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1 EXECUTIVE SUMMARY

This Proposed Regulatory Impact Analysis (PRIA) has been prepared to assess the potential and
anticipated consequences of proposed and alternative Corporate Average Fuel Economy (CAFE)
standards and carbon dioxide (CO,) standards for passenger cars and light trucks for model years
(MY) 2021 through 2026. Regulatory analysis is a tool used to anticipate and evaluate likely
consequences of rules. It provides a formal way of organizing the evidence on the key effects,
positive and negative, of the various alternatives that are considered in developing regulations. The
goal of this PRIA is to consolidate that evidence to help inform decision-makers of those potential
consequences of choosing among the considered regulatory paths.

Both agencies are required by law to take regulatory action and do not have discretion not to set
standards. NHTSA is required to set CAFE standards by the Energy Policy and Conservation
Act of 1975 (EPCA), as amended by the Energy Independence and Security Act of 2007 (EISA).
CAFE standards must be set at least 18 months prior to the beginning of the model year; must be
set separately for each model year and for passenger cars and light trucks; must be “attribute-
based and defined by a mathematical function,” and must be set at the maximum feasible level
that NHTSA determines manufacturers can reach for that fleet in that model year, among other
requirements."  EPA, having found that CO, endangers public health and welfare,” must set CO,
emissions standards for passenger cars and light trucks under section 202 (a) of the Clean Air Act
(CAA) ((42 U.S.C. 7521 (a)), and under its authority to measure passenger car and passenger car
fleet fuel economy pursuant to EPCA.2

This assessment examines the costs and benefits of proposed and alternative CAFE and CO,
standards levels for passenger cars and light trucks for MY's 2021 through 2026. In this
rulemaking, NHTSA proposes to revise the existing CAFE standards for MY 2021 and propose
new standards for MY's 2022-2026. EPA proposes to revise the existing CO, standards for MY's
2021-2025, and propose new standards for MY 2026. This assessment examines the costs and
benefits of setting fuel economy and CO, standards for passenger cars and light trucks that change
at a variety of different rates during those model years.* It includes a discussion of the
technologies that can improve fuel economy/reduce CO, emissions, as well as analysis of the
potential impacts on vehicle retail prices, safety, lifetime fuel savings and their value to
consumers, and other societal benefits such as improved energy security and reduced emissions of

! See 49 U.S.C. §32902 and Section V of the preamble that this PRIA accompanies for more information.
2 74 FR 66496, 66518 (December 15, 2009).

$49 U.S.C. § 32904 (c).

* Throughout this PRIA, cost and benefit analyses are presented for individual model years as well as the
cumulative total for all model years through MY 2029.



pollutants and greenhouse gases.® Estimating impacts also involves consideration of the response
of consumers — e.g., whether consumers will purchase the vehicles and in what quantities.

As explained above, EISA requires NHTSA to set attribute-based CAFE standards that are based
on a mathematical function; EPA also sets CO, standards following this approach in the interest
of regulatory harmonization. The proposed CAFE and CO, standards and alternative standards for
MY 2021-2026 passenger cars and light trucks are based on vehicle footprint, as were the CAFE
standards for MYs 2011-2021°% and the GHG standards for MYs 2012-2025. The mathematical
function or “curve” representing the footprint-based standards is a constrained linear function that
provides a separate fuel economy target for each vehicle footprint, generally with more stringent
targets for smaller vehicles and less stringent targets for larger vehicles.

Different parameters for the continuous mathematical function are derived. Individual
manufacturers will be required to comply with a unique fuel economy level for each of its fleets
that is based on the distribution of its production for that year among the footprints of its vehicles.
Although a manufacturer’s compliance obligation is determined in the same way for both
passenger cars and light trucks, the footprint target curves for those fleets are established with
different continuous mathematical functions that are intended to be specific to the vehicles’
design capabilities, to reflect the statutory requirement that the standards are supposed to be
“maximum feasible” for each fleet separately.

To evaluate the costs and benefits of the rule, an analysis fleet representing the light-duty fleet in
detail was constructed. This fleet provides the starting point for the simulation of manufacturers’
year-by-year response through model year 2032 to standards defining each regulatory
alternative. The analysis fleet is comprised of the best information available as of mid-2017
regarding the model year 2016 fleet, and, for each of nearly 1,700 specific
model/configurations,® contains information such as production volumes, fuel economy ratings,
dimensions (footprint), curb weight and GVWR, engine characteristics, transmission
characteristics, and other key engineering information. For each regulatory alternative, the
CAFE model was used to simulate manufacturers’ year-by-year application of technology that

> This analysis does not contain NHTSA’s assessment of the potential environmental impacts of the proposed rule
for purposes of the National Environmental Policy Act (NEPA), 42 U.S.C. 4321-4347, which is contained in the
agency’s Draft Environmental Impact Statement (EIS) accompanying the proposed rule.

® Vehicle Footprint is defined as the wheelbase (the distance from the center of the front axle to the center of the
rear axle) times the average track width (the distance between the centerline of the tires) of the vehicle (in square
feet).

” As in NHTSA’s analysis presented in the 2016 Draft TAR, today’s analysis exercises the CAFE model using
inputs that extend the explicit compliance simulation through MY 2032 — six years beyond the last year for which
we propose to issue new standards. This has been done because some products are on design cycles well beyond six
years, and especially with credits being able to be carried forward for up to five years, some manufacturers may not
achieve full MY 2026 compliance until well beyond MY 2026.

® For example, a given pickup truck model might be offered in RWD and 4WD versions with a variety of cab and
bed configurations, engines, transmissions, resulting in potentially many distinct configurations of this model.



improves fuel economy/reduces CO, emissions, assuming that manufacturers would respond
both to the year-by-year series of standards defining the regulatory alternative and also to buyers’
willingness to pay for a portion of the fuel savings expected to occur over vehicles’ useful lives.
In the analyses, it was assumed that, beyond any regulatory requirements, manufacturers would
voluntarily supply technologies that have a consumer payback (defined by fuel savings exceeding
retail price increases) in 30 months or less. This estimate equates to a willingness to pay for
approximately a quarter of available fuel savings.

NHTSA examined eight regulatory alternatives, covering a variety of alternate annual percentage
increases separately for passenger cars and light trucks. These alternatives are summarized in the

following table:

Table 1-1 - CAFE Regulatory Alternatives Currently under Consideration

Alternative | Change in stringency AJC efficiency and off-
cycle provisions
Baseline/ MY 2021 standards remain in place; MYs 2022-2025 augural No change
No-Action | CAFE standards are finalized; MY 2026 standards are set at
MY 2025 levels
1 Existing standards through MY 2020, then 0%/year increases No change
(Proposed) | for both passenger cars and light trucks, for MYs 2021-2026
2 Existing standards through MY 2020, then 0.5%/year No change
increases for both passenger cars and light trucks, for MYs
2021-2026
3 Existing standards through MY 2020, then 0.5%/year Phase out these
increases for both passenger cars and light trucks, for MYs adjustments over MY's
2021-2026 2022-2026
4 Existing standards through MY 2020, then 1%/year increases No change
for passenger cars and 2%/year increases for light trucks, for
MY's 2021-2026
5 Existing standards through MY 2021, then 1%/year increases No change
for passenger cars and 2%/year increases for light trucks, for
MY's 2022-2026
6 Existing standards through MY 2020, then 2%/year increases No change
for passenger cars and 3%/year increases for light trucks, for
MY's 2021-2026
7 Existing standards through MY 2020, then 2%/year increases Phase out these
for passenger cars and 3%/year increases for light trucks, for adjustments over MY's
MY's 2021-2026 2022-2026
8 Existing standards through MY 2021, then 2%/year increases No change
for passenger cars and 3%/year increases for light trucks, for
MY's 2022-2026

EPA also examined eight regulatory alternatives, covering a variety of alternate annual percentage
increases separately for passenger cars and light trucks. These alternatives are summarized in
the following table:




Table 1-2 - CO, Regulatory Alternatives Currently under Consideration®

Alternative Change in stringency A/C efficiency | CO,
and off-cycle Equivalent AC
provisions Refrigerant
Leakage,
Nitrous Oxide
and Methane
Emissions
Included for
Compliance?
Baseline/ GHG standards remain unchanged; MY 2026 No change Yes, for all
No-Action standards are set at MY 2025 levels MYs 10
1 Existing standards through MY 2020, then No change No, beginning
(Proposed) | 0%/year increases for both passenger cars and in MY 2021%
light trucks, for MY's 2021-2026
2 Existing standards through MY 2020, then No change No, beginning
0.5%/year increases for both passenger cars in MY 2021
and light trucks, for MY's 2021-2026
3 Existing standards through MY 2020, then Phase out these | No, beginning
0.5%/year increases for both passenger cars adjustments in MY 2021
and light trucks, for MYs 2021-2026 over MYs 2022-
2026
4 Existing standards through MY 2020, then No change No, beginning
1%/year increases for passenger cars and in MY 2021
2%l/year increases for light trucks, for MYs
2021-2026
5 Existing standards through MY 2021, then No change No, beginning
1%/year increases for passenger cars and in MY 2021
2%l/year increases for light trucks, for MYs
2022-2026
6 Existing standards through MY 2020, then No change No, beginning
2%/year increases for passenger cars and in MY 2021
3%/year increases for light trucks, for MY's
2021-2026
7 Existing standards through MY 2020, then Phase out these | No, beginning
2%l/year increases for passenger cars and adjustments in MY 2021
3%/year increases for light trucks, for MY's over MYs 2022-
2021-2026 2026
8 Existing standards through MY 2021, then No change No, beginning
2%/year increases for passenger cars and in MY 2021

® The alternatives would apply to CO, emissions.
19 carbon dioxide equivalent of air conditioning refrigerant leakage, nitrous oxide and methane emissions are
included for compliance with the EPA standards for all MY's under the baseline/no action alternative. Carbon
dioxide equivalent is calculated using the Global Warming Potential (GWP) of each of the emissions.

1 Beginning in MY 2021, the proposal provides that the GWP equivalents of air conditioning refrigerant leakage,
nitrous oxide and methane emissions would no longer be able to be included with the tailpipe CO, for compliance
with tailpipe CO, standards.




3%/year increases for light trucks, for MY's
2022-2026

This PRIA is generally organized to provide overall background information, methodologies,
and data inputs, as well as results of the various technical and economic analyses. A summary of
each chapter of the PRIA subsequent to this one follows:

Chapter 2 — Overview. This chapter provides an overview of the joint NHTSA-EPA proposal
that is analyzed together with alternative approaches in this PRIA. It discusses both the nature of
the proposal and the conclusions that led to it, which are influenced by the results of this
analysis.

Chapter 3 - Need for this Regulatory Action. This chapter discusses the need for the
regulatory action and provides background information on U.S. oil consumption and CO,
emissions.

Chapter 4 - Proposed and Alternative CAFE and CO, Standards for MY's 2021-2026.
This chapter discusses the form of the CAFE and CO, standards (i.e., the footprint-based
constrained linear functions that are the standards for each fleet and for each model year) and
how the forms of the standards were developed for this proposal. This chapter also presents
the proposed standards for both agencies and defines the alternative standards considered.

Chapter 5 - Effect of Other Governmental Vehicle Standards on Fuel Economy. Pursuant
to EPCA, as amended by EISA, NHTSA is obligated to consider the effect of other motor
vehicle standards of the Government on fuel economy. This chapter looks at the effect that
those standards would have on manufacturers’ ability to improve their fuel economy levels.

Chapter 6 - Simulation Modeling in Response to Regulatory Alternatives. This chapter
takes an in-depth look at the analysis of technologies that could be used by industry to improve
their fuel economy levels/reduce their CO, emissions levels. This chapter also describes how
the CAFE model was used to assess potential effects associated with different regulatory
alternatives and how the CAFE model works in general. It further describes how the “analysis
fleet” was developed. The analysis fleet provides the basis for subsequent analysis by the
CAFE model.

Chapter 7 - Manufacturer CAFE Capabilities. Focusing on the baseline and proposed
standards, this chapter presents the results of the modeling in terms of each manufacturer’s
estimated CAFE and average CO; requirements for each covered fleet in each model year, and
in terms of the resultant estimated application of technology, achieved CAFE and average CO,
levels, regulatory costs, and resultant average vehicle prices.

Chapter 8 - Economic Analysis of Regulatory Alternatives. This chapter describes the
approach for measuring the various economic costs and benefits that are likely to result from
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adopting the different regulatory alternatives considered. It also reports the values of the
economic parameters used to calculate each category of costs and benefits, describes the
sources relied on for estimates of the values of these parameters, and discusses the uncertainty
surrounding those values.

Some of the more significant economic and related assumptions in this analysis include:

1.

The price of gasoline - The main analysis uses the Reference Case AEO 2018 estimate for
the price of gasoline.

GDP - The main analysis assumes GDP grow rates will transition from levels just below
3% in the short term to levels just above 2% by the early 2020s, remaining at such levels
thereafter.

Discount rates - The analysis of benefits and costs considers discount rates of 3% and 7%.

The rebound effect - The main analysis uses a rebound effect of 20% to project increased
miles traveled as the cost per mile decreases.

On-road “gap” - The main analysis assumes operation on gasoline or diesel fuel achieves
fuel economy 20% below rated values and applies a 30% on-road gap for operation on
electricity.

The value of CO, benefits - The unit values (or social costs) of emissions of CO, that are
used to convert these increased emissions to economic costs were estimated by EPA for use
in its recent regulatory analysis of that agency’s proposed review of its Clean Power Plan.
These values are lower than those used previously by the agencies to estimate benefits from
the reductions in emissions of CO2 anticipated to result from previous increases to CAFE
and GHG standards, primarily because the new values reflect only reductions in potential
climate-related economic damages to the U.S. rather than to the entire world economy.

