech Turbo” Miller
engine launched in Europe, N. Africa and S. America in the MY 2014 Peugeot 3084, In addition
to Miller Cycle, the engine also uses CEGR. This engine has a maximum BMEP of 24-bar and is
similar in many respects to the Ford 1.0L 13 EcoBoost but achieves 35 percent BTE over a
slightly broader area of operation vs. 34 percent BTE for the EcoBoost (see Figure 2.17).
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Figure 2.17 Comparison of BTE for Downsized, Turbocharged GDI Engines.

Note: Ford 1.0L EcoBoost Engine Is On The Left And A 1.2L Miller Cycle PSA EB Puretech Engine Is On The
Right. A More Detailed BTE Map Is Not Yet Available For The PSA Engine.

In MY2017, VW will be launching a Miller Cycle variant of the 2.0L EA888 turbocharged
GDI engine in the U.S. The VW implementation of Miller Cycle has a second Miller Cycle cam
profile and uses camshaft lobe switching on the intake cam to go into and out of an EIVC
implementation of Miller Cycle.?>? The peak BTE of 37 percent is higher than that of the PSA
Miller cycle engine, in part due to a higher expansion ratio (geometric CR of 11.7:1 for the VW
engine vs. 10.5:1 for the PSA engine). Like the PSA engine, the VW uses high-pressure cEGR.
Peak BTE is comparable to the Mazda SKYACTIV-G engines but is available over a broader
range of speed and load conditions. Both Atkinson and Miller Cycle engines show broad areas
of operation at greater than 32 percent BTE. Figure 2.18 shows a comparison between a
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MY2010 3.5L NA PFI DOHC V6 and the VW 2.0L EA888 Miller Cycle engine with
comparable torque delivery. The area of operation at greater than 32 percent BTE is
approximately double for the Miller Cycle engine relative to the DOHC PFI engine. BTE is
improved by approximately 40 percent at light load for the Miller Cycle engine and peak BTE is
improved approximately 6 percent. Mazda recently introduced a 2.0L Miller Cycle engine with
cEGR and a unique exhaust scavenging system in the 2016 CX9 SUV.?’

350 T 22
12 |
I \ 20 \ 200 kW
300 = 300- |
10k \ 18 \ 180 kW
\
250 = | 16r 250~ | 160kw
\ \ . ¥ R - A
st A @35 @un" . ) —~ 14+ _ ) 140 kW
~| E L] ¥ </ ~. ~ —~ | Er00L
=t 2-200 \ er) daz% Oza%aq 512 2200\ 120 kw
Qo \ \ T ~ ol \
a or 5150 | O\aa% ©asn O P . B o 10! §150 \ Osew Q)f” 100 kW
dig \ e Qam @ Oo - dls s 5% Q% (O3
a \ ~ - —— e ey - 80 kw
4 e Q3o GY0%—O30% T T A Ossn_O3sw Ossn "
100 . ~~_ s TTe— 6 100+ ~ 60 kW
F @z Q2% Q2 » T—— 0 % Q3% O38%- Dsa% -—
2 g o . ~ gy
2 gl @ Q. Qv T ar 50— o @un @un T ® = AOKW
= I — - 2 = ® 8Tt a0kw
ot A 1 I 1 S I o 0 = 1?: i : ,._:\L::lo kw
1000 2000 3000 4000 5000 6000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Engine Speed (rpm) Engine Speed (rpm)

Figure 2.18 Comparison of BTE for A Representative MY2010 3.5L NA PFI V6 Engine® (Left) And A
Downsized 2.0L 14 Miller Cycle Engine® (Right).

Note: The Light Green Area Shows Regions of >34% BTE. The Dark Green Area Shows a Region >35% BTE.

Since VW has published detailed data for both Miller Cycle and a turbocharged GDI (non-
Miller) variants of the EA888 series of engines, a more direct comparison between turbocharged,
downsized GDI and Miller Cycle engines is possible. Figure 2.19 shows BTE for both variants
of the 2.0L 14 VW EA888 engine. When comparing BTE at comparable BMEP, there is a 6-10
percent incremental improvement for the Miller Cycle engine relative to the turbocharged GDI
engine over a broad area of operation from 1500-2500 rpm and from 2-bar to 12-bar BMEP (i.e.,
below 55 - 60 percent of peak BMEP - areas of importance for the regulatory drive cycles).s
Comparing BTE of the 2.0 Miller cycle variant to the smaller displacement, 1.8L version of the
same engine family (similar 22-bar BMEP to the 2.0L turbocharged GDI, but equivalent torque
to the 2.0L Miller Cycle engine) lowers the incremental effectiveness for Miller Cycle to
approximately 4-7 percent relative to a turbocharged GDI engine and comparable partial load
operation from 1500-2500 rpm. Confidential business information from a Tier 1 automotive
supplier provided an estimate of approximately 5 percent CO, combined-cycle incremental

Q Based upon engine dynamometer data provided to EPA under a contract with PQA and Ricardo, "Light Duty
Vehicle Complex Systems Simulation" EPA Contract No. EP-W-07-064, work assignment 2-2.

R Adapted from Wurms et al. 2015, Error! Bookmark not defined.

S Note that VW did not significantly change the turbocharging system when applying Miller Cycle to this engine
family, so the Miller Cycle variant has a peak BMEP of 20-bar instead of 22-bar due to the reduced volumetric
efficiency from EIVC. Turbocharger improvements (e.g., higher pressure ratio and different flow characteristics)
would be necessary to maintain the 2.0L Miller Cycle engine at 22-bar BMEP, thus comparisons in this case are
limited to 20-bar BMEP and below.
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benefit for Miller Cycle relative to a 24-bar BMEP turbocharged, downsized engine and a loss of
approximately 8-12 percent peak BMEP due to reduced volumetric efficiency for Miller Cycle.
This is consistent relative to the data published by VW. There may also be synergies between
Miller Cycle and CDA. A comparison Miller and non-Miller variants of the VW EA211 TSI
turbocharged engine, both with CDA, shows a relative effectiveness of 5-30 percent for the
Miller Cycle variant of the engine over regions of operation that are important for U.S.
regulatory drive cycles.®® The Miller Cycle variant of the VW EA211 TSI has a geometric CR of
12.5:1 and uses a VNT turbocharger.
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Figure 2.19 Comparison of BTE for 2015 Turbocharged, Downsized GDI (left) and 2017 Miller Cycle (right)
variants of the same engine family, the 2.0L VW EA888.R

Note: Green area shows region of high (35%) BTE.