The military security component - The analysis does not assign a specific value to the
military security benefits of reducing fuel consumption. This view concurs with the
conclusions of most recent studies of military-related costs to protect U.S. oil imports,
which generally conclude that savings in military spending are unlikely to result from
incremental reductions in U.S. consumption of petroleum products resulting from any of
the CAFE or CO; standards considered in this proposal.

Consumer benefit - The main analysis assumes there is no loss in value of other attributes
to consumers resulting from vehicles that have an increase in price and higher fuel
economy/lower CO, emissions.

Technology cost markup - The analysis applies a factor of 1.5 to “mark up” direct costs
when estimating the equivalent retail price.
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Chapter 9 - Costs of Alternative CAFE and CO, Standards. This chapter presents both
direct and indirect costs of alternative CAFE and CO, standards. It also discusses the approach
to “marking up” direct costs associated with application of vehicle technologies and to
“learning” (i.e., the rates at which application of technologies become cheaper over time as
manufacturers gain experience with using and applying them).

Chapter 10 - Benefits of Alternative CAFE and CO, Standards. This chapter presents the
private and social benefits that are associated with alternative CAFE and CO; standards.

Chapter 11 - Impacts of CAFE and CO, Standards on Safety. This chapter includes a
comprehensive measure of safety impacts of potential CAFE and CO, standards. A number of
factors can influence motor vehicle safety directly by influencing vehicle design or indirectly
by influencing consumer behavior. This chapter discusses these factors and estimates their
individual and combined effects. Previous CAFE and CO, rulemakings have examined the
impact of mass reduction on safety in the on-road vehicle fleet. This analysis continues and
updates that analysis but also expands the examination of safety impacts to include the effect
of higher vehicle prices on sales of newer, safer vehicles and the retention of older, less safe
vehicles. The potential impact of the rebound effect on safety is examined, though added
driving is a consumer choice and not directly imposed by CAFE and CO, standards. A social
cost of $9.9m is applied to each estimated fatality resulting from a highway vehicle crash.

Chapter 12 - Net Benefits of Alternative CAFE and CO, Standards. This chapter
compares the costs of technologies needed to make improvements in fuel economy/reductions
in CO, emissions with the potential benefits, expressed in total costs (millions of dollars) from
a societal perspective for each model year. These are incremental costs and benefits compared
to baselines of NHTSA’s augural standards for CAFE and and EPA’s existing standards for
CO,. A payback period is calculated from the consumer’s perspective.

Chapter 13 - Sensitivity Analysis. Recognizing that the inputs to this analysis are uncertain,
this chapter examines the effects that different CAFE and CO, standards could have if those
inputs changed in various ways. The sensitivity analysis examines alternative inputs for the
following factors:

e Valuation of Consumer Benefit - Degree (as percentage, with 100% applied for
reference case) to which consumers will value the calculated benefits they receive.
Sensitivity analysis cases consider lower percentages.

e Inclusion of Fleet Share and Sales Response Models - A sensitivity analysis case
disables these models.

e Qil Prices - Reference case from DOE/EIA’s Annual Energy Outlook 2017.
Sensitivity analysis cases consider low and high oil price cases.
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GDP - Sensitivity analysis cases consider slower and faster GDP growth.

On Road Gap - Sensitivity analysis cases consider smaller and larger gaps between
laboratory and real-world fuel economy (and CO, emissions).

Payback Period - Using the payback period as a proxy, sensitivity analysis cases
consider lesser and greater tendency of manufacturers to apply more technology than
needed to meet standards.

Rebound Effect - Sensitivity analysis cases consider lesser and greater tendencies of
vehicle owners to drive more when the fuel costs of driving decrease.

Redesign Cadence - Sensitivity analysis cases consider decelerated and accelerated
product design cycles.

Safety Coefficients - Sensitivity analysis cases consider cases reflecting the confidence
interval of the statistical analysis of impacts of vehicle mass on highway safety as well
as the impact of future safety trends on fatalities related to delayed purchase of new
vehicles.

Social Cost of Carbon - Sensitivity analysis cases consider lower and higher valuation
of damages of CO, emissions.

Hybrid Electric Vehicle (HEV) Battery Costs - Sensitivity analysis cases consider
lower and higher costs for HEV batteries.

Strong Hybrids - One sensitivity analysis case excludes “strong” hybrid electric
vehicles.

HCR2 (“Futured” High Compression Ratio) Engines - One sensitivity analysis case
includes a hypothetical “future” high CR (Atkinson cycle) engine.

Technology Cost Markup - Sensitivity analysis cases consider lower and higher factors
to mark up technology costs.

Chapter 14 - Flexibilities Meeting the standard. This chapter discusses compliance
flexibilities that manufacturers can use to achieve compliance with CAFE standards beyond
applying fuel economy-improving technologies. Some compliance flexibilities are statutorily
mandated by Congress through EPCA and EISA, specifically program credits, including the
ability to carry-forward, carry-back, trade and transfer credits, and special fuel economy
calculations for dual- and alternative-fueled vehicles.

Chapter 15 - Regulatory Flexibility Act and Unfunded Mandates Reform Act Analysis.
This chapter presents the analysis of the potential effects of the proposed rules on small
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businesses, small organizations, and small government jurisdictions, as well as an assessment
of statutory obligations under the Unfunded Mandates Reform Act of 1995.

The agencies’ proposed standards for MY's 2021-2026 are coordinated, with a goal of enabling
all manufacturers to build a single fleet of vehicles that would comply with both the CAFE and
CO, standards, helping to reduce costs and regulatory complexity. The coordinated program
would achieve important reductions in regulatory costs and vehicle prices and achieve significant
societal and consumer net benefits. It is important to note throughout this analysis that there is
significant overlap in costs and benefits for NHTSA’s CAFE program and EPA’s CO; program,
and therefore combined program costs and benefits are not a sum of the two individual programs.

Table 1-3 and Table 1-4 present the total costs (technology and social), benefits, and net benefits
for NHTSA’s 2021-2026 preferred alternative CAFE and CO, levels, relative to the MY 2022-
2025 augural standards and current MY 2021 standard. The values in Table 1-3 and Table 1-4
display (in total and annualized forms) costs for all MY 1977-2029 vehicles, and the benefits and
net benefits represent the impacts of the standards over the full lifetimes of the vehicles sold or
projected to be sold during model years 1977-2029.

For this rulemaking, the baseline for cost and benefit reporting for NHTSA’s CAFE program is
the augural standards for MY's 2022-2026 and the existing standard for MY 2021. For EPA’s
CO; program, the baseline is the currently final MY's 2021-2025 standards and EPA program
provisions.

For this analysis, negative signs are used for changes in costs or benefits that decrease from those
that would have resulted from the augural standards for MY 2022-2026 or the existing standard
for MY 2021. Any changes that would increase either costs or benefits are shown as positive
changes. Thus, an alternative that decreases both costs and benefits, will show declines (i.e., a
negative sign) in both categories. From Table 1-3 and Table 1-4, the preferred alternative
(Alternative 1) is estimated to decrease costs relative to the augural baseline by from $335 to
$563 billion over the lifetime of MYs 1977-2029 passenger vehicles (range determined by
discount rate across both CAFE and CO, programs). It will also decrease benefits by from $204-
$363 billion over the life of these MY fleets. The net impact will be an increase of from $132 to
$201 billion in total net benefits to society over this roughly 45-year timeframe. Annualized, this
amounts to roughly $6.7-$10.1 billion per year. Table 1-5 and Table 1-6 lists costs, benefits, and
net benefits for all 8 alternatives that were examined. Alternative 1, the preferred alternative,
provides the largest net benefit among these alternatives. A variety of other more detailed
impacts of the preferred alternative are shown in Table 1-73 through Table 1-78.

Detailed results by model year and alternative are provided in Table 1-7 through Table 1-72.
Table 1-7 through Table 1-12 list the average required MPG by model year and alternative for
passenger cars, light trucks, and the combined light vehicle fleet. Table 1-13 through Table 1-18
list the average achieved MPG for these same categories. Table 1-19 through Table 1-24 list the
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average incremental technology costs and civil penalties per vehicle by model year and
alternative for each light vehicle category.

Table 1-25 through Table 1-30 list the incremental total costs (at 3% discount rate) of each
alternative by model year from a societal perspective, which excludes civil penalties because
they are transfer payments from one societal component to another. Table 1-31 through Table
1-36 list the present value (at 3% discount rate) of the lifetime societal benefits by model year
and alternative. Table 1-37 through Table 1-42 list the present value of net total benefits (at 3%
discount rate). Table 1-43 through Table 1-48 list the incremental total costs (at 7% discount
rate) from the societal perspective (excluding fines). Table 1-49 through Table 1-54 list the
present value (at 7% discount rate) of the lifetime societal benefits by model year and alternative.
Table 1-55 through Table 1-60 list the present value of net total benefits (at 7% discount rate).
Table 1-61 through Table 1-66 list the billions of gallons of liquid fuel saved by each alternative
by model year. Table 1-67 through Table 1-72 list the change in electricity consumption (GW-h)
for each alternative by model year.
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Table 1-3 - Estimated 1977-2029 Model Year Costs, Benefits, and Net Benefits
under the Preferred Alternative, CAFE Standards (Billions of 20163)

Cumulative Across MYs 1977-2029
Totals Annualized

3% 7% 3% 7%
Discount | Discount | Discount | Discount

Rate Rate Rate Rate
Costs -502.1 -335.3 -19.2 -24.2
Benefits -325.8 -203.8 -12.4 -14.7
Net Benefits 176.3 131.5 6.7 9.5

Table 1-4 - Estimated 1977-2029 Model Year Costs, Benefits, and Net Benefits
under the Preferred Alternative, CO, Standards (Billions of 20163$)

Cumulative Across MYs 1977-2029
Totals Annualized

3% 7% 3% 7%
Discount | Discount | Discount | Discount

Rate Rate Rate Rate
Costs -563.3 -367.1 -21.5 -26.5
Benefits -362.6 -226.5 -13.9 -16.3
Net Benefits 200.7 140.6 7.7 10.1
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Table 1-5 - Total Costs, Benefits, and Net Benefits Passenger Cars and Light Trucks, MYs

1977-2029, CAFE Standards (Billions of 2016$)

3% Discount Rate

7% Discount Rate

Net Net
Alternative Costs Benefits Benefits | Costs Benefits | Benefits
0, 0, -
gbOZ/é’PC/ 0.0%LT. MYs2021- | 5059 | 3258 1763 | -3353 |-2038 | 1315
8652(?'3(3/0'5%”’ MYs2021- | 4747 | -306.6 1681 | -3176 |-1915 | 1261
0.5%PC/0.5%LT, MYs 2021-
2026, AGIOff-Cycle Praceoy | 4448 | 2898 1551 | -2079 |-181.1 | 1168
;boz‘)é")c’ 2.0%LT, MYs2021- | 3955 | 2503 1432 | -2661 |-1565 | 1097
0, 0, -
;%’PC/ 2.0%LT, MYs2022- | 4556 | L1856 1200 | -2072 |-1151 | 921
0, 0, -
gbozg’PC/ 3.0%LT, MYs2021- | ,793 | 1754 95.9 1871 | -1105 | 766
2.0%PC/3.0%LT, MYs 2021-
706 AGIOft-Cycle Pracoy | 1589 | 1190 40.8 1140 |-757 | 383
0, 0, -
gbozg’PC/ 3.0%LT, MYs2022- | 4095 | 1130 60.5 1194 | 702 | 492

Table 1-6 - Total Costs, Benefits, and Net Benefits Passenger Cars and Light Trucks, MYs
1977-2029, CO, Standards (Billions of 2016%)

3% Discount Rate

7% Discount Rate

Alternative Net Net
Costs Benefits | Benefits Costs Benefits | Benefits

0 0 -

gbozg)PC/O'O/OLT’ MYs 2021 -563.3 -362.6 200.7 -367.1 | -226.5 140.6
0, 0, -

(2).0522PC/0.5A3LT, MYs 2021 -542.2 -343.0 199.2 -353.1 | -214.0 139.0

0.5%PC/0.5%LT, MYs 2021-

2026, AC/Off-Cycle Phaseout -499.0 -318.1 180.9 -328.2 | -198.8 129.3
0, 0, -

;'OOZE)PC/Z'OA)LT’ MYs 2021 -426.5 -264.1 162.4 -282.1 -165.0 117.1
0 0 -

;bozg’PC/ 2.0%LT, MYs2022- | 3116 | 4719 | 139.0 2047 | -1077 | 97.0
0, 0, -

gbozg)PC/S'OA)LT’ MYs 2021 -284.5 -167.9 116.6 -192.4 | -105.6 86.8

2.0%PC/3.0%LT, MYs 2021-

2026, AC/Off-Cycle Phaseout -176.2 -113.6 62.6 -123.1 | -72.0 51.2
0, 0, -

20%PC/3.0%LT, MYs 2022- | 1790 |.1037 | 753 -120.7 | 652 | 55.4

2026
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Table 1-7 - Estimated Required Average for the Passenger Car Fleet, in MPG, CAFE

MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY

Passenger Cars 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029

0.00%/Y Pc and 0.00%/Y Lt

During 2021-2026 39.1 | 405 | 42.0 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 437

0.50%/Y Pc and 0.50%/Y Lt

During 2021-2026 39.1 | 405 | 42.0 | 43.7 | 439 | 441 | 443 | 445 | 448 | 450 | 450 | 45.0 | 450

0.50%/Y Pc and 0.50%/Y Lt
During 2021-2026 with AC and
Off-Cycle Adj. Phaseout but No
Target Offset

39.1 | 405 | 42.0 | 43.7 | 439 | 441 | 443 | 445 | 448 | 450 | 450 | 45.0 | 450

1.00%/Y Pc and 2.00%/Y Lt

During 2021-2026 39.1 | 405 | 42.0 | 43.7 | 441 | 445 | 450 | 455 | 459 | 464 | 464 | 46.4 | 464

1.00%/Y Pc and 2.00%/Y Lt

During 2022-2026 39.1 | 405 | 42.0 | 43.7 | 455 | 46.0 | 464 | 469 | 474 | 479 | 479 | 479 | 479

2.00%/Y Pc and 3.00%/Y Lt

During 2021-2026 39.1 | 405 | 42.0 | 43.7 | 445 | 455 | 46.4 | 473 | 483 | 493 | 493 | 493 | 493

2.00%/Y Pc and 3.00%/Y Lt
During 2021-2026 with AC and
Off-Cycle Adj. Phaseout but No
Target Offset

39.1 | 405 | 420 | 43.7 | 445 | 455 | 464 | 473 | 483 | 493 | 493 | 493 | 493

2.00%/Y Pc and 3.00%/Y Lt

During 2022-2026 39.1 | 405 | 420 | 43.7 | 455 | 464 | 474 | 484 | 494 | 504 | 504 | 504 | 50.4
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Table 1-8 - Estimated Required Average for the Passenger Car Fleet, in MPG, CO,

MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY

Passenger Cars 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029

0.00%/Y Pc and 0.00%/Y Lt During

2021-2026 39.1 | 405 | 420 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 43.7 | 437

0.50%/Y Pc and 0.50%/Y Lt During

2021-2026 39.1 | 405 | 420 | 43.7 | 439 | 441 | 443 | 445 | 448 | 45.0 | 45.0 | 45.0 | 45.0

0.50%/Y Pc and 0.50%/Y Lt During
2021-2026 with AC and Off-Cycle 39.1 | 405 | 42.0 | 437 | 439 | 441 | 443 | 445 | 448 | 450 | 45.0 | 45.0 | 45.0
Adj. Phaseout but No Target Offset

0, 0 i
1.00%/¥ Pcand 2.00%/Y LtDUMNG | 39 | 405 | 420 | 43.7 | 441 | 445 | 45.0 | 455 | 459 | 464 | 464 | 46.4 | 46.4

2021-2026
0, 0 i

;bozozglgzgcandZ'OOA’/YLtD““”g 39.1 | 405 | 420 | 437 | 455 | 46.0 | 464 | 469 | 47.4 | 479 | 479 | 47.9 | 479
0, 0 i

gbozollegzgca”d3'00/‘”Y”D“””9 391 | 405 | 420 | 437 | 445 | 455 | 464 | 473 | 483 | 493 | 493 | 493 | 49.3

2.00%/Y Pc and 3.00%/Y Lt During
2021-2026 with AC and Off-Cycle 39.1 | 405 | 420 | 43.7 | 445 | 455 | 46.4 | 473 | 483 | 493 | 493 | 493 | 493
Adj. Phaseout but No Target Offset

2.00%/Y Pc and 3.00%/Y Lt During

2022-2026 39.1 | 405 | 420 | 437 | 455 | 464 | 474 | 484 | 494 | 504 | 504 | 504 | 504
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Table 1-9 - Estimated Required Average for the Light Truck Fleet, in MPG, CAFE

Lioht Trucks MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
g 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
(Z)bozog/o/v Pcand 0.00%/Y Lt During 2021- | g5 | 301 | 306 | 31.3 | 31.3 | 313 | 313 | 31.3 | 31.3 | 31.3 | 31.3 | 31.3 | 313
(2’652(’;/"/ Y Pcand 0.50%/Y LtDuring 2021- | ,9 ¢ | 351 | 306 | 31.3 | 31.4 | 31.6 | 31.7 | 31.9 | 320 | 322 | 322 | 32.2 | 32.2
0.50%/Y Pc and 0.50%/Y Lt During 2021-
2026 with AC and Off-Cycle Adj. 295 | 301 | 306 | 31.3 | 314 | 316 | 31.7 | 319 | 320 | 32.2 | 322 | 322 | 3222
Phaseout but No Target Offset
0, 0, i -
;OOZOGA)/ Y Pcand 2.00%/Y Lt During 2021- | 95 | 391 | 306 | 313 | 319 | 32.6 | 332 | 33.9 | 346 | 353 | 353 | 353 | 353
%bozog/o/ Y Peand 2.00%/Y Lt During 2022- | g5 | 351 | 306 | 31.3 | 333 | 340 | 347 | 354 | 361 | 36.9 | 36.9 | 369 | 369
0, 0, i -
360206/()/ Y Pcand 3.00%/Y Lt During 2021- | 95 | 391 | 306 | 313 | 322 | 332 | 343 | 353 | 364 | 375 | 375 | 375 | 375
2.00%/Y Pc and 3.00%/Y Lt During 2021-
2026 with AC and Off-Cycle Adj. 295 | 301 | 306 | 31.3 | 322 | 332 | 343 | 353 | 36.4 | 375 | 375 | 375 | 375
Phaseout but No Target Offset
2.00%/Y Pc and 3.00%/Y LtDuring 2022- | »q 5 | 351 | 306 | 31.3 | 33.3 | 344 | 354 | 365 | 376 | 388 | 388 | 388 | 388

2026
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Table 1-10 - Estimated Required Average for the Light Truck Fleet, in MPG, CO,

Lioht Trucks MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
g 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
gbozogml Y Pcand 0.00%/Y Lt During 2021- | 595 | 309 | 306 | 31.3 | 313 | 31.3 | 31.3 | 31.3 | 31.3 | 31.3 | 31.3 | 31.3 | 313
86520?/ Y Pcand 0.50%/Y Lt During 2021- | 595 | 309 | 306 | 31.3 | 314 | 31.6 | 317 | 31.9 | 32.0 | 32.2 | 32.2 | 32.2 | 32.2
0.50%/Y Pc and 0.50%/Y Lt During 2021-
2026 with AC and Off-Cycle Adj. Phaseout | 29.5 | 30.1 | 30.6 | 31.3 | 31.4 | 316 | 317 | 31.9 | 320 | 32.2 | 32.2 | 32.2 | 3222
but No Target Offset
0, 0, 1 -
260206/"/ Y Pcand 2.00%/Y Lt During 2021- | 595 | 309 | 306 | 31.3 | 319 | 32.6 | 33.2 | 33.9 | 346 | 353 | 353 | 353 | 353
;bozogﬁ/ Y Peand 2.00%/Y LtDuring 2022- | o9 | 569 | 306 | 313 | 33.3 | 34.0 | 34.7 | 354 | 36.1 | 36.9 | 36.9 | 36.9 | 36.9
0, 0, 1 -
360206/0/ Y Pcand 3.00%/Y Lt During 2021- | 595 | 309 | 306 | 31.3 | 322 | 33.2 | 343 | 353 | 36.4 | 37.5 | 375 | 37.5 | 375
2.00%/Y Pc and 3.00%/Y Lt During 2021-
2026 with AC and Off-Cycle Adj. Phaseout | 29.5 | 30.1 | 30.6 | 31.3 | 32.2 | 332 | 343 | 353 | 36.4 | 37.5 | 37.5 | 37.5 | 375
but No Target Offset
2.00%/Y Pc and 3.00%/Y Lt During 2022- | »9 5 | 391 | 306 | 313 | 333 | 344 | 354 | 365 | 37.6 | 38.8 | 38.8 | 38.8 | 388

2026
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Table 1-11 - Estimated Required Average for the Combined Fleet, in MPG, CAFE

MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY

Passenger Cars and Light Trucks | 515 | 551 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029

0.00%/Y Pc and 0.00%/Y Lt During

2021-2026 340 | 349 | 358 | 369 | 369 | 369 | 369 | 37.0 | 37.0 | 37.0 | 37.0 | 37.0 | 37.0

0.50%/Y Pc and 0.50%/Y Lt During

2021-2026 340 | 349 | 358 | 369 | 371 | 373 | 375 | 37.7 | 379 | 38.1 | 381 | 38.1 | 38.1

0.50%/Y Pc and 0.50%/Y Lt During
2021-2026 with AC and Off-Cycle 340 | 349 | 358 | 369 | 371 | 373 | 375 | 37.7 | 37.9 | 38.1 | 38.1 | 38.1 | 38.1
Adj. Phaseout but No Target Offset

0, 0, 1
1.00%/Y Pcand 2.00%/Y LtDuring | 5, | 319 | 358 | 36.9 | 375 | 381 | 38.7 | 39.3 | 39.9 | 40.6 | 405 | 405 | 405

2021-2026
0, 0, 1

;60202{"2’8(22””"Z'OM/Y“D“””Q 34.0 | 349 | 358 | 36.9 | 39.0 | 395 | 402 | 408 | 414 | 421 | 421 | 421 | 421
0, 0, 1

gbozolf"zlézca”d3'00/"/YUD““”9 340 | 349 | 358 | 36.9 | 37.0 | 38.9 | 39.9 | 409 | 42.0 | 431 | 43.0 | 43.0 | 43.0

2.00%/Y Pc and 3.00%!/Y Lt During
2021-2026 with AC and Off-Cycle 340 | 349 | 358 | 369 | 379 | 389 | 39.9 | 409 | 420 | 43.1 | 43.0 | 43.0 | 429
Adj. Phaseout but No Target Offset

2.00%/Y Pc and 3.00%/Y Lt During

2022-2026 340 | 349 | 358 | 369 | 39.0 | 40.0 | 41.0 | 42.1 | 432 | 443 | 442 | 442 | 442
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Table 1-12 - Estimated Required Average for the Combined Fleet, in MPG, CO,

passenger Cars and Liaht Trucks MY | MY [ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
9 9 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
gbozogml Y Pcand 0.00%/Y Lt During 2021- | 5, | 349 | 358 | 36.9 | 37.0 | 37.0 | 37.0 | 37.0 | 37.0 | 37.0 | 37.0 | 37.0 | 37.0
86520?/ Y Pcand 0.50%/Y LtDuring 2021- | o, | 349 | 358 | 369 | 37.0 | 37.3 | 37.5 | 37.7 | 37.9 | 381 | 381 | 38.1 | 38.1
0.50%/Y Pc and 0.50%/Y Lt During 2021-
2026 with AC and Off-Cycle Adj. 340 | 349 | 358 | 36.9 | 37.1 | 373 | 375 | 37.7 | 379 | 381 | 38.1 | 381 | 381
Phaseout but No Target Offset
0, 0, 1 -
;bozoe/()/ Y Pcand 2.00%/Y Lt During 2021- | 5, | 349 | 358 | 36.9 | 37.5 | 381 | 38.7 | 39.3 | 39.9 | 405 | 40.5 | 405 | 405
;bozogﬁ/ Y Peand 2.00%/Y LtDuring 2022- | 4, | 349 | 358 | 36.9 | 39.0 | 39.6 | 40.2 | 40.8 | 41.4 | 421 | 421 | 42.0 | 42.0
0, 0, 1 -
560206/0/ Y Pcand 3.00%/Y Lt During 2021- | 5, | 349 | 358 | 36.9 | 37.0 | 38.9 | 39.9 | 409 | 41.9 | 431 | 43.0 | 43.0 | 43.0
2.00%/Y Pc and 3.00%/Y Lt During 2021-
2026 with AC and Off-Cycle Adj. 340 | 349 | 358 | 36.9 | 37.9 | 389 | 39.9 | 40.9 | 41.9 | 430 | 43.0 | 429 | 429
Phaseout but No Target Offset
2.00%/Y Pc and 3.00%/Y Lt During 2022- | 5, | 349 | 358 | 36.9 | 39.0 | 40.0 | 41.0 | 42.0 | 431 | 442 | 442 | 442 | 441

2026
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Table 1-13 - Projected Achieved Harmonic Average for the Passenger Car Fleet, in MPG, CAFE

Dassenger Cars MY [ MY [ MY [ MY [ MYy [ My [ my [ my [ my [ My [ MYy [ MYy [ My

g 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
0, 0, i

X N QO0WIYLLDUING | 597 | 413 | 422 | 439 | 450 | 455 | 460 | 461 | 462 | 465 | 466 | 466 | 46.7
0, 0 i

865201%(2;0&“‘1O'SOA’/YLtD“““g 307 | 413 | 422 | 439 | 451 | 457 | 46.1 | 462 | 46.4 | 46.7 | 468 | 46.8 | 46.9

0.50%/Y Pc and 0.50%/Y Lt During

2021-2026 with AC and Off-Cycle | 39.7 | 41.3 | 422 | 43.9 | 452 | 458 | 462 | 462 | 46.0 | 456 | 457 | 458 | 458

Adj. Phaseout but No Target Offset
0, 0, i

;bozolglgzgca”d2'00/"/YUD“””9 307 | 41.3 | 423 | 440 | 453 | 460 | 465 | 466 | 46.8 | 47.3 | 475 | 476 | 47.6
0, 0 i

;bozozglgzgcandZ'OOA’/YLtD““”g 30.8 | 417 | 428 | 446 | 463 | 47.1 | 47.5 | 47.7 | 47.9 | 485 | 485 | 486 | 486
0, 0, i

gbozollegzgca”d3'00/"/Y“D“””9 307 | 414 | 424 | 441 | 457 | 468 | 47.5 | 482 | 484 | 49.4 | 495 | 496 | 49.6

2.00%/Y Pc and 3.00%/Y Lt During

2021-2026 with AC and Off-Cycle | 39.7 | 414 | 424 | 442 | 461 | 47.3 | 482 | 488 | 488 | 49.0 | 491 | 492 | 493

Adj. Phaseout but No Target Offset
0, 0, i

S r " NI SOOWIYLLDUING | 598 | 417 | 429 | 447 | 468 | 47.9 | 486 | 489 | 493 | 503 | 504 | 505 | 505
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Table 1-14 - Projected Achieved Harmonic Average for the Passenger Car Fleet, in MPG, CO,

Passender Cars MY | MY [ MY [ MY [ MY | MY [ MY | MY | MY | MY | MY | MY | MY

J 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
0, 0, i

gbozolf’zlgzgca”dO'OOA”YLtD“””g 306 | 407 | 415 | 424 | 436 | 441 | 445 | 446 | 447 | 448 | 449 | 450 | 451
0, 0 i