2.2.2.11 Light-duty Diesel Engines

Diesel engines have characteristics that differ from gasoline spark ignition (SI) engines and
allow improved fuel efficiency, particularly at part-load conditions. These include reduced
pumping losses due to lack of (or greatly reduced) throttling, and a combustion cycle that
operates at a higher compression ratio and at very lean air/fuel ratio when compared with an
equivalent-performance gasoline engine. Operating with a lean-of-stoichiometric air/fuel ratio
poses challenges with respect to NOx control, requiring either a NOx adsorption catalyst (NAC),
urea or ammonia-based selective catalytic reduction (SCR) or some combination of NAC and
SCR in order to meet Federal Tier 3 and California LEV 111 NOx emissions standards.
Beginning with Federal Tier 2 emission standards. It has also been necessary to equip light-duty
diesels with catalyzed diesel particulate filters (CDPFs) in order to comply with light duty PM
emission standards.

Detailed analysis of the vehicle simulation results used within the FRM uncovered some
shortcomings within the MSC EASY’5 vehicle simulations used as light-duty diesel vehicle GHG
effectiveness inputs into the Ricardo Surface Response Model. The modeled light-duty diesel
technology packages did not operate in the most efficient regions of engine operation. This may
have been in part due to inconsistencies in the application of the optimized shift strategy and in
part due to an oversight that resulted in the apparent oversizing of light-duty diesel engine
displacements. For example, plotting the average engine speed and load operating points over
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the regulatory drive cycles for the MSC EASYS diesel simulations on top of the diesel engine
maps showed that there was significant potential for improvement in the choice of selected gear.
As a result, additional analyses using the ALPHA vehicle simulation model have been conducted
for light-duty diesel engine technology packages in order to update GHG effectiveness from
these packages.

Light-duty diesel engines have also evolved considerably over the last five years, particularly
in Europe. Modern light-duty diesel engine designs appear to be following similar trends to
those of turbocharged GDI engines and, in some cases, heavy-duty diesel engine designs,
including:

Engine downsizing (increased peak BMEP)

Engine down-speeding

Advanced friction reduction measures

Reduced parasitics

Improved thermal management

Use of a combination of both low- and high-pressure-loop cooled EGR

Advanced turbocharging, including the use of VNT and sequential turbocharging
Incorporation of highly-integrated exhaust catalyst systems with high NOx and PM
removal efficiencies

e Adoption of high-pressure common rail fuel injection systems with higher injection
pressures and increased capability (i.e., multiple injections per firing cycle)

The highest BMEP engines currently in mass-production for high-volume light-duty vehicle
applications are all diesel engines. MY2016-2017 light-duty diesel engines are available from
Honda, BMW and Mercedes Benz in the EU with approximately 26-bar to 29-bar BMEP and
peak cylinder pressures at or above 200-bar. 22230 The light-duty diesel technology packages
used in the FRM analyses relied on engine data with peak BMEP in the range of 18 - 20 bar.
These were engine configurations using single-stage turbocharging with electronic wastegate
control, high-pressure or low-pressure (single-loop) cooled EGR, and common-rail fuel injection
with an 1800 bar peak pressure. The cost analysis in the FRM for advanced light-duty diesel
vehicles assumed use of using a DOC+DPF+SCR system for meeting emissions standards for
criteria pollutants.

In response to EPA Heavy Duty GHG emissions standards, large Class 8 heavy-duty truck
engine designs have exceeded 50 percent BTE.3132 Despite their inherent differences, there now
appears to be a significant transfer of technology from heavy-duty diesel engines to much
smaller bore, higher speed light-duty diesel engines underway, particularly for engines with high
BMEP. Use of CAE tools to design complex, stepped-geometry steel piston crowns and the use
of carefully designed piston oil-cooling galleries result in remarkably similar approaches when
comparing recent approaches to heavy-duty truck piston designs to recent light-duty diesel
engine piston designs such as that of the Mercedes-Benz OM654.31% The Mercedes-Benz
OMG654 engine incorporates other design elements that are similar to current heavy-duty diesel
engine designs, including driving the camshaft and some auxiliaries off of the rear of the engine,
the use of a high pressure common rail (HPCR) fuel injection systems with 2050 bar peak
pressure and the use of a VNT turbocharger. BMW's B57 light-duty diesel engine used in the
MY2017 BMW 730d and 740d uses an HPCR fuel injection system currently with 2500 bar peak
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pressure and with capability to expand peak pressures to 3000 bar. Driving injection pressures
higher allows more flexibility for use of multiple injections and allows better optimization of
combustion phasing. Modern, high BMEP light-duty diesel engines using conventional
diffusional combustion are capable of peak BTE of approximately 42 percent (see Figure 2.20).3*
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Figure 2.20 Comparison Of BTE For A Downsized Sl 2.0L 14 Miller Cycle Engine (Left)™ And A 1.7L 14
Turbocharged Diesel Engine With HPCR, Low And High Pressure Loop CEGR, And VNT Turbocharger
(Right).V

Note: Green area shows region of high (35%) BTE.

Advanced turbocharging and cooled EGR systems allow higher rates of EGR to be driven
and, when combined with more capable, higher pressure (2000-3000 bar) HPCR systems can
allow a degree of operation at light loads using pre-mixed charge compression ignition (PCCI) or
other low-temperature modes of combustion with inherently low NOx and PM emissions and
reduced thermal losses over a broader area of engine operation. Cummins "Light-duty Efficient,
Clean Combustion™ engine development program for the U.S. DOE used mixed-mode, part-load
PCCl/high-load diffusional combustion approach and achieved a 20 percent improvement in
uncorrected city-cycle fuel economy (e.g., from 20.3 mpg to 24.5 mpg) when compared to a
more conventional diesel in a 5000 Ib. inertial test weight SUV at Tier 2, Bin 5 emissions levels.
Peak BTE for the PCCI combustion mode was approximately 46 percent compared with 42
percent peak BTE for conventional diffusional diesel combustion. Cummins developed a similar
dual-mode combustion approach as part of the Advanced Technology Powertrains for Light-
Duty (ATP-LD) and the Advanced Technology Light Automotive Systems (ATLAS) engine
development programs for the U.S. DOE.*¢ The engines developed as part of this program
combined dual-mode PCCI/diffusional combustion together with further improvements to the
turbocharger and charge air cooler systems, improved integration of the catalytic CDPF and
urea-SCR systems and addition of a NAC system for storage of cold-start NOx emissions.
Developmental engines and emissions control systems were integrated into Nissan Titan full-size