865201@8(2;0&“‘1O'SOA’/YLtD“““g 306 | 408 | 415 | 426 | 438 | 444 | 447 | 449 | 449 | 452 | 453 | 453 | 453

0.50%/Y Pc and 0.50%/Y Lt During

2021-2026 with AC and Off-Cycle | 39.6 | 40.8 | 41.6 | 427 | 440 | 447 | 450 | 45.1 | 450 | 447 | 449 | 450 | 451

Adj. Phaseout but No Target Offset
0, 0, i

;bozolglgzgca”d2'00/"/YUD“””9 306 | 40.9 | 417 | 431 | 445 | 454 | 459 | 463 | 467 | 47.0 | 47.2 | 474 | 475
0, 0 i

;bozozglgzgcandZ'OOA’/YLtD““”g 307 | 412 | 422 | 438 | 455 | 465 | 472 | 482 | 486 | 492 | 49.4 | 496 | 49.6
0, 0, i

gbozolglgzgca”d3'00/"/Y“D“””9 307 | 411 | 421 | 436 | 453 | 464 | 47.2 | 483 | 488 | 498 | 50.1 | 504 | 50.5

2.00%/Y Pc and 3.00%/Y Lt During

2021-2026 with AC and Off-Cycle | 39.7 | 41.1 | 422 | 438 | 457 | 47.0 | 480 | 49.1 | 49.3 | 496 | 49.9 | 50.3 | 505

Adj. Phaseout but No Target Offset
0, 0, i

2.00%/¥ Pcand 3.00%/Y LLDUMNG | 397 | 413 | 423 | 443 | 463 | 47.7 | 486 | 498 | 502 | 514 | 516 | 519 | 520

2022-2026
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Table 1-15 - Projected Achieved Harmonic Average for the Light Truck Fleet, in MPG, CAFE

MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY

Light Trucks 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029

0.00%/Y Pc and 0.00%/Y Lt

During 2021-2026 286 | 298 | 30.7 | 316 | 326 | 329 | 331 | 332 | 332 | 335 | 336 | 33.6 | 336

0.50%/Y Pc and 0.50%/Y Lt

During 2021-2026 286 | 300 | 309 | 318 | 329 | 332 | 333 | 334 | 335 | 340 | 340 | 341 | 341

0.50%/Y Pc and 0.50%/Y Lt
During 2021-2026 with AC
and Off-Cycle Adj. Phaseout
but No Target Offset

286 | 300 | 311 | 320 | 331 | 334 | 335 | 335 | 333 | 333 | 333 | 334 | 334

1.00%/Y Pc and 2.00%/Y Lt

During 2021-2026 286 | 30.1 | 31.2 | 323 | 338 | 342 | 344 | 346 | 348 | 354 | 355 | 356 | 357

1.00%/Y Pc and 2.00%/Y Lt

During 2022-2026 287 | 303 | 315 | 327 | 346 | 350 | 353 | 356 | 359 | 36.6 | 36.7 | 36.8 | 36.9

2.00%/Y Pc and 3.00%/Y Lt

During 2021-2026 286 | 303 | 315 | 327 | 346 | 352 | 356 | 360 | 364 | 372 | 373 | 374 | 375

2.00%/Y Pc and 3.00%/Y Lt
During 2021-2026 with AC
and Off-Cycle Adj. Phaseout
but No Target Offset

286 | 304 | 318 | 331 | 353 | 361 | 363 | 365 | 366 | 371 | 372 | 37.3 | 37.3

2.00%/Y Pc and 3.00%/Y Lt

During 2022-2026 287 | 305 | 319 | 332 | 357 | 363 | 36.7 | 371 | 374 | 383 | 384 | 386 | 38.6
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Table 1-16 - Projected Achieved Harmonic Average for the Light Truck Fleet, in MPG, CO,

ot Trucks MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
g 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029

0.00%/Y Pc and 0.00%/Y Lt

During 20212026 285 | 206 | 304 | 312 | 323 | 326 | 327 | 328 | 328 | 329 | 331 | 332 | 332

0.50%/Y Pc and 0.50%/Y Lt

Doring 20212026 285 | 2907 | 306 | 313 | 325 | 328 | 330 | 330 | 331 | 333 | 334 | 334 | 334

0.50%/Y Pc and 0.50%/Y Lt

During 2021-2026 with AC and

Off Cocle Ad. Phaseout butNo | 285 | 207 | 306 | 314 | 325 | 328 | 330 | 320 | 328 | 328 | 330 | 331 | 382

Target Offset

1.00%/Y Pc and 2.00%/Y Lt

Doring 20212025 285 | 2908 | 309 | 317 | 331 | 335 | 337 | 339 | 341 | 348 | 350 | 353 | 354

1.00%/Y Pc and 2.00%/Y Lt

Doring 2022.2026 286 | 300 | 312 | 322 | 340 | 346 | 349 | 353 | 354 | 362 | 363 | 366 | 36.7

2.00%/Y Pc and 3.00%/Y Lt

oring 20212025 286 | 209 | 312 | 322 | 338 | 344 | 347 | 352 | 355 | 365 | 369 | 374 | 375

2.00%/Y Pc and 3.00%/Y Lt

During 2021-2026 with AC and

Off-Cocle Adj. Phaseout but No | 286 | 301 | 314 | 325 | 344 | 351 | 354 | 37 | 357 | 361 | 367 | 7.1 | 376

Target Offset

0, 0,

2.00%/Y Pc and 3.00%/Y Lt 286 | 301 | 313 | 325 | 346 | 354 | 358 | 363 | 366 | 377 | 381 | 385 | 386

During 2022-2026
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Table 1-17 - Projected Achieved Harmonic Average for the Combined Fleet, in MPG, CAFE

passenger Cars and Liaht Trucks | MY | MY [ MY MY T MY [ MY [ MY [ MY [ MY [ MY [ MY [ MY [ MY

g g 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
0, 0 i

S ¥ ond OO0V LLDUNG | 337 | 350 | 36.0 | 37.2 | 383 | 38.7 | 30.0 | 30.1 | 302 | 305 | 306 | 396 | 397
0, 0, i

S (e and SOV LLDUNG | 337 | 355 | 361 | 37.4 | 385 | 300 | 302 | 30.3 | 395 | 399 | 40.0 | 400 | 400

0.50%/Y Pc and 0.50%/Y Lt During

2021-2026 with AC and Off-Cycle | 33.7 | 35.2 | 362 | 37.5 | 38.7 | 39.1 | 39.4 | 39.4 | 39.2 | 39.0 | 39.1 | 39.2 | 39.2

Adj. Phaseout but No Target Offset
0, 0 i

;bozolglgzgca”d2'00/"/YUD“””9 337 | 353 | 36.3 | 37.7 | 39.1 | 39.7 | 40.0 | 40.2 | 40.4 | 411 | 411 | 41.2 | 41.2
0, 0 i

;bozozglgzgcandZ'OOA’/YLtD““”g 339 | 355 | 36.7 | 38.2 | 40.1 | 40.6 | 40.9 | 412 | 415 | 422 | 422 | 423 | 423
0, 0 i

gbozolglgzgca”d3'00/"/Y“D“””9 33.8 | 354 | 36.6 | 38.0 | 39.8 | 40.6 | 41.2 | 417 | 420 | 429 | 430 | 431 | 43.1

2.00%/Y Pc and 3.00%/Y Lt During

2021-2026 with AC and Off-Cycle | 33.8 | 35.4 | 36.8 | 38.3 | 40.4 | 414 | 41.9 | 422 | 42.3 | 42.7 | 427 | 428 | 42.8

Adj. Phaseout but No Target Offset
0, 0, i

S X 2N SOOIV LLDUNG | 339 | 356 | 37.0 | 38.6 | 409 | 418 | 423 | 42.6 | 430 | 440 | 440 | 441 | 441
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Table 1-18 - Projected Achieved Harmonic Average for the Combined Fleet, in MPG, CO,

Passenger Cars and Light MY MY MY MY MY MY MY MY MY MY MY MY MY
Trucks 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029

0.00%/Y Pc and 0.00%/Y Lt

During 20212026 336 | 347 | 355 | 364 | 376 | 380 | 382 | 383 | 384 | 385 | 387 | 387 | 388

0.50%/Y Pc and 0.50%/Y Lt

Doring 20212026 337 | 348 | 357 | 366 | 378 | 382 | 384 | 386 | 386 | 389 | 39.0 | 39.0 | 39.1

0.50%/Y Pc and 0.50%/Y Lt

During 2021-2026 with AC and

Off-Cocle Ad. Phaseout butNo | 337 | 38 | 357 | 366 | 37.0 | 384 | 386 | 386 | 385 | 384 | 385 | 387 | 387

Target Offset

1.00%/Y Pc and 2.00%/Y Lt

During 20212026 337 | 349 | 359 | 370 | 384 | 391 | 394 | 396 | 399 | 405 | 407 | 410 | 411

1.00%/Y Pc and 2.00%/Y Lt

During 20222025 337 | 351 | 363 | 376 | 394 | 402 | 406 | 412 | 415 | 422 | 424 | 426 | 426

2.00%/Y Pc and 3.00%/Y Lt

oring 20212025 337 | 351 | 362 | 375 | 392 | 400 | 405 | 412 | 416 | 426 | 429 | 433 | 434

2.00%/Y Pc and 3.00%/Y Lt

During 2021-2026 with AC and

Off-Coclo Ad). Phassout but No | 357 | 351 | 364 | 377 | 307 | 407 | 413 | 419 | 410 | 423 | 427 | 431 | 435

Target Offset

0, 0,

2.00%/Y Pc and 3.00%/Y Lt 337 | 352 | 364 | 379 | 401 | 411 | 417 | 425 | 428 | 440 | 443 | 446 | 447

During 2022-2026
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Table 1-19 - Average Incremental Technology Costs and Civil Penalties per Vehicle,
Passenger Cars, CAFE (2016%)

Passenger Cars

MY
2017

MY
2018

MY
2019

MY
2020

MY
2021

MY
2022

MY
2023

MY
2024

MY
2025

MY
2026

MY
2027

MY
2028

MY
2029

0.00%/Y Pc and
0.00%/Y Lt During
2021-2026

-$100

-$210

-$290

-$580

-$990

-$1,290

-$1,520

-$1,630

-$1,730

-$1,750

-$1,710

-$1,690

-$1,660

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026

-$100

-$200

-$280

-$560

-$960

-$1,250

-$1,480

-$1,590

-$1,690

-$1,700

-$1,670

-$1,640

-$1,610

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026 with AC
and Off-Cycle Adj.
Phaseout but No
Target Offset

-$80

-$180

-$270

-$550

-$930

-$1,220

-$1,420

-$1,530

-$1,620

-$1,600

-$1,560

-$1,530

-$1,500

1.00%/Y Pc and
2.00%/Y Lt During
2021-2026

-$90

-$180

-$270

-$540

-$930

-$1,200

-$1,410

-$1,510

-$1,590

-$1,540

-$1,490

-$1,450

-$1,410

1.00%/Y Pc and
2.00%/Y Lt During
2022-2026

-$50

-$110

-$170

-$430

-$760

-$1,020

-$1,200

-$1,300

-$1,360

-$1,310

-$1,270

-$1,240

-$1,200

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026

-$70

-$160

-$240

-$490

-$810

-$1,010

-$1,160

-$1,200

-$1,250

-$1,120

-$1,080

-$1,040

-$1,010

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026 with AC
and Off-Cycle Adj.
Phaseout but No
Target Offset

-$70

-$160

-$210

-$450

-$700

-$850

-$940

-$950

-$950

-$730

-$700

-$670

-$650

2.00%/Y Pc and
3.00%/Y Lt During
2022-2026

-$30

-$90

-$150

-$390

-$640

-$820

-$950

-$1,010

-$1,030

-$900

-$870

-$830

-$810
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Table 1-20 - Average Incremental Technology Costs and Civil Penalties per Vehicle,

Passenger Cars, CO; (2016%)

Passenger Cars

MY MY MY MY MY MY MY MY
2017 | 2018 | 2019 | 2020 | 2021 2022 2023 2024

MY
2025

MY
2026

MY
2027

MY
2028

MY
2029

0.00%/Y Pc and
0.00%/Y Lt During
2021-2026

-$90 | -$240 | -$340 | -$640 | -$930 | -$1,190 | -$1,480 | -$1,630

-$1,750

-$1,990

-$2,070

-$2,120

-$2,120

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026

-$90 | -$230 | -$320 | -$620 | -$900 | -$1,150 | -$1,440 | -$1,580

-$1,710

-$1,930

-$2,010

-$2,060

-$2,060

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026 with AC
and Off-Cycle Adij.
Phaseout but No Target
Offset

-$90 | -$230 | -$310 | -$600 | -$870 | -$1,110 | -$1,380 | -$1,510

-$1,620

-$1,790

-$1,860

-$1,890

-$1,880

1.00%/Y Pc and
2.00%/Y Lt During
2021-2026

-$80 | -$210 | -$290 | -$520 | -$780 | -$980 | -$1,230 | -$1,340

-$1,420

-$1,630

-$1,690

-$1,720

-$1,710

1.00%/Y Pc and
2.00%/Y Lt During
2022-2026

-$30 | -$110 | -$160 | -$350 | -$560 | -$740 | -$960 | -$1,030

-$1,130

-$1,260

-$1,320

-$1,350

-$1,350

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026

-$60 | -$150 | -$210 | -$410 | -$620 | -$790 | -$970 -$990

-$1,050

-$1,120

-$1,170

-$1,150

-$1,150

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026 with AC
and Off-Cycle Adij.
Phaseout but No Target
Offset

-$60 | -$140 | -$180 | -$330 | -$500 | -$580 | -$700 -$690

-$700

-$680

-$720

-$710

-$680

2.00%/Y Pc and
3.00%/Y Lt During
2022-2026

-$20 | -$80 | -$110 | -$220 | -$370 | -$480 | -$620 -$640

-$680

-$730

-$790

-$790

-$790
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Table 1-21 - Average Incremental Technology Costs and Civil Penalties per Vehicle,
Light Trucks, CAFE (20163%)

Light Trucks

MY
2017

MY
2018

MY
2019

MY
2020

MY
2021

MY
2022

MY
2023

MY
2024

MY
2025

MY
2026

MY
2027

MY
2028

MY
2029

0.00%/Y Pc and
0.00%/Y Lt During
2021-2026

-$90

-$490

-$830

-$1,110

-$1,770

-$1,900

-$1,980

-$2,090

-$2,220

-$2,280

-$2,240

-$2,210

-$2,160

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026

-$90

-$430

-$760

-$1,040

-$1,690

-$1,820

-$1,910

-$2,020

-$2,140

-$2,160

-$2,130

-$2,090

-$2,040

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026 with AC and
Off-Cycle Adj. Phaseout
but No Target Offset

-$80

-$360

-$660

-$940

-$1,580

-$1,710

-$1,800

-$1,900

-$2,010

-$2,010

-$1,970

-$1,940

-$1,890

1.00%/Y Pc and
2.00%/Y Lt During
2021-2026

-$90

-$350

-$610

-$840

-$1,400

-$1,510

-$1,600

-$1,680

-$1,770

-$1,700

-$1,660

-$1,620

-$1,570

1.00%/Y Pc and
2.00%/Y Lt During
2022-2026

-$50

-$270

-$520

-$700

-$1,110

-$1,220

-$1,270

-$1,310

-$1,360

-$1,270

-$1,230

-$1,200

-$1,160

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026

-$70

-$240

-$420

-$600

-$1,010

-$1,070

-$1,110

-$1,150

-$1,190

-$1,040

-$1,010

-$970

-$940

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026 with AC and
Off-Cycle Adj. Phaseout
but No Target Offset

-$60

-$140

-$180

-$320

-$530

-$520

-$580

-$600

-$570

-$300

-$290

-$270

-$260

2.00%/Y Pc and
3.00%/Y Lt During
2022-2026

-$30

-$90

-$190

-$300

-$510

-$530

-$580

-$620

-$670

-$510

-$490

-$460

-$440
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Table 1-22 - Average Incremental Technology Costs and Civil Penalties per Vehicle,
Light Trucks, CO; (2016%)

Light Trucks

MY
2017

MY
2018

MY
2019

MY
2020

MY
2021

MY
2022

MY
2023

MY
2024

MY
2025

MY
2026

MY
2027

MY
2028

MY
2029

0.00%/Y Pc and 0.00%/Y
Lt During 2021-2026

-$80

-$440

-$780

-$990

-$1,490

-$1,650

-$1,820

-$1,900

-$1,960

-$2,220

-$2,300

-$2,440

-$2,500

0.50%/Y Pc and 0.50%/Y
Lt During 2021-2026

-$70

-$410

-$750

-$950

-$1,440

-$1,600

-$1,770

-$1,850

-$1,910

-$2,150

-$2,250

-$2,380

-$2,440

0.50%/Y Pc and 0.50%/Y
Lt During 2021-2026
with AC and Off-Cycle
Adj. Phaseout but No
Target Offset

-$70

-$410

-$750

-$940

-$1,430

-$1,580

-$1,730

-$1,810

-$1,810

-$1,960

-$2,040

-$2,150

-$2,210

1.00%/Y Pc and 2.00%/Y
Lt During 2021-2026

-$70

-$370

-$660

-$830

-$1,280

-$1,410

-$1,550

-$1,600

-$1,610

-$1,710

-$1,790

-$1,860

-$1,910

1.00%/Y Pc and 2.00%/Y
Lt During 2022-2026

-$60

-$290

-$480

-$610

-$930

-$1,030

-$1,180

-$1,190

-$1,230

-$1,300

-$1,380

-$1,450

-$1,530

2.00%/Y Pc and 3.00%/Y
Lt During 2021-2026

-$60

-$300

-$490

-$630

-$1,000

-$1,090

-$1,210

-$1,220

-$1,200

-$1,210

-$1,130

-$1,150

-$1,200

2.00%/Y Pc and 3.00%/Y
Lt During 2021-2026
with AC and Off-Cycle
Adj. Phaseout but No
Target Offset

-$60

-$200

-$300

-$430

-$680

-$730

-$840

-$840

-$790

-$740

-$620

-$600

-$490

2.00%/Y Pc and 3.00%/Y
Lt During 2022-2026

-$50

-$170

-$320

-$430

-$630

-$700

-$800

-$800

-$770

-$730

-$650

-$700

-$750
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Table 1-23 - Average Incremental Technology Costs and Civil Penalties per Vehicle,

Combined, CAFE (2016%)

Passenger Cars
and Light Trucks

MY
2017

MY
2018

MY
2019

MY
2020

MY
2021

MY
2022

MY
2023

MY
2024

MY
2025

MY
2026

MY
2027

MY
2028

MY
2029

0.00%/Y Pc and
0.00%/Y Lt During
2021-2026

-$100

-$340

-$540

-$820

-$1,350

-$1,570

-$1,740

-$1,850

-$1,960

-$2,000

-$1,960

-$1,930

-$1,900

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026

-$90

-$300

-$500

-$780

-$1,300

-$1,520

-$1,680

-$1,790

-$1,900

-$1,920

-$1,890

-$1,850

-$1,820

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026 with AC
and Off-Cycle Adj.
Phaseout but No
Target Offset

-$80

-$270

-$450

-$730

-$1,230

-$1,440

-$1,600

-$1,700

-$1,810

-$1,790

-$1,760

-$1,720

-$1,690

1.00%/Y Pc and
2.00%/Y Lt During
2021-2026

-$90

-$260

-$430

-$680

-$1,140

-$1,350

-$1,500

-$1,590

-$1,680

-$1,620

-$1,570

-$1,530

-$1,490

1.00%/Y Pc and
2.00%/Y Lt During
2022-2026

-$50

-$180

-$330

-$550

-$920

-$1,110

-$1,230

-$1,310

-$1,360

-$1,300

-$1,260

-$1,220

-$1,190

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026

-$70

-$200

-$320

-$540

-$900

-$1,040

-$1,140

-$1,180

-$1,220

-$1,090

-$1,050

-$1,010

-$980

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026 with AC
and Off-Cycle Adj.
Phaseout but No
Target Offset

-$60

-$150

-$200

-$390

-$620

-$700

-$780

-$790

-$770

-$540

-$510

-$480

-$470

2.00%/Y Pc and
3.00%/Y Lt During
2022-2026

-$30

-$90

-$170

-$350

-$580

-$680

-$780

-$830

-$860

-$720

-$690

-$660

-$640
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Table 1-24 - Average Incremental Technology Costs and Civil Penalties per Vehicle,

Combined, CO; (20169%)

Passenger Cars and
Light Trucks

MY
2017

MY
2018

MY
2019

MY
2020

MY
2021

MY
2022

MY
2023

MY
2024

MY
2025

MY
2026

MY
2027

MY
2028

MY
2029

0.00%/Y Pc and
0.00%/Y Lt During
2021-2026

-$80

-$330

-$540

-$800

-$1,180

-$1,400

-$1,640

-$1,760

-$1,850

-$2,100

-$2,190

-$2,270

-$2,300

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026

-$80

-$310

-$520

-$770

-$1,140

-$1,360

-$1,600

-$1,710

-$1,810

-$2,030

-$2,130

-$2,220

-$2,250

0.50%/Y Pc and
0.50%/Y Lt During
2021-2026 with AC
and Off-Cycle Adj.
Phaseout but No Target
Offset

-$80

-$310

-$510

-$760

-$1,130

-$1,320

-$1,540

-$1,650

-$1,710

-$1,880

-$1,950

-$2,020

-$2,050

1.00%/Y Pc and
2.00%/Y Lt During
2021-2026

-$80

-$290

-$460

-$660

-$1,010

-$1,180

-$1,380

-$1,460

-$1,510

-$1,670

-$1,740

-$1,790

-$1,810

1.00%/Y Pc and
2.00%/Y Lt During
2022-2026

-$50

-$190

-$310

-$470

-$730

-$880

-$1,060

-$1,110

-$1,170

-$1,280

-$1,350

-$1,400

-$1,440

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026

-$60

-$220

-$340

-$510

-$790

-$930

-$1,080

-$1,100

-$1,120

-$1,160

-$1,150

-$1,150

-$1,180

2.00%/Y Pc and
3.00%/Y Lt During
2021-2026 with AC
and Off-Cycle Adj.
Phaseout but No Target
Offset

-$60

-$170

-$240

-$380

-$580

-$650

-$770

-$760

-$740

-$710

-$680

-$660

-$590

2.00%/Y Pc and
3.00%/Y Lt During
2022-2026

-$30

-$120

-$200

-$320

-$490

-$580

-$700

-$710

-$720

-$730

-$720

-$750

-$780
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Table 1-25 - Incremental Total Costs by Societal Perspective, Passenger Cars,
3% Discount Rate, CAFE (Billions of 2016%)

Passender Cars 1':;';;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
9 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

MY's 2021-2026 584 | -71 | -84 | 94 | -128 | -180 | -19.3 | -193 | -178 | -16.0 | -13.6 | -11.4 | -10.6 | -9.8 -231.9

0.5%PC/0.5%LT,

MY's 2021-2026 557 | 68 | -80 | -90 | -123 | -17.3 | -18.8 | -18.7 | -17.2 | -154 | -13.1 | -11.2 | -10.4 | -9.8 -223.7

0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle 521 | 63 | -75 | -85 | -119 | -16.7 | -180 | -17.7 | -16.3 | -145 | -11.8 | -106 | 9.9 | -94 -211.2

Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 -470 | -56 | -6.7 | -7.7 | -110| -158 | -17.3 | -17.1 | -158 | -14.0 | -116 | -11.1 | -10.7 | -10.3 | -201.6

1.0%PC/2.0%LT,

MY's 2022-2026 373 | ‘41 | ‘45 | 51 | -83 | -123 | -15.0 | -15.0 | -141 | -12.7 | -10.3 | -10.2 | -99 | -9.6 -168.4

2.0%PC/3.0%LT,

MY's 2021-2026 -333 | 38| 48 | 58 | -89 | -129 | -138 | -13.3 | -11.3 | -10.8| -81 | 91 | -8.7 | -8.6 -153.3

2.0%PC/3.0%LT,

MY's 2021-2026,

AC/Off-Cycle -199 | 23 | 34 | 42 | -71 | -102|-106| 94 | -73 | 65 | -36 | 65 | -6.0 | -6.0 -103.0

Phaseout

2.0%PC/3.0%LT,

MY's 2022-2026 213 | -23 | -28 | 33| 63 | -93 | -111| -110|-100| -88 | 63 | -7.7 | -74 | -7.3 -114.7
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Table 1-26 - Incremental Total Costs by Societal Perspective, Passenger Cars,
3% Discount Rate, CO, (Billions of 20163%)

Passender Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 -609 | -80 | -10.0 | -115| -15.7 | -194 | -20.3 | -20.2 | -19.7 | -181 | -179 | -16.1 | -15.1 | -12.8 | -265.7
0.5%PC/0.5%LT,
MY's 2021-2026 -589 | -7.7 | 97 | -110| -15.1 | -188 | -19.8 | -19.8 | -19.3 | -17.8 | -17.3 | -15.8 | -14.8 | -12.4 | -258.3
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 554 | -71 | 9.1 |-101|-141 | -17.7 | -184 | -182 | -175 | -159 | -15.1 | -143 | -13.3 | -11.2 | -2374
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 -487 | 6.2 | -81 | -90 | -12.0 | -153 | -159 | -159 | -154 | -13.7 | -13.7 | -12.8 | -12.1 | -10.4 | -209.2
1.0%PC/2.0%LT,
MY's 2022-2026 -363 | 44 | 54 | 60 | -84 | -111|-129|-128 | -116 | -11.4 | -10.3 | -10.8 | -10.1 | -8.6 -160.1
2.0%PC/3.0%LT,
MY's 2021-2026 344 | 41 | 52 | 59 | -84 |-111|-117|-114|-101| 97 | -87 | 94 | -85 | -7.6 -146.3
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 220 | 25| 36 | 41 | 61 | -81 | -78 | 69 | 53 | 47 | -36 | -59 | 5.1 | 44 -90.1
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 218 | 25| 31| 34 | 47 | 66 | -76 | -77 | 68 | 63 | 49 | -73 | -65 | 5.9 -95.2
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Table 1-27 - Incremental Total Costs by Societal Perspective, Light Trucks,
3% Discount Rate, CAFE (Billions of 2016%)

Liaht Trucks 1':;';;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
9 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 283 | -33 | -71 | -103 | -12.7 | -186 | -20.0 | -21.4 | -22.2 | -235 | -247 | -25.4 | -26.3 | -26.5 | -270.4
0.5%PC/0.5%LT,
MY's 2021-2026 257 | 30 | 61 | 91 | -115|-174 | -187 | -20.1 | -21.0 | -22.2 | -23.1 | -23.7 | -245 | -247 | -250.8
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 245 | -28 | -54 | 80 | -105 | -16.2 | -175 | -189 | -19.8 | -21.0 | -21.7 | -22.1 | -22.6 | -22.7 | -233.7
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 201 | -23 | 46 | -70 | -88 | -13.7 | -148 | -16.2 | -16.8 | -17.8 | -17.7 | -17.3 | -175 | -17.4 | -191.9
1.0%PC/2.0%LT,
MY's 2022-2026 -142 | -13 | 33 | 55 | 69 | -105|-111|-118 | -121 | -124 | -122 | -120 | -120 | -119 | -137.2
2.0%PC/3.0%LT,
MY's 2021-2026 -133 | -14 | 29 | 44 | 59 | 94 | 98 | -108 | -111 | -11.1|-101 | 94 | 9.2 | 91 -117.8
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle -8.3 -08 | -15 | -17 | -29 | -48 | ‘48 | 60 | 63 | 58 | 41 | -38 | -3.2 | -3.1 -57.0
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 -7.4 -06 | -11 | -19 | -28 | ‘46 | ‘46 | 52 | 57 | 61 | 52 | 47 | 44 | -44 -58.7
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Table 1-28 - Incremental Total Costs by Societal Perspective, Light Trucks,