T Adapted from Wurms et al. 2015.
Y Adapted From Busch Et Al. 2015.3*
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2-wheel-drive pickup trucks and achieved emissions consistent with Tier 3 Bin 30 compliance
and 21.8/34.3/26.0 City/Highway/Combined (uncorrected) fuel economy at a 5500 Ib. inertial
test weight. A similar engine used in the mid-size Nissan Frontier 4-wheel drive pickup at
reduced peak BMEP (21.3 bar vs. 23.4 bar in the Titan demonstration) achieved a 35 percent
combined cycle fuel economy improvement relative to the MY2015 4.0L PFI V6 Nissan
Frontier.3’

2.2.2.12 Thermal Management

Most recent turbocharged engine designs now use head-integrated, water-cooled exhaust
manifolds and coolant loops that separate the cooling circuits between the engine block and the
head/exhaust manifold(s) (Figure 2.21). Examples include the head-integrated exhaust
manifolds (IEM) and split-coolant loops used with the Ford 1.0L 13, 1.5L 14, 2.0L 14 and 2.7L
V6 EcoBoost engines, the 2.0L VW EA888 engine, the GM EcoTec SGE 1.0L 3-cylinder and
1.4L 4 cylinder engines, and the PSA 1.2L EB PureTech Turbo. The use of IEM and split-
coolant-loops is now also migrating to some naturally aspirated GDI and PFI engines, including
the GM 3.6L V6 LFX and EcoTec 1.5L engines and the 1.0L 3-cylinder Toyota 1KR-FE
ESTEC. These types of thermal management systems were included in the FRM analysis of
turbocharged GDI engines at BMEP levels of 24-bar and above but were not considered for
turbocharged engines at lower BMEP levels or for naturally aspirated engines. Benefits include:

Improved under-hood thermal management (reduced radiant heat-load)

Reduced thermal gradients across the cylinder head

Reduction in combustion chamber hot spots that can serve as pre-ignition sources
Improved knock limited operation

Reduce or eliminate enrichment required for component protection, particularly at
low-speed/high-load conditions

° Enable additional engine “down-speeding” without encountering enrichment
e Improved control of turbine inlet temperature (turbocharged engines only)

° Enable use of lower-cost materials turbine and turbine housing materials

° Enable use of variable-geometry turbines similar to light-duty diesel applications
Improved catalyst durability

Shorter time to catalyst light-off after cold-start

Improved coolant warmup after cold start

Reduced noise

Lower cost and parts count

° Improved durability (fewer gaskets to fail)

e Reduced weight (savings of approximately 1 kg/cylinder)
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Figure 2.21 Exhaust Manifold Integrated Into a Single Casting with the Cylinder Head

2.2.2.13 Reduction of Friction and Other Mechanical Losses

In urban driving, approximately 60 percent of engine losses are due to mechanical losses,
including engine friction.®® Piston and cylinder friction from the piston rings and piston skKirts
account for 35 percent or more of engine friction in modern light-duty gasoline engines and
approximately 50 percent of engine friction in modern light-duty diesels engines.33%4° The
remaining frictional losses are primarily due to crankshaft, connecting rod, valvetrain and
balance shaft friction. Piston skirt friction accounts for approximately 30 percent of piston
friction. Molybdenum disulfide (MoS.) and Diamond-like carbon (DLC) piston skirt coatings
have demonstrated part-load engine friction reductions of approximately 16 percent and 20
percent, respectively.>® Improvements in cylinder bore surface treatments such as plasma
coatings?®¥4! and laser roughening*? have also been introduced in recent engine designs to
reduce engine friction and improve cylinder bore wear characteristics.

Offsetting the crankshaft from the bore centerline, sometimes referred to as a désaxé cylinder
arrangement, can be used to reduce side forces on the piston and piston rings during the power
stroke, reducing friction piston/liner friction and reducing component wear.** For example, the
2ZR-FXE engine used in the 2009-2015 Toyota Prius and the 2ZR-FE engine in the 2009-2016
Toyota Corolla have the crankshaft centerline shifted 8 mm towards the intake side of the engine
to reduce friction.*

Schaeffler has developed roller bearings that can be applied to the first and last crankshaft
main bearings without the added complexity of using built crankshafts or split main bearings to
reduce crankshaft friction and increase front journal load bearing capability when used with
higher power PO mild hybrid systems. Roller bearing balance shafts for 3- and 4-cylinder
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engines have also been developed by Schaeffler, BMW and others that can reduce balance shaft
friction by approximately 50 percent.

In addition to reducing engine mechanical losses, engine friction reduction also improves
engine restart when combined with stop/start systems. Reducing engine friction can also allow
additional engine downspeeding while maintaining idle and off-idle engine NVH characteristics.

Hyundai and Delphi used a MY?2011 2.4L 4-cylinder GDI engine to demonstrate a combined-
cycle fuel economy improvement of 4 percent by using a combination of a MoS; piston skirt
coating, CrN physical vapor-deposition coated piston rings, low tension oil control rings and
engine downspeeding.*® They also achieved a further 2.9 percent combined-cycle fuel economy
improvement through use of a 2-stage variable displacement oil pump.

2.2.2.14 Potential Longer-Term Engine Technologies

In addition to the engine technologies considered for this Proposed Determination assessment,
and discussed above, there are many other engine technology development efforts underway that
may be fruitful in the longer-term. While introduction of engines using these combustion
concepts may occur prior to 2025, EPA does not expect significant penetration of these
technologies into the light-duty vehicle fleet in the 2022 to 2025 time frame.

Homogenous charge compression ignition (HCCI), gasoline compression ignition and other
dilute, low-temperature compression ignition gasoline combustion concepts are topics of
considerable automotive research and development due to the potential for additional pumping
loss improvements at light and partial load conditions and reduced thermal losses. Challenges
remain with respect to combustion control, combustion timing, and, in some cases, compliance
with Federal Tier 3 and California LEV3 NMOG+NOx standards.

Engines using variable compression ratio (VCR) appear to be at a production-intent stage of
development, but also appear to be targeted primarily towards limited production, high
performance and very high BMEP (27-30 bar) applications. At lower BMEP levels, other
concepts (e.g., Atkinson Cycle for NA applications, Miller Cycle for boosted applications)
provide a similar means to vary effective compression ratio for knock mitigation with reduced
cost and complexity with some tradeoffs with respect to volumetric efficiency.

One vehicle manufacturer recently entered production with a water injection system for knock
mitigation. Injection of water and water/methanol or water/ethanol mixtures into the intake
systems of turbocharged and/or mechanically supercharged engines for knock mitigation is not a
new concept. Aircraft engines predating World War Il and some of the first turbocharged
automobile applications for the U.S. market in the 1960s used such systems for knock mitigation.
Water injection systems compete with other means of knock mitigation (EGR, Atkinson Cycle,
Miller Cycle, and IEM/split-cooling) that do not require fluid replenishment. Current and near
term applications appear to be limited to low-volume production, high performance vehicles.

The DOE Co-Optimization of Fuels and Engines (Co-Optima) initiative aims to improve
near-term efficiency of spark-ignition (SI) and compression ignition engines through the
identification of fuel properties and design parameters of existing base engines that maximize
performance.
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According to DOE, Co-Optima is a first-of-its-kind effort brings together multiple DOE
offices, national laboratories, and industry stakeholders to simultaneously conduct tandem fuel
and engine R&D and deployment assessment in order to maximize energy savings and on-road
vehicle performance, while also reducing long-term transportation-related petroleum
consumption and GHG emissions. Two parallel research tracks focus on: 1) improving near-term
efficiency of spark-ignition (SI) engines through the identification of fuel properties and design
parameters of existing base engines that maximize performance. The efficiency target represents
a 15 percent fuel economy improvement over state-of-the-art, future light-duty SI engines with a
market introduction target of 2025; and 2) simultaneous testing of new fuels with existing ClI
engines (as well as advanced compression ignition [ACI] combustion technologies as they are
developed) to enable a longer-term, higher-impact series of synergistic solutions. The fuel
economy target represents a 20 percent improvement over state-of-the-art, future light-duty Sl
engines with a market introduction target of 2030. By using low-carbon fuels, such as biofuels,
GHGs and petroleum consumption can be further reduced. EPA will continue to closely follow
the Co-Optima program to provide input to DOE, including through EPA’s technical
representative on the Co-Optima External Advisory Board, as this program has the potential to
provide meaningful data and ideas for GHG and fuel consumption reductions in the light-duty
vehicle fleet for 2026 and beyond.

2.2.3 Transmissions: State of Technology
2.2.3.1 Background

The function of a transmission system is to reduce the relatively high engine speed and
increase the torque, so that the power output of the engine can be coupled to the wheels. The
complete drivetrain includes a differential (integral to the transmission on front-wheel-drive
vehicles; separate on rear-wheel-drive vehicles) which provides further speed reduction, and
often a hydraulic torque converter which provides significant torque multiplication at low speed
conditions. The complete drivetrain — torque converter, transmission, and differential — is
designed as a set to best match the power available from the engine to that required to propel the
vehicle.
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Different transmission architectures are available for use in light-duty vehicles. Conventional
automatic transmissions (ATSs) are the most popular type, and still dominate the light-duty fleet,
as seen in Figure 2.22. Manual transmissions (MTs), although less popular than in the past, are
also still part of the fleet. Both ATs and MTs have, among other improvements, seen an increase
in the number of gears employed. Figure 2.22 shows the recent gains in six, seven, eight, and
nine speed transmissions in both the car and light truck segment. Two other transmission types
have also seen an increase in market share. These are dual-clutch transmissions (DCTs), which
have significantly lower parasitic losses than ATs, and continuously variable transmissions
(CVTs), which can vary their ratio to target any place within their overall spread. Each of these
four types of transmissions is discussed in more detail in the sections below.

2.2.3.2 Transmissions: Summary of State of Technology

As EPA stated in the Draft TAR, in the analysis conducted for the 2012 rule, EPA estimated
that DCT transmissions would be very effective in reducing fuel consumption and CO>
emissions, less expensive than current automatic transmissions, and thus a highly likely pathway
used by manufacturers to comply with the standards. This expectation was supported by
comments from many OEM s at the time of the 2012 rule indicating that DCTs were part of their
future compliance strategies. However, DCTs thus far, have been used in only a small portion of
the fleet as some OEMs have reported in meetings with EPA. In addition, some vehicle owners
have cited drivability concerns for DCT.*’ EPA also discussed in the Draft TAR that the 2017-
2025MY FRM analysis also predicted a low effectiveness associated with CVVTs (due to the high
internal losses and small ratio spans of CVTs in the fleet at that time), and thus CVTs were not
included in the FRM fleet modeling. However, internal losses in current CVTs have been much
reduced and ratio spans have increased from their predecessors, leading to increased
effectiveness and further adoption rates in the fleet, particularly in the smaller car segments. The
new CVTs also tend to give the best effectiveness for their cost.
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Again in the Draft TAR we mentioned that in the 2017-2025MY FRM, EPA estimated that
step transmissions with higher numbers of gears (e.g., AT8s) would be slowly phased into the
fleet. However, AT8s have been "pulled ahead," appearing in substantial numbers even before
2015MY. In addition, manufacturers have introduced nine speed transmissions and since the
Draft TAR Ford has released an F150 with a 10-speed transmission. Transmissions with more
than 8-speeds were not considered in the 2017-2025MY FRM.

Consistent with the Draft TAR, highlights of transmission technology analysis in this
Proposed Determination include: (a) the technology packages and vehicle classes where DCTs
are applicable have been re-evaluated to reflect manufacturers' current choices, (b) the
effectiveness of CVTs has been re-examined and increased to reflect current vintage CVTs and
their use in the fleet, and (c) nine and ten-speed transmissions were considered when
determining the effectiveness of future transmissions in the fleet.