3% Discount Rate, CO, (Billions of 20163%)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 341 | 42 | -7.8 | -110 | -12.8 | -17.4 | -18.8 | -21.7 | -23.2 | -24.7 | -275 | -29.6 | -31.6 | -33.1 | -2975
0.5%PC/0.5%LT,
MY's 2021-2026 -320 | 40 | -72 | -105 | -12.2 | -16.7 | -17.8 | -20.7 | -22.1 | -23.6 | -26.3 | -28.4 | -30.5 | -32.1 | -284.1
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 293 | -34 | 6.7 | -98 | -115|-160| -17.1 | -198 | -21.1 | -22.2 | -240 | -255 | -27.0 | -28.3 | -261.6
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 239 | -27 | 55| -80 | 96 | -136 | -145 | -16.7 | -176 | -186 | -198 | -21.4 | -22.3 | -23.3 | -217.4
1.0%PC/2.0%LT,
MY's 2022-2026 -160 | -19 | 40 | 5.7 | 68 | -97 |-10.1|-119 | -123 | -124 | -13.4 | -145 | -15.3 | -16.7 | -150.7
2.0%PC/3.0%LT,
MY's 2021-2026 -149 | -15 | -37 | -54 | 6.6 | -100 | -105 | -124 | -126 | -12.1 | -12.1 | -11.7 | -120 | -129 | -138.4
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle -9.9 -10 | 22 | 32 | 43| 65 | 68 | -86 | -89 | -84 | -78 | 6.7 | 6.3 | -5.6 -86.1
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 -9.5 11| -22 | 36 | 46 | 63 | 66 | -75 | -74 | -72 | -71 | 65 | 68 | -75 -83.8
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Table 1-29 - Incremental Total Costs by Societal Perspective, Combined,
3% Discount Rate, CAFE (Billions of 2016%)

Passenger Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
and Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,

MY's 2021-2026 -86.7 | -10.4 | -155 | -19.7 | -25.4 | -36.6 | -39.3 | -40.7 | -40.0 | -39.4 | -38.3 | -36.7 | -36.9 | -36.3 | -501.9
0.5%PC/0.5%LT,

MY's 2021-2026 -814 | 98 | -141 | -181 | -23.8 | -348 | -37.5 | -38.8 | -38.2 | -376 | -36.2 | -35.0 | -35.0 | -34.4 | -4747
0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle -765 | 91 | -129 | -166 | -223 | -329 | -355 | -36.7 | -36.1 | -355 | -334 | -32.8 | -325 | -32.1 | -444.9
Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 671 | -79 | -11.3 | -146 | -198 | -296 | -32.1 | -33.3 | -326 | -31.8 | -29.3 | -28.4 | -28.2 | -276 | -393.6
1.0%PC/2.0%LT,

MY's 2022-2026 515 | 54 | -78 | -10.6 | -15.1 | -22.8 | -26.1 | -26.8 | -26.2 | -25.1 | -22.6 | -22.2 | -21.9 | -21.6 | -305.7
2.0%PC/3.0%LT,

MY's 2021-2026 -46.7 | -5.2 | -7.7 | -10.2 | -149 | -223 | -236 | -241 | -225 | -219 | -181 | -185 | -179 | -17.7 | -271.3
2.0%PC/3.0%LT,

MYs 2021-2026,

AC/Off-Cycle -282 | 31 | 48 | -59 | -100 | -149 | -153 | -155 | -136 | -123 | -78 | -10.2 | 9.2 | -9.1 -159.8
Phaseout

0 0

2.0%PC/3.0%LT, -287 | 28 | -39 | -2 | -91 | -139 | -15.7 | -16.3 | -158 | -149 | -114 | -124 | -11.8 | -11.7 | -173.6

MY's 2022-2026
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Table 1-30 - Incremental Total Costs by Societal Perspective, Combined,
3% Discount Rate, CO, (Billions of 20163%)

Passenger Cars and 1':)/'7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
Light Trucks Sore | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0, 0,
2602/1"_2%’2060/‘“' MYS | 950 | -12.2 | -17.8 | 225 | -2855 | -36.8 | -39.0 | -41.9 | -42.8 | -42.8 | 455 | -45.7 | -46.7 | -45.9 | -563.1
86520/103%/2065%“' MYS | 910 | -11.7 | -17.0 | 215 | -27.3 | -35.4 | -37.6 | -40.4 | -41.4 | -41.4 | 436 | -44.2 | -452 | -445 | -542.2
0.5%PC/0.5%LT, MYs
2021-2026, AC/Off-Cycle | -84.8 | -10.5 | -15.7 | -19.9 | -25.6 | -33.6 | -355 | -37.9 | -38.7 | -38.1 | -39.1 | -39.8 | -40.3 | -39.5 | -499.0
Phaseout
0, 0,
5602/10-2%/2260/0“' MYs | 726 | -89 | -135 | -17.0 | -21.5 | -28.9 | -30.4 | -32.6 | -33.0 | -32.3 | -335 | -34.2 | -34.4 | -33.7 | -4265
0, 0,
5602/20-2%/2260/0“' MYS | 524 | 63 | 94 | -127 | -152 | 208 | -23.1 | 24.7 | -23.9 | -23.8 | -23.7 | -25.4 | -25.4 | 252 | -311.0
0, 0,
5602/10-2%/2360/0“' MYS | 493 | 56 | -89 | -11.3 | -150 | -21.0 | -22.2 | 23.7 | 227 | 218 | -20.8 | -21.1 | 205 | 20.5 | -284.5
2.0%PC/3.0%LT, MYS
2021-2026, AC/Off-Cycle | -31.9 | -35 | -59 | 7.2 | 103 | -14.7 | -146 | -15.6 | -14.2 | -13.0 | -11.4 | -126 | -11.3 | -10.0 | -176.2
Phaseout
0, 0,
2602/20_2%’2360/‘“' MYs | 313 | 35| 53 | 70 | -03 | -129 | -141 | -15.3 | -14.2 | -135 | -12.0 | -13.8 | -13.3 | -13.4 | -178.9
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Table 1-31 - Present Value of Lifetime Societal Benefits, Passenger Cars,
3% Discount Rate, CAFE (Billions of 2016%)

Passenaer Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 25.7 15 -04 | -19 | 53 | -11.0 | -14.7 | -169 | -18.7 | -19.7 | -20.4 | -20.2 | -19.9 | -19.7 | -1415
0.5%PC/0.5%LT,
MY's 2021-2026 24.4 1.4 -04 | 19 | -3 | -10.7 | -143 | -16.4 | -18.2 | -19.3 | -19.8 | -19.6 | -19.2 | -189 | -138.2
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 22.9 1.3 -05 | 20 | 54 | -106 | -140 | -16.1 | -17.8 | -188 | -19.0 | -184 | -179 | -17.6 | -133.8
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 20.6 1.0 05| -19 | 53 | -103 | -136 | -154 | -17.0 | -180 | -17.8 | -16.9 | -16.4 | -16.0 | -1275
1.0%PC/2.0%LT,
MY's 2022-2026 16.4 1.1 0.5 -02 | 32| -71 | 99 | -120 | -135 | -144 | -142 | -135 | -13.1 | -12.7 -95.8
2.0%PC/3.0%LT,
MY's 2021-2026 14.6 0.4 -10 | 23 | 53 | 95 | -114 | -126 | -126 | -13.0 | -11.7 | -10.7 | -10.3 | -10.0 -95.3
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 8.7 -02 | -15 | -27 | -56 | -88 | -10.2 | -108 | -105|-104 | 82 | 69 | 6.7 | -6.4 -80.0
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 9.4 0.5 0.0 05| -33| 61| -78 | 92 | -10.2|-105| 92 | -83 | -8.0 | -7.7 -71.0
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Table 1-32 - Present Value of Lifetime Societal Benefits, Passenger Cars,
3% Discount Rate, CO, (Billions of 20163%)

Passenger Cars 1':;7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT, MYs

2021-2026 26.8 21 | 0.7 | -25 | 69 | -11.5 | -154 | -18.6 | -21.3 | -23.2 | -25.8 | -26.9 | -27.0 | -27.2 | -178.1

0.5%PC/0.5%LT, MYs

2021-2026 25.9 21 | 05 | -22 | 65 |-109 | -145 | -17.6 | -20.4 | -22.3 | -24.6 | -25.6 | -26.0 | -26.3 | -169.4

0.5%PC/0.5%LT, MYs
2021-2026, AC/Off-Cycle | 24.4 1.8 -0.7 | -21 | -6.3 | -105 | -13.7 | -16.8 | -19.2 | -20.7 | -22.0 | -22.5 | -225 | -22.7 | -153.4
Phaseout

0 0
L0%PC/2.0%LT, MYs 21.4 15 | 08 | -20 | 49 | -88 | -114 | -140 | -16.0 | -16.8 | -18.8 | -19.4 | -19.3 | -19.3 | -128.6

2021-2026

1.0%PC/2.0%LT, MYs

2022-2026 16.0 15 02 | 05 | -28 | 58 | -7.7 | 9.7 | -9.9 | -105 | -11.9 | -12.3 | -12.5 | -12.8 -78.7
2.0%PC/3.0%LT, MYs

2021-2026 151 10 | 04 | -12 | 37 | 67 | 86 |-101| -99 | -10.0 | -104 | -10.6 | -104 | -10.4 -76.1

2.0%PC/3.0%LT, MYs
2021-2026, AC/Off-Cycle 9.6 0.4 09| -16 | 36 | 60 | -71 | -81 | -75 | -72 | -65 | 6.3 | 6.0 | -5.8 -56.8
Phaseout

2.0%PC/3.0%LT, MYs

2022-2026 9.6 07 | 02| -07 | -17 | -37 | 47 | 58 | 55 | 63 | -65 | 6.6 | -6.7 | 6.8 -44.8
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Table 1-33 - Present Value of Lifetime Societal Benefits, Light Trucks,
3% Discount Rate, CAFE (Billions of 2016%)

Liaht Trucks 1':;';;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
9 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 17.5 0.0 42 | -76 | -105 | -183 | -193 | -19.6 | -20.4 | -215 | -21.6 | -20.6 | -19.6 | -18.7 | -184.4
0.5%PC/0.5%LT,
MY's 2021-2026 16.0 01| 32| 62 | -92 |-169 | -18.0| -18.4 | -19.2 | -20.2 | -19.7 | -18.7 | -17.8 | -17.0 | -168.6
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 15.2 02 | 30| -6 | -85 | -158 | -16.8 | -17.1 | -179 | -188 | -18.0 | -17.2 | -16.5 | -15.8 | -156.0
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 12.5 05| -28 | 49 | 68 | -12.7| -13.2 | -136 | -141 | -149 | -13.7 | -13.2 | -12.7 | -12.1 | -122.7
1.0%PC/2.0%LT,
MY's 2022-2026 8.9 0.1 -16 | -36 | -50 | -87 | -10.1 | -10.3 | -10.4 | -111 | -100 | 9.7 | 9.3 | -8.9 -89.8
2.0%PC/3.0%LT,
MY's 2021-2026 8.3 08| 23| 36 | 53| 92| 90| -89 | -87 | 94 | -82 | -80 | -76 | -74 -80.1
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 5.2 -10 | -18 | 22 | 34 | 61 | 52 | 53 | 48 | 48 | 25 | 24 | 24 | -2.3 -39.0
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 4.6 01 | 08| -16 | 24 | -44 | -46 | 49 | 51 | -59 | 45 | 44 | 42 | 40 -42.0
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Table 1-34 - Present Value of Lifetime Societal Benefits, Light Trucks,
3% Discount Rate, CO, (Billions of 20163%)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0 0
0.0%PC/0.0%LT, MYs 211 14 | -32 | -7.1 | -104 | -174 |-194 | -20.1 | -21.2 | -21.1 | -225 | -21.5 | -21.8 | -21.1 | -184.3

2021-2026

86520/103%/2065%“' MYs | 198 | 15 | 24 | 63 | 95 | -16.2 | -18.4 | -19.1 | 201 | 20.1 | -20.9 | 207 | -21.0 | -203 | -173.8
0.5%PC/0.5%LT, MYS

2021-2026, AC/Off- 182 | 11 | 27 | 65 | 96 | -163 | -183 | -18.8 | -19.8 | -19.0 | -185 | -18.2 | -18.4 | -17.7 | -1645

Cycle Phaseout

1.0%PC/2.0%LT, MYs

2021-2026 14.9 08 | 23 | -53 | 80 |-138 |-153 | -159 | -16.6 | -16.1 | -15.1 | -14.7 | -14.3 | -13.9 | -135.6

1.0%PC/2.0%LT, MYs

2022-2026 10.0 04 | -16 | 36 | 51 | -91 | 99 |-10.8 | -10.6 | -11.1 | -10.3 | -10.4 | -10.7 | -10.5 -93.3

2.0%PC/3.0%LT, MYs

2021-2026 9.3 02 | -19 | -38 | -56 |-103 |-110|-114 | -112|-111| 96 | 8.7 | -84 | -83 -91.8

2.0%PC/3.0%LT, MYs
2021-2026, AC/Off- 6.2 -01|-15 | -28 | 43 | -74 | -76 | -79 | ;75 | -71 | 54 | 43 | 42 | 31 -56.8
Cycle Phaseout

2.0%PC/3.0%LT, MYs

2022-2026 5.9 00 | -14 | -29 | 42 | 64 | 67 | -75 | -73 | -71 | 56 | -50 | -53 | -53 -58.8
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Table 1-35 - Present Value of Lifetime Societal Benefits, Combined,
3% Discount Rate, CAFE (Billions of 2016%)