2.2.3.3 Sources of Transmission Effectiveness Data

In addition to the sources of transmission effectiveness data cited in the 2012 rule and Draft
TAR, EPA also used data from a wider range of available sources to update and refine
transmission effectiveness for this analysis. These sources included:

e Peer-reviewed journals, peer-reviewed technical papers, and conference proceedings
presenting research and development findings

e Data obtained from transmission and vehicle testing programs, carried out at EPA-
NVFEL, ANL, and other contract laboratories

e Modeling results from simulation of current and future transmission configurations

e Confidential data obtained from OEMs and suppliers on transmission efficiency

For transmission testing programs, EPA contracted with FEV Engine Technologies to test
specific transmissions in a transmission component test stand. The testing program was
primarily designed to determine transmission efficiency and torque loss over a range of input
speeds, input loads, and temperatures. In addition, other driveline parameters, such as
transmission rotational inertia and torque converter K-factor were characterized. Two automatic
transmissions have been characterized in this test program, which is still on-going. Torque loss
maps were generated for both a six-speed 6T40 GM automatic transmission and an eight-speed
845RE FCA automatic transmission (see Figure 2.23).
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In addition to contracting to test specific transmission, EPA has obtained torque loss maps
and/or operational strategies for current generation transmissions from manufacturers and
suppliers. These maps are CBI, but have been used to inform EPA on the effectiveness of
transmissions currently on the market. Maps obtained from manufacturers and suppliers include
examples of both CVTs and DCTs.

To characterize transmission and torque converter operation strategies, EPA has also
performed multiple chassis dynamometer tests of current-generation vehicles equipped with a
range of transmission technologies. The transmission gear and torque converter state (as well as
other vehicle parameters) were recorded over the FTP, HWFET, and US06 cycles. The recorded
data were used to determine the drive strategy for the engine-transmission pair in the vehicle.

The transmission losses and shifting strategy were used as modeling inputs to EPA's full-
vehicle ALPHA model.® The shifting strategy was parameterized to allow sufficient flexibility
to maintain reasonable shift strategies while changing other vehicle attributes.*®

EPA also performed a study using chassis dynamometer testing to determine effectiveness of
transmissions. In particular, two Dodge Chargers, one with a five-speed transmission and one
with an eight-speed transmission, were tested on the dynamometer. Other than the transmission,
these vehicles had identical powertrains, and so provided an ideal opportunity to test the effect of
different transmissions in the vehicle.®® Multiple repetitions of the FTP and HWFET, cycles
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were run, with the result that the Charger equipped with the eight-speed transmission exhibited
on average a 6.5 percent reduction in fuel consumption over the five-speed Charger on the
combined FTP/HWFET cycle. The eight-speed Charger also exhibited an increase in
acceleration performance, according to tests by Car and Driver, with, for example, a 0.5 second
improvement in 0-60 time.*12

2.2.3.4 Sources of GHG Emission Improvements: Reduction in Parasitic Losses, Engine
Operation, and Powertrain System Design

The design of the transmission system can affect vehicle GHG emissions in two ways. First,
reducing the energy losses within the transmission (and/or torque converter) reduces the energy
required from the engine, which also reduces GHG emissions. Reducing transmission losses can
be accomplished by increasing gearing efficiency, reducing parasitic losses, altering the torque
converter lockup strategy, or other means. A more in-depth discussion of internal energy loss
reduction is included in the "Transmission Parasitic Losses™ and "Torque Converter Losses and
Lockup Strategy" sections below.

Another method to decrease GHG emissions is to design the entire powertrain system - the
engine and transmission - to keep the engine operating at the highest available efficiency for as
much time as possible. Transmissions with more available gears (or, at the extreme,
continuously variable transmissions) can maintain engine operation within a tighter window, and
thus maintain operation nearer the highest efficiency areas of the engine map. Likewise,
transmissions with a wider ratio spread can maintain engine operation nearer the highest
efficiency areas of the engine map for a wider range of vehicle speeds, in particular lowering the
engine speed at highway cruise for reduced GHG emissions.

In addition, the highest engine efficiencies for a given power output tend to be at lower
speeds, so transmission control strategies that allow very low engine speeds (i.e.,
"downspeeding") also reduce GHG emissions. Shifting strategies are discussed in the
"Transmission Shift Strategies" section below.

As a practical matter, transmissions with an increased number of gears tend also to have a
wider ratio. For example, the ZF 8HP eight-speed RWD transmission has a spread of 7.07,% the
Aisin eight-speed FWD transmission has a spread of 7.58,°* the Mercedes 9G-TRONIC nine-
speed transmission has a ratio spread of 9.15,% and the ZF 9HP48 nine-speed FWD transmission
has a spread of 9.8.5¢

The effects of additional gears and a wider ratio can be seen in Figure 2.25, which compares
engine operation of the same engine when coupled with a six-speed transmission and with an
eight-speed transmission. Compared to the six-speed transmission, the eight-speed transmission
allows the engine to operate over a narrower speed range and at lower speeds, both of which tend
to reduce GHG emissions.
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Figure 2.24 Engine Operating Conditions for Six-Speed (Left) and Eight-Speed (Right) Automatic
Transmissions on the FTP-75 Drive Cycle®’

The dominant trends in transmissions have been toward a larger number of gears and a wider
ratio spread. However, it is recognized, including by the 2015 NAS Report, that above certain
values, additional gearing and ratio spread provide minimal additional fuel economy benefits.*
5960 Thus, increasing the number of gears (except when going to effectively infinite the case of
CVT transmissions) and ratio spread beyond that exhibited by the current market leaders is
unlikely to result in significant fuel consumption benefits, although other vehicle attributes such
as acceleration performance and shift smoothness may benefit.

In fact, it is well-understood that typical implementations of high-gear transmissions provide
both fuel consumption and acceleration performance benefits. Performance benefits come from
two factors: first, the gear ratio spread of transmissions with higher number of gears will
typically "straddle” the ratio spread of the lower number of gear transmission they replace (i.e.,
first gear is a numerically higher ratio and the final gear is a numerically lower ratio). This
provides more launch torque and quicker acceleration from stop. Second, the gear ratios of
sequential gears tend to be closer together in transmissions with a higher number of gears. This
not only narrows the on-cycle operation range of the engine for improved fuel economy (as in
Figure 2.25), but also maintains engine performance nearer the maximum power point in high
power demand situations for better acceleration performance at higher vehicle speeds.