Passenger Cars and 1';"7\;_ MY | MY | MY | MY | MY | MY [ MY | MY | MY | MY | MY | MY | MY | My
Light Trucks o1 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

26020/10-2%/2060%“' MYS | 432 | 15 | 46 | 94 |-158 | 29.2 | -34.0 | -36.5 | -39.1 | -41.2 | -42.0 | -40.8 | -39.5 | -38.4 | -325.8

86520/103%/2065%“' MYS | 404 | 13 | 36 | 81 |-145 | 276 | -32.2 | -34.8 | -37.4 | -39.4 | 395 | -38.3 | -37.0 | -35.9 | -306.6

0.5%PC/0.5%LT, MYS

2021-2026, AC/Off- 381 | 11 | 35 | -75 | -13.9 | 26.3 | -30.8 | -33.2 | -35.7 | -37.6 | -37.0 | -35.6 | -34.4 | -33.4 | -289.7

Cycle Phaseout

1.0%PC/2.0%LT, MYs

2021-2026 33.1 05 | 33 | 68 |-121|-230|-268 | -29.0 | -31.1 | -329 | -31.5 | -30.2 | -29.1 | -28.1 | -250.4

1.0%PC/2.0%LT, MYs

2022-2026 25.3 12 | -11 | -38 | -82 | -15.8 | -20.0 | -22.3 | -23.9 | -25.4 | -24.2 | -23.3 | -22.4 | -21.7 | -185.7

2.0%PC/3.0%LT, MYs

2021-2026 229 | -04 | -32 | 59 |-106 | -18.7 | -204 | -21.5 | -21.3 | -224 | -19.8 | -18.7 | -17.9 | -17.3 | -175.2

2.0%PC/3.0%LT, MYs
2021-2026, AC/Off- 139 | -12 | -33 | -48 | 90 | -149 | -154 | -16.1 | -154 | -15.1 | -10.7 | 93 | -9.0 | -8.7 -119.0
Cycle Phaseout

2.0%PC/3.0%LT, MYs

2022-2026 14.0 04 | 08 | -21 | 5.7 | -10.5|-124 | -140 | -15.2 | -16.4 | -13.7 | -12.6 | -12.1 | -11.7 | -1129
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Table 1-36 - Present Value of Lifetime Societal Benefits, Combined,
3% Discount Rate, CO, (Billions of 20163%)

Passenger Carsand | ¥ | MY | MY | MY [ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
Light Trucks 1T | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0, 0

DPRPTV BT MYS | 479 | 35 | 38 | 06 |17.3| 289 | 348 | -387 | 425 | 443 | -48.3 | 484 | 489 | 483 | -3625

DRI LT MYS | 458 | 35 | 29 | 85 | 160 | -27.1| 328 | 367 | 405 | 424 | 455 | 463 | 47.0 | 466 | -343.0

0.5%PC/0.5%LT, MYs

2021-2026, AC/Off- 425 | 29 | 35 | 85 | -159 | 268 | -32.1 | -35.6 | -39.0 | -39.7 | -40.5 | -40.7 | -40.9 | -40.4 | -318.1

Cycle Phaseout

0, 0

PONPCIZORLT. MY | 362 | 24 | 31| 7.3 | 129|226 | 267 | 209 | 326 | -329 | 338 | -341 | 336 | 331 | -264.0
0, 0

SORPCZONLT.MYS | 260 | 19 | 14 | 41 | 7.9 | 149 | 176 | 204 | 205 | 216 | -22.2 | 227 | 232 | 233 | -17L9
0,

20%PCIB.O%LT, MYS | 504 | 12 | 23 | 50 | 9.3 | 170 | -19.6 | 215 | 211 | -20.1 | -19.9 | -19.3 | -188 | -18.7 | -167.9

2021-2026

2.0%PC/3.0%LT, MYs

2021-2026, AC/Off- 158 | 03 | 24 | 43 | -7.9 | 134 | 147 | 160 | -150 | 143 | 119 | 106 | 102 | -89 | -1135

Cycle Phaseout

0, 0

CONPCSONLT.MYS | 155 | 07 | 16 | 37 | 59 |-10.0| 114|132 | 128 | 134 | -121 | 116 | -120 | -121 | -1036
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Table 1-37 - Present Value of Net Total Benefits, Passenger Cars,

3% Discount Rate, CAFE (Billions of 2016%)

Passenaer Cars &g; MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
9 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT, MYs
2021-2026 84.1 8.6 8.0 7.5 7.5 7.0 4.6 2.4 -09 | 38| 68 | -89 | -9.2 | 9.8 90.5
0.5%PC/0.5%LT, MYs
2021-2026 80.1 8.2 7.6 7.1 7.1 6.7 45 2.3 -10 | -38 | -68 | -84 | -8.7 | 9.2 85.7
0.5%PC/0.5%LT, MYs
2021-2026, AC/Off-Cycle | 75.0 7.6 7.0 6.6 6.5 6.1 4.0 1.7 -16 | 44 | -72 | -78 | -8.0 | -8.3 77.2
Phaseout
1.0%PC/2.0%LT, MYs
9021-2026 67.6 6.6 6.1 5.7 5.8 55 3.7 1.7 -12 | 40 | -6.2 | -59 | -5.7 | 5.7 73.9
1.0%PC/2.0%LT, MYs
2022-2026 53.7 5.1 5.0 49 5.1 5.2 5.1 3.0 0.6 1.7 | -39 | 33 | 3.2 | 31 72.6
2.0%PC/3.0%LT, MYs
2021-2026 48.0 4.2 3.9 3.6 3.6 35 2.3 0.7 12 | 22 | -36 | -16 | -16 | -14 58.2
2.0%PC/3.0%LT, MYs
2021-2026, AC/Off-Cycle | 28.6 2.1 1.9 15 1.6 1.4 0.3 14 | 32 | -39 | 45 | 04 | 07 | -04 22.8
Phaseout
0, 0,

2.0%PC/3.0%LT, MYs 30.6 2.7 2.8 2.8 3.0 3.2 3.3 1.9 01| -17 | 29 | 06 | -06 | -04 43.8

2022-2026
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Table 1-38 - Present Value of Net Total Benefits, Passenger Cars,

3% Discount Rate, CO, (Billions of 20163%)

Passenaer Cars 1':;';;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 2029 TOTAL
0.0%PC/0.0%LT, MYs
2021-2026 87.7 10.1 9.4 9.0 8.8 7.9 49 1.6 -1.7 | 51 | -79 | -108 | -119 | -145 87.5
0.5%PC/0.5%LT, MYs
2021-2026 84.9 9.8 9.2 8.8 8.6 7.9 5.3 2.1 -11 | 45 | -7.2 | 9.8 | -11.2 | -14.0 89.0
0.5%PC/0.5%LT, MYs
2021-2026, AC/Off-Cycle | 79.8 8.9 8.3 8.0 7.8 7.2 4.6 1.4 -1.7 | -48 | -7.0 | -8.2 | 9.2 -11.5 83.9
Phaseout
1.0%PC/2.0%LT, MYs
2021-2026 70.0 7.8 7.2 7.0 7.0 6.5 4.4 1.9 -06 | -32 | 51 | 6.6 | -7.2 -8.8 80.4
1.0%PC/2.0%LT, MYs
2022-2026 52.3 5.8 5.7 5.5 5.6 5.3 5.2 3.1 1.7 0.9 -16 | -15 | -24 -4.3 81.4
2.0%PC/3.0%LT, MYs
2021-2026 495 5.1 49 4.7 4.8 4.4 3.1 1.3 0.2 03 | -1.7 | -1.2 | -1.9 -2.8 70.1
2.0%PC/3.0%LT, MYs
2021-2026, AC/Off-Cycle | 31.6 29 2.7 25 2.4 2.1 0.7 12 | 22 | 26 | =29 | -04 | -1.0 -1.4 33.3
Phaseout
2.0%PC/3.0%LT, MYs
2022-2026 31.4 3.2 29 2.7 3.0 29 2.9 2.0 1.3 0.0 -1.6 0.7 -0.2 -0.9 50.4
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Table 1-39 - Present Value of Net Total Benefits, Light Trucks,
3% Discount Rate, CAFE (Billions of 2016%)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,
MY's 2021-2026 45.8 3.3 29 2.8 2.1 0.4 0.7 1.8 1.8 2.0 3.0 4.8 6.7 7.8 85.8
0.5%PC/0.5%LT,
MY's 2021-2026 41.7 2.9 2.9 2.9 2.3 0.6 0.8 1.8 1.8 2.1 3.4 5.0 6.7 7.7 82.4
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 39.7 2.6 2.4 25 1.9 0.5 0.8 1.8 2.0 2.3 3.7 49 6.1 7.0 78.0
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 32.6 1.8 1.9 2.0 2.0 11 15 2.6 2.8 2.9 40 4.1 4.8 5.3 69.2
1.0%PC/2.0%LT,
MY's 2022-2026 23.1 1.5 1.6 1.9 1.8 1.7 1.0 15 1.7 14 2.2 2.3 2.7 3.0 47.4
2.0%PC/3.0%LT,
MY's 2021-2026 21.6 0.5 0.6 0.8 0.6 0.2 0.8 1.9 2.4 1.7 1.9 1.4 1.6 1.7 37.7
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 13.4 03| -03| 05| 05| -13 | -04 0.8 15 1.0 1.6 1.3 0.8 0.8 17.9
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 12.0 0.5 0.3 0.3 0.4 0.3 0.1 0.4 0.7 0.2 0.7 0.4 0.3 0.3 16.8
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Table 1-40 - Present Value of Net Total Benefits, Light Trucks,

3% Discount Rate, CO, (Billions of 20163%)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 55.1 5.6 4.6 3.9 2.4 0.0 -0.6 1.6 2.0 3.6 51 8.1 9.8 12.0 113.1
0.5%PC/0.5%LT,
MY's 2021-2026 51.9 5.4 4.8 4.1 2.7 0.4 -0.5 15 1.9 35 5.4 7.7 9.4 11.8 110.2
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 475 45 3.9 3.3 1.9 04 | -1.2 0.9 14 3.2 55 7.3 8.6 10.7 97.1
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 38.8 35 3.2 2.7 1.6 -0.2 | -0.8 0.8 1.0 25 4.8 6.8 8.0 9.4 82.0
1.0%PC/2.0%LT,
MY's 2022-2026 26.0 2.3 2.4 2.1 1.7 0.6 0.2 1.2 18 1.3 3.1 4.1 4.6 6.2 57.6
2.0%PC/3.0%LT,
MY's 2021-2026 24.2 1.8 1.8 1.6 1.0 -04 | -05 0.9 14 11 25 3.0 35 4.6 46.5
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 16.1 0.9 0.7 0.4 0.0 -09 | -0.8 0.8 14 1.3 2.4 2.3 2.1 2.6 29.3
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 15.4 1.1 0.8 0.6 0.3 -0.1 | -0.2 0.1 0.1 0.1 15 15 15 2.2 25.0
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Table 1-41 - Present Value of Net Total Benefits, Combined,
3% Discount Rate, CAFE (Billions of 2016%)

Passenger Cars and 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

MY's 2021-2026 1300 | 120 | 109 | 103 | 9.6 7.4 5.3 4.2 0.9 -18 | -37 | 41 | -26 | -2.0 176.5

0.5%PC/0.5%LT,

MY's 2021-2026 122.0 | 11.1 | 105 | 10.0 | 9.3 7.2 5.3 4.0 0.9 -18 | -33 | -33 | -=20 | -15 168.3

0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle 1150 | 10.2 | 94 9.0 8.4 6.5 4.7 35 04 21| 35| -28 | -19 | -13 155.5

Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 100.0 | 8.3 8.0 7.8 7.7 6.6 5.2 4.3 15 -11 | 23 | -18 | -09 | -04 142.9

1.0%PC/2.0%LT,

MY's 2022-2026 76.7 6.6 6.6 6.8 6.9 6.9 6.1 45 2.3 03| -17 | -10 | -04 | -01 120.0

2.0%PC/3.0%LT,

MY's 2021-2026 69.6 4.8 45 4.3 4.2 3.7 3.1 2.6 1.2 -05 | -1.7 | -0.2 0.0 0.3 95.9

2.0%PC/3.0%LT,

MYs 2021-2026,

AC/Off-Cycle 42.0 1.9 1.6 1.0 1.0 0.0 01| -06 | -1.7 | -=29 | -29 0.9 0.1 0.4 40.8

Phaseout

0 0

2.0%PC/3.0%L T, 42.6 3.2 3.1 3.1 3.3 35 3.3 2.2 0.5 -15 | =23 | -02 | -0.3 0.0 60.5

MY's 2022-2026
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Table 1-42 - Present Value of Net Total Benefits, Combined,
3% Discount Rate, CO, (Billions of 20163%)

Passenger Cars and ﬁg; MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT, MYs
2021-2026 143.0 | 157 | 140 | 129 | 111 | 7.9 4.3 3.2 0.4 -15 | 28 | 27 | 22 | -24 200.9
0.5%PC/0.5%LT, MYs
2021-2026 1370 | 152 | 141 | 13.0 | 11.3 | 8.3 4.8 3.7 0.9 -10 | -19 | 21 | -18 | -21 199.4
0.5%PC/0.5%LT, MYs
2021-2026, AC/Off-Cycle | 127.0 | 135 | 123 | 11.3 9.7 6.8 3.4 2.3 -03 | -16 | -15 | -09 | -06 | -0.9 180.7
Phaseout
1.0%PC/2.0%LT, MYs
2021-2026 109.0 | 11.2 | 104 | 9.8 8.6 6.3 3.7 2.7 0.4 -0.7 | -0.3 0.1 0.8 0.6 162.5
1.0%PC/2.0%LT, MYs
2022-2026 78.3 8.2 8.0 7.6 7.3 5.8 55 4.3 3.4 2.2 15 2.6 2.3 1.9 139.0
2.0%PC/3.0%LT, MYs
2021-2026 73.7 6.9 6.7 6.3 5.7 4.0 2.6 2.2 1.6 0.7 0.9 1.9 1.7 1.8 116.6
2.0%PC/3.0%LT, MYs
2021-2026, AC/Off-Cycle 477 3.8 35 2.9 2.4 1.2 02 | 04 | -08 | -12 | -05 2.0 1.1 1.1 62.6
Phaseout