To determine the relative cost-effectiveness of different technologies, it is important to
account for all technology benefits where possible. As the NAS point out, "objective
comparisons of the cost-effectiveness of different technologies for reducing FC can be made
only when vehicle performance remains equivalent."®* This is particularly relevant for advanced
transmissions, which do affect performance when coupled with the same engine as transmissions
with a lower number of gears. In evaluating information on measured or modeled fuel
consumption effects of advanced transmissions, it is important to consider both reported fuel
consumption benefits and any simultaneous acceleration performance benefits, so that
transmission effectiveness can be objectively and fairly estimated.

Transmission design parameters that substantially affect engine operation - gearing ratios,
ratio spread, and shift control strategy - are all used to optimize the engine operation point, and
thus the effectiveness of these transmission parameters depend in large part on the engine it is
coupled with. Advanced engines incorporate new technologies, such as variable valve timing
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and lift, direct injection, and turbocharging and downsizing, which improve overall fuel
consumption and broaden the area of high-efficiency operation. With these more advanced
engines, the benefits of increasing the number of transmission gears (or using a continually
variable transmission) diminish as the efficiency remains relatively constant over a wider area of
engine operation. For example, the NAS estimated that the benefit of an eight-speed
transmission over a six-speed transmission is reduced by approximately 15 percent when added
to a modestly turbocharged, downsized engine instead of a naturally aspirated engine.5? Thus,
the effectiveness of transmission speeds, ratio, and shifting strategy should not be considered as
an independent technology, but rather as part of a complete powertrain.

Additionally, because the engine and transmission are paired in the powertrain, the most
effective design for the engine-transmission pair is where the entire powertrain is running at the
highest combined efficiency. This most effective point may not be at the highest engine
efficiency, because a slightly different operation point may have higher transmission efficiency,
leading to the best combined efficiency of the entire powertrain.

2.2.3.5 Automatic Transmissions (ATS)

Conventional planetary automatic transmissions remain the most numerous type of
transmission in the light duty fleet. These transmissions will typically contain at least three or
four planetary gear sets, which are connected to provide the various gear ratios. Gear ratios are
selected by activating solenoids which engage or release multiple clutches and brakes. A
cutaway of a modern RWD transmission (in this case the ZF 8HP70) is shown in Figure 2.25.
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Figure 2.25 ZF 8HP70 Automatic Transmission®

Automatic transmissions are packaged with torque converters which provide a fluid coupling
between the engine and the driveline, and provide a significant increase in launch torque. When
transmitting torque through this fluid coupling, energy is lost due to the churning fluid. These
losses can be eliminated by engaging ("locking up™) the torque convertor clutch to directly
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connect the engine and transmission. A discussion of torque converter lockup is continued in the
"Torque Converter Losses and Lockup Strategy" section below.

In general, ATs with a greater number of forward gears (and the complementary larger ratio
spread) offer more potential for CO, emission reduction, but at the expense of higher control
complexity. Transmissions with a higher number of gears offer a wider speed ratio and more
opportunity to operate the engine near its most efficient point (as shown in the previous section).

In the past few years, manufacturers have taken advantage of this fact. Four- and five-speed
automatic transmissions, which dominated the market in 2005, have substantially declined in
number, being replaced by six-speed and higher transmissions (see Figure 2.22 above). In fact,
the average number of AT gears in the fleet has rapidly increased, and in 2014 was above six for
both cars and trucks (see Figure 2.26 below).
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Figure 2.26 Average Number of Transmission Gears for New Vehicles (excluding CVTs)%

As six-speed ATs have supplanted the four-and five-speeds, seven- and eight-speed
transmissions have also appeared on the market. As we mentioned in the Draft TAR, in the
FRM, eight speed ATs were not expected to be available in any significant number until
approximately 2020. However, even as of 2014 seven- and eight-speed transmissions occupy a
significant and increasing portion of the market.

Seven-speed transmissions currently available include the RWD 7G-Tronic from Mercedes
and the JATCO JR710E available in Nissan products. RWD eight-speed transmissions available
include offerings from General Motors and Hyundai, as well as transmission suppliers Aisin and
ZF. The ZF 8HP, introduced in 2009, has been incorporated into offerings from a range of
manufacturers, including Fiat/Chrysler, Jaguar/Land Rover, and Volkswagen. ZF has begun
production of a second generation of 8HP transmissions (the 8HP50), which features a higher
ratio spread, lower drag torque, and improved torsional vibration absorption compared to the first
generation.®® Aisin also offers a FWD eight-speed used by multiple manufacturers. This
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includes use in the compact 2016 Mini Cooper Clubman,®® a vehicle smaller than those assumed
eligible for eight-speed transmissions in the FRM.

As mentioned in the Draft TAR, in the FRM, EPA limited its consideration of the effect of
additional gears to eight-speed transmissions. However, some ATs with more than eight gears
are already in production, and more examples are in development. At this time, nine-speed
transmissions are being manufactured by ZF® (which produces a FWD nine-speed incorporated
into Fiat/Chrysler, Honda, and Jaguar/Land Rover vehicles®®) and Mercedes®® (which produces a
RWD nine-speed). Ford has released a ten speed transmission in the F150 Raptor, and GM
released a variation of the same ten speed in the 2017 Camaro ZL1. In addition, Ford and
General Motors have announced plans to jointly design and build a nine-speed FWD
transmission, and Honda is developing a ten-speed FWD transmission.”

Manufacturers have claimed substantial fuel consumption benefits associated with newer
transmissions. ZF claims its first generation 8HP can reduce fuel consumption by 6 percent on
the NEDC compared to a circa 2005 ZF 6HP, using the same engine, along with improving
vehicle acceleration performance.” ZF also outlined a series of potential improvements to the
first generation 8HP that could provide an additional 5 to 6 percent fuel consumption reduction
on the U.S. combined cycle.”? The second generation ZF eight-speed”® is expected to achieve up
to 3 percent efficiency gain on the NEDC due to the improvements noted above; ZF also outlined
additional potential savings associated with a third generation eight-speed transmission.’
Likewise, Mercedes clamed a 6.5 percent fuel consumption improvement on the NEDC with its
nine-speed transmission compared to the previous seven-speed.” It should also be noted that the
percent fuel consumption reported on the NEDC drive cycle will be different from the U.S.
combined cycles.

In FWD vehicles, ZF claims its nine-speed FWD transmission reduces fuel consumption by
10 percent - 16 percent compared to an early- 2000s six-speed transmission.”® Aisin claims its
new FWD eight-speed transmission decreases fuel consumption 16.5 percent compared to an
early generation six-speed, and nearly 10 percent compared to the previous generation six-
speed.”” In addition, the new eight-speed improves acceleration performance. BMW, using the
Aisin FWD transmission, reports a 14 percent fuel consumption reduction on the NEDC over the
previous six-speed transmission.’

These efficiency improvements are due to a range of design changes in the transmissions. In
addition to improving the engine operation efficiency through changing the number of gears,
overall ratio, and shift points, these transmissions also reduce parasitic losses, change torque
converter behavior, and/or shift to neutral during idle. Mercedes claims a total of 6.5 percent
fuel economy improvement on the NEDC by using its nine-speed 9G-TRONIC in place of the
earlier generation seven-speed.”® Of this, 2 percent is due to the change in the number of gears,
ratio spread, and shift strategy, with the remainder due to transmission efficiency improvements.

With the positive consumer acceptance, higher effectiveness, and increasing production of
transmissions with up to ten forward gears, it may be possible that transmissions with even more
gears will be designed and built before 2025. Researchers from General Motors have authored a
study showing that there is some benefit to be gained from transmissions containing up to 10
speeds.® However this appears to be near the limit for improved fuel consumption, and studies
have shown that there is no added potential for reduction in CO2 emissions beyond nine or ten
gears.8! 82 In fact, ZF CEO Stefan Sommer has stated that ZF would not design transmissions
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with more than nine gears: "We came to a limit where we couldn't gain any higher ratios. So the
increase in fuel efficiency is very limited and almost eaten up by adding some weight and
friction and even size of the transmission."8® Although manufacturers may continue to add gears
in response to consumer preference for other performance attributes, at this time we are not
projecting that further increases will provide CO, emissions benefits beyond that of optimized
eight, nine or ten-speeds.

2.2.3.6 Manual Transmissions (MTSs)

In a manual transmission, gear pairs along an output shaft and parallel lay shaft are always
engaged. Gears are selected via a shift lever, operated by the driver. The lever operates
synchronizers, which speed match the output shaft and the selected gear before engaging the gear
with the shaft. During shifting operations (and during idle) a clutch between the engine and
transmission is disengaged to decouple engine output from the transmission.

Manual transmissions are in general lighter, cheaper to manufacture, and have lower parasitic
losses than automatic transmissions. The 2015 NAS report found the overall energy loss in a
manual transmission to be only about 4 percent, as compared to a 13 percent loss in automatic
transmissions.

As with ATs, the average number of gears in MTs has increased (Figure 2.26), albeit at a
reduced rate compared to ATs. As in ATs, the higher number of gears and associated increase in
ratio spread increases potential fuel savings.

However, manual transmissions have only a small market share, estimated at only 2.6 percent
in MY 2015 based on the data in the MY2015 GHG baseline. Automatic transmissions (ATS,
CVTs, and DCTs) are more popular at least in part because customers prefer not to manually
select gears.

2.2.3.7 Dual Clutch Transmissions (DCTSs)

Dual clutch transmissions are similar in their basic construction to manual transmissions, but
use two coaxial input shafts with two clutches to shift between the two shafts. By
simultaneously opening one clutch and closing the other, the DCT “hands off” power from one
shaft to the other, and thus to sequential gears. Unlike the MT, the DCT selects the appropriate
gear automatically (as in an AT). DCTs offer an efficiency advantage over a typical automatic
because their parasitic losses are significantly lower. In addition, DCTs in general do not require
a torque converter, as gradually engaging the clutch (much like with a manual transmission)
provides the application of launch torque.
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Figure 2.27 Generic Dual Clutch Transmission®®

Multiple DCTs have been introduced into the marketplace, primarily in six- and seven-speed
versions. Volkswagen has used multiple generations of DCTs in their products. Ford has used
six-speed DCTs jointly developed with Getrag. Fiat has another version of a six-speed DCT,
while both Honda and Hyundai have developed seven-speed versions. Honda introduced an
eight-speed DCT with a torque converter on the 2015 Acura TLX.®

As mentioned in the Draft TAR, DCTs have encountered issues with customer acceptance,
and, as the NAS stated in its 2015 report, "are not likely to reach the high penetration rates
predicted by EPA primarily due to customer acceptance issues."®” As noted by the NAS in their
2015 report, “This difference in drivability and consumer acceptance [between wet and dry
clutch DCTs] can be seen in the comparison of two of Volkswagen's MY 2015 vehicles, the VW
Golf and the VW Polo. The Golf, with a wet-clutch DCT, has received many positive reviews
and awards, while the Polo, with a dry-clutch DCT, has received poor reviews for transmission-
related drivability."8®

Getrag announced the 7DCT300 which has a wet clutch with lubrication on demand (we refer
to these as damp clutch DCTs), equaling the efficiency of a dry DCT. The "damp" clutch is also
smaller and has a higher tolerance for engine irregularities.®® Wet/damp clutch DCTSs tend to
have better consumer acceptance than dry clutch DCTs. The 7DCT300 is available in Europe on
the 2015 Renault Espace. Honda recently patented an 11-speed triple clutch transmission.

As in ATs, it is expected that additional gears above the current maximum will not
significantly decrease fuel consumption and resulting GHG emissions. A 2012 study by DCT
manufacturer Getrag indicated that additional gears above seven and additional ratio spread
above 8.5 provided minimal additional fuel economy benefits.*

2.2.3.8 Continuously Variable Transmissions (CVTs)

Conventional continuously variable transmissions consist of two cone-shaped pulleys,
connected with a belt or chain. Moving the pulley halves allows the belt to ride inward or
outward radially on each pulley, effectively changing the speed ratio between the pulleys. This
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ratio change is smooth and continuous, unlike the step changes of other transmission varieties.
CVTs were not chosen in the fleet modeling for the 2017-2025MY FRM analysis because of the
predicted a low effectiveness associated with CVTs (due to the high internal losses and narrow
ratio spans of CVTs in the fleet at that time). However, improvements in CVTs in the current
fleet have increased their effectiveness, leading to rapid adoption rates in the fleet. In their 2015
report, the NAS recommended CVTs be added to the list of considered technologies, and EPA
did indeed add re-evaluate the costs and effectiveness for this technology for its Draft TAR
analysis and is continuing to consider CVTs in this Proposed Determination analysis.

@) (b)
Figure 2.28 (a) Toyota CVT®! (b) Generic CVT sketch?

One advantage of CVTs is that they continue to transmit torque during ratio changes. During
a ratio change or shift the energy from the engine is wasted on ATs and some DCTs. ATs and
some DCT have a hesitation during shifts caused by the torque disruption during gear changes.
This shift feeling is well known to consumers and in some cases comforting to drivers (they miss
it when driving a vehicle with a CVT). As mentioned in the AT section ATs efficiency peaks
with 9 to 10 gears, while going to a CVT (with an effectively "infinite" number of gear steps)
adds a new level of efficiency to the overall system. This is in part due to the fact that CVTs do
not need to stop transmitting torque to change ratios.
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Another advantage of a CVT is that, within its ratio range, it can maintain engine operation
close to the maximum efficiency for the required power. However, CVTs were not considered in
the FRM because at the time CVTs had a ratio range of near 4.0, limiting the range where the
engine operation could be optimized. In addition, the CVTs were less than 80 percent efficient
93 and thus required more total output energy from the engine. These limitations overwhelmed
the CVT’s inherent advantage compared to conventional ATs.

However, in the recent past, manufacturers and suppliers have intensified development of
CVTs, reducing the parasitic losses and increasing the ratio spread. The current generation of
CVT are now nearly 85 percent efficient, with ongoing work by suppliers to push that number to
90 percent.®* Ratio spreads for new CVTs from Honda, Toyota, and JATCO now range between
6.0 and 7.0.°>%:97 JATCO has introduced a very small CVT what has a two speed output with
take a CVT with a small ratio spread and doubles it for an overall ratio spread of 7.3% in the base
version and 8.7 in the "wide range" version.®® As in ATs and DCTs, it is expected that additional
increase in ratio range above the current maximum will not significantly decrease fuel
consumption and resulting GHG emissions. 1%

Reducing losses in CVTs has been a particular focus of manufacturers. The JATCO CVT8
featured a 40 percent reduction in mechanical losses compared to their earlier generation CVT.1%
The losses were reduced by decreasing the size of the oil pump, implementing a new, higher
efficiency belt, and reducing the fluid churning losses. Honda's new compact car CVT increased
efficiency 1.0 percent to 1.5 percent at higher vehicle speeds compared to their previous
generation CVT.2%? The increased efficiency was primarily due to a reduction in oil pump losses
and bearing friction. Honda's new midsize CVT increased efficiency up to 5 percent compared to
the earlier generation CVT, primarily by reducing the required hydraulic pressure (by up to 38
percent).1% Toyota's new K114 CVT reduced torque losses by 22 percent, compared to the
earlier generation of CVTs, primarily by reducing the losses associated with the oil pump, and
reducing the size of the bearings. 1%

The decreased transmission losses (5 - 10 percent) and increased ratio spread (from 4 to
between 6 and 8.7) of CVTs has made them more effective in CO2 reduction than estimated in
the FRM, and thus CVTs are anticipated to be used in an increasing share of the fleet (see Figure
2.22). The supplier JATCO supplies CVTs to Nissan, Chrysler, GM, Mitsubishi, and Suzuki %
In addition, other manufacturers' — Audi, Honda, Hyundai, Subaru, and Toyota — all make their
own CVTs.

The JATCO CVT8 demonstrated a 10 percent improvement in fuel economy for both the
highway and city cycles compared to earlier generation CVTs. 1 Honda's new compact car
CVT increased fuel economy approximately 7 percent compared to the earlier generation CVT
over both the U.S. test cycle and the Japanese JCO8 test cycle. 1 Honda's new midsize CVT
increased fuel economy 10 percent over the earlier generation 5AT on the U.S. cycle, and 5
percent compared to the earlier generation CVT on the Japanese JCO8 test cycle. 1% Toyota's
new K114 CVT increased fuel economy by 17 percent on the Japanese JCO8 test cycle compared
to the earlier generation CVT. 1%°

Some initial introductions of CVTs suffered from consumer acceptance issues, where
customers complained of the “rubber band” feel of the transmission, due to the indirect
connection between the driver’s throttle input and the vehicle’s acceleration response. To
combat this perception, vehicle manufacturers have added a shift feel calibration to the CVT
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control strategy, which mimics the feel of a conventional AT.*° This calibration, although
having a slight effect on fuel economy, has improved consumer acceptance.!

In this document, only conventional belt or chain CVTs are considered. At least two other
technologies — toroidal CVTs and Dana’s VariGlide® technology!!? — are under development and
may be available in the 2020-2025 time frame. The Dana VariGlide is considered a CVP
(Continuously Variable Planetary) with the major design difference being it using balls to
transmit torque and vary the ratio. Dana has stated that it is currently in development with an
OEM. Targeted production could be as early as 2020. These technologies hold promise for
increased efficiency compared to current design belt or chain CVTs.

2.2.3.9 Transmission Parasitic Losses

Reducing parasitic loses in the transmission improves drivetrain efficiency and lowers the
required energy output from the engine. In general, parasitic losses can come from (a) the oil
supply, (b) electricity requirements, (c) drag torque, (d) gearing efficiency, and (e) creep (idle)
torque. '3

22391 Losses in ATs

A study by ZF suggests that the largest sources of losses over the combined city/highway
cycle in conventional automatic transmissions are the oil supply and the drag torque.'** This is
followed by the creep torque (on the city cycle), with the electrical requirements and gearing
efficiency being relatively minor.

For conventional ATs, power required to supply oil to the transmission is one of the largest
sources of parasitic loss. An oil pump is required for lubrication and for hydraulic pressure for
clamping the clutches. A baseline transmission would typically use a gerotor-type pump driven
off the torque converter. Replacing or resizing the oil pump can result in a substantial decrease in
torque losses. For example, Aisin claims a 33 percent reduction in torque loss in its new
generation transmission from optimizing the oil pump,**® and Mercedes claims a 2.7 percent
increase