0, 0,
2.0%PC/3.0%LT, MYs 46.8 4.2 3.7 3.3 3.4 2.8 2.7 2.0 1.4 0.1 -0.1 2.2 1.3 1.4 75.3

2022-2026
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Table 1-43 - Incremental Total Costs by Societal Perspective, Passenger Cars,
7% Discount Rate, CAFE (Billions of 20163)

Passenaer Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

MY's 2021-2026 -36.7 | 43 | 54 | 61 | -88 | -128 | -136 | -134 | -121 | -106 | -89 | -7.2 | 65 | -5.8 -152.1

0.5%PC/0.5%LT,

MY's 2021-2026 350 | 41| 52 | 59 | -86 | -124 | -13.3 | -13.0| -11.7|-103| -85 | -71 | -6.4 | 5.8 -147.2

0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle -327 | 38 | 48 | -56 | -83 | -120 | -128 | -124 | -111| 97 | -7.7 | 6.7 | 6.1 | 55 -139.2

Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 297 | 35| 44 | 51 | -79 | -115| -125|-121|-109| 95 | -7.7 | -70 | 65 | -6.0 -134.1

1.0%PC/2.0%LT,

MY's 2022-2026 235 | 24 | 28 | 33 | 59 | 90 |-108|-107| 98 | -86 | 6.8 | -65 | -6.0 | -5.6 -111.6

2.0%PC/3.0%LT,

MY's 2021-2026 212 | 24 | 33 | 41 | 66 | 97 |-101| 96 | -80 | -74 | 54 | 57 | 5.2 | 49 -103.9

2.0%PC/3.0%LT,

MY's 2021-2026,

AC/Off-Cycle -130 | -16 | 26 | 32 | 56 | -79 | -80 | -71 | 55 | ‘47 | 26 | ‘41 | -36 | -35 -73.0

Phaseout

2.0%PC/3.0%LT,

MY's 2022-2026 -135 | -14 | .19 | 23 | 48 | -71 | -83 | 80 | -72 | 61 | 43 | -49 | 45 | 4.2 -78.3
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Table 1-44 - Incremental Total Costs by Societal Perspective, Passenger Cars,

7% Discount Rate, CO, (Billions of 20163%)

Passender Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

MY's 2021-2026 -379 | 47 | 64 | -75 | -108 | -135| -139 | -13.7 | -13.1 | -11.8 | -115 | -101 | 9.2 | -7.6 -171.6

0.5%PC/0.5%LT,

MY's 2021-2026 -366 | 45 | 6.2 | -7.2 | -104 | -13.0 | -136 | -134 | -128 | -116 | -11.1 | 98 | -90 | -7.4 -166.5

0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle -346 | 42 | 59 | 66 | 98 | -124 | -12.7 | -125| -11.7 | -104 | 97 | 90 | -81 | -6.7 -154.2

Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 -304 | -37 | 53| 60 | -83 | -10.7 | -110 | -110| -103| 90 | -88 | -80 | -74 | -6.2 -136.1

1.0%PC/2.0%LT,

MY's 2022-2026 225 | 24 | 34| 37 | 57 | -77 | -89 | 88 | -78 | -74 | 66 | -6.7 | -6.1 | 5.1 -102.7

2.0%PC/3.0%LT,

MY's 2021-2026 217 | 25 | 35| 40| 60 | -80 | 83 | -80 | 69 | 65 | 57 | 59 | 5.2 | 45 -96.5

2.0%PC/3.0%LT,

MY's 2021-2026,

AC/Off-Cycle -141 | -16 | 26 | 30 | 46 | 61 | 57 | 51| -39 | 33 | 26 | -38 | -:3.1 | -26 -62.1

Phaseout

2.0%PC/3.0%LT,

MY's 2022-2026 -137 | ‘14 | 20 | 22 | 33 | ‘47 | 53 | 54 | 47 | 42 | 33 | ‘45 | -39 | -34 -62.1
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Table 1-45 - Incremental Total Costs by Societal Perspective, Light Trucks,
7% Discount Rate, CAFE (Billions of 20163)

Liaht Trucks 1':;';;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
9 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 -172 | -20 | -55 | -83 | -10.1 | -14.8 | -15.3 | -15.7 | -15.7 | -159 | -16.1 | -15.8 | -15.6 | -15.1 | -183.1
0.5%PC/0.5%LT,
MY's 2021-2026 -156 | -18 | 47 | -73 | 91 |-139 | -144|-148 | -149 | -15.2 | -15.1 | -148 | -146 | -14.1 | -170.3
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle -149 | -1.7 | ‘41 | 64 | -83 | -129|-135|-140 | -14.1 | -144 | -142 | -13.8 | -135 | -13.0 | -158.8
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 -122 | -14 | -36 | 5.7 | -7.1 | -111|-115|-121 | -120 | -12.2 | -11.6 | -10.9 | -10.6 | -10.0 | -132.0
1.0%PC/2.0%LT,
MY's 2022-2026 -8.5 08| 26 | 46 | 56 | 85| 88 | 89 | 88 | -87 | 81 | -76 | -7.3 | -6.9 -95.6
2.0%PC/3.0%LT,
MY's 2021-2026 -8.3 09| 23| 37| 49| 77| -78 | 81 | -80 | -7.7 | 6.7 | 6.0 | -5.7 | 5.3 -83.2
2.0%PC/3.0%LT,
MYs 2021-2026,
AC/Off-Cycle 5.4 -06 | -13 | 15| 25| 40 | -38 | 46 | 46 | -40 | 27 | 23 | -19 | -18 -40.9
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 -4.4 -03| 09| -16| -23 | 38 | 37 | 40 | 42 | -43 | -34 | -30 | -27 | -26 -41.1
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Table 1-46 - Incremental Total Costs by Societal Perspective, Light Trucks,
7% Discount Rate, CO, (Billions of 20163%)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 -206 | -23 | 56 | -84 | 98 | -134 | -140 | -156 | -16.0 | -16.4 | -17.7 | -18.2 | -18.7 | -18.8 | -1955
0.5%PC/0.5%LT,
MY's 2021-2026 -193 | 21| 52 | -80 | 93 | -128 | -13.3 | -149 | -15.3 | -15.7 | -169 | -175 | -18.0 | -18.2 | -186.5
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle -178 | -19 | 49 | -76 | -89 | -125| -13.0 | -144 | -148 | -149 | -154 | -15.7 | -16.0 | -16.1 | -174.0
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 -145 | -15 | 41 | 64 | -75 | -10.7 | -11.1 | -123 | -125 | -126 | -129 | -13.3 | -13.3 | -13.3 | -146.0
1.0%PC/2.0%LT,
MY's 2022-2026 -9.6 -11 | 31| 46 | 53| -76 | -78 | -88 | -88 | 85 | 88 | 91 | 93 | -9.7 -102.0
2.0%PC/3.0%LT,
MY's 2021-2026 9.1 09| 30| 44 | 54| 81| 82| 93| 91| 84 | 80 | -74 | -73 | -75 -95.9
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle -6.3 07| -19 | -27 | 36 | 54 | 54 | 65 | 64 | -58 | 5.2 | 42 | -3.8 | -3.2 -61.0
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 -5.9 07| -18 | -29 | 37| 51 | 52 | 57 | 54 | 50 | 47 | 41 | 42 | 44 -58.6
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Table 1-47 - Incremental Total Costs by Societal Perspective, Combined,
7% Discount Rate, CAFE (Billions of 20163)

Passenger Cars and 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

MY's 2021-2026 -539 | 6.2 | -109 | -144 | -189 | -276 | -28.9 | -29.1 | -278 | -26.6 | -25.0 | -23.0 | -22.1 | -20.9 | -335.3

0.5%PC/0.5%LT,

MY's 2021-2026 -506 | 59 | 9.8 | -13.2 | -17.7 | -26.3 | -27.7 | -279 | -26.6 | -25.4 | -23.6 | -21.9 | -21.0 | -19.9 | -3175

0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle 476 | 54 | -89 | -120 | -16.6 | -249 | -26.3 | -26.4 | -25.2 | -240 | -21.9 | -20.6 | -19.6 | -185 | -298.0

Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 -419 | -49 | -80 | -108 | -150 | -226 | -23.9 | -24.2 | -230 | -21.7 | -19.3 | -179 | -17.0 | -16.0 | -266.2

1.0%PC/2.0%LT,

MY's 2022-2026 -320 | 32 | 54 | 79 |-115|-175|-196 | -196 | -185 | -17.2 | -149 | -141 | -13.3 | -125 | -207.1

2.0%PC/3.0%LT,

MY's 2021-2026 -295 | 33 | 57 | -78 |-115|-174 | -179 | -17.8 | -16.0 | -15.1 | -12.1 | -11.7 | -109 | -10.3 | -187.0

2.0%PC/3.0%LT,

MYs 2021-2026,

AC/Off-Cycle -183 | 22 | -39 | 47 | 81 |-119|-119|-117|-100| -87 | -53 | 64 | -55 | 53 -113.9

Phaseout

2.0%PC/3.0%LT,

MY's 2022-2026 -180 | ‘1.7 | =27 | -39 | -71 | -109 | -119 | -120 | -113 | -104 | -7.7 | -79 | -7.2 | 6.8 -119.4
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Table 1-48 - Incremental Total Costs by Societal Perspective, Combined,

7% Discount Rate, CO, (Billions of 20163%)

Passenger Cars and 1':)/'7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
Light Trucks oore | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0, 0,
‘23602/1"5’2%’206“”’ MYs | 585 | 7.0 | -12.1 | -15.9 | 206 | -26.8 | -28.0 | -29.3 | 201 | -28.2 | 291 | -28.3 | -27.8 | -26.4 | -367.1
(2)6520/10-2%/2065%”’ MYs | 550 | 67 | -11.4 | -152 | -10.7 | -25.8 | -26.9 | -28.3 | 281 | -27.3 | 279 | -27.3 | 270 | -25.6 | -353.1
0.5%PC/0.5%LT, MY
2021-2026, ACIOff- 524 | 61 |-108 |-142 | -187 | 248 | 257 | -26.8 | -265 | -25.3 | -25.1 | -24.7 | -24.1 | -22.8 | -328.0
Cycle Phaseout
0, 0,
;602/1"5’2%’2260/‘“’ MYS | 449 | 52 | 94 | -123|-158 | 215 | 222 | 232 | -22.8 | 215 | -21.7 | -21.3 | -20.7 | -19.5 | -282.0
0, 0,
;.002?5!-2%/226.0/0& MYs | 321 | 35| 64 | 83 | -11.0 | -153 | -16.7 | -17.6 | 1655 | -15.9 | -15.4 | -15.9 | -15.4 | -14.7 | -204.7
0, 0,
3602/1()5’2%/2360/0”’ MYs | 308 | 34 | 64 | -84 | -11.3 | -160 | -165 | -17.3 | -16.0 | -14.8 | -13.7 | -133 | -12.4 | -12.0 | -192.4
2.0%PC/3.0%LT, MYs
2021-2026, AC/Off- 204 | 23 | -45 | 57 | -81 |-115|-122|-116|-103| 91 | -77 | 80 | -69 | 59 | -1232
Cycle Phaseout
2.0%PC/3.0%LT, MYs
A 195 | 21| -38 | 52| -70 | 98 | -105|-11.1|-100| 92 | 80 | 86 | 81 | -78 | -1206
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Table 1-49 - Present Value of Lifetime Societal Benefits, Passenger Cars,
7% Discount Rate, CAFE (Billions of 20163)

Passenaer Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT, MYs 160 | 05 | 09 | 19 | 43 | 81 |-10.2|-11.2|-119|-12.1 | -120| -11.5 | -10.8 | -10.3 | -88.7
2021-2026
0.5%PC/0.5%LT, MYs
2021-2026 152 | 05 | 09 | 119 | 43 | -78 | -99 |-109 | -116 | -11.8 | -11.7 | -11.1 | -10.5 | 9.9 -86.7
0.5%PC/0.5%LT, MYs
2021-2026, AC/Off- 142 | 04 | 09 | 20 | 43 | -7.7 | 9.7 | -10.7 | -11.4 | -115 | -11.2 | -104 | 9.8 | 9.3 -84.2
Cycle Phaseout
1.0%PC/2.0%LT, MYs
5021-2026 129 | 02 | 09 | -18 | 42 | -75 | -94 | -10.2 | -10.8 | -11.0 | -105| 96 | -89 | -84 -80.0
1.0%PC/2.0%LT, MYs
2022-2026 102 | 04 00 | -04 | 26 | 52 | 68 | -80 | -85 | -87 | -83 | -76 | -7.1 | -6.7 -59.3
2.0%PC/3.0%LT, MYs
5021-2026 9.2 60 | 10 | 20 | 41| 68 | -78 | 83 | 80 | -79 | 68 | 6.1 | -56 | -5.2 -60.2
2.0%PC/3.0%LT, MYs
2021-2026, AC/Off- 5.6 03 |-13|-21| 41| 62| 69| -70| 66 | 62 | -47 | -39 | -36 | -3.3 -50.7
Cycle Phaseout

0, 0,
2.0%PC/3.0%LT, MYs 5.9 0.2 02 | 06| -25| 44| 54 | 60 | 64 | 64 | -54 | 47 | -43 | 4.0 -44.0

2022-2026
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Table 1-50 - Present Value of Lifetime Societal Benefits, Passenger Cars,
7% Discount Rate, CO, (Billions of 20163%)

Passender Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
9 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

MY's 2021-2026 16.5 0.8 -13 | -25 | -56 | -86 | -108 | -124 | -13.7 | -143 | -15.2 | -15.2 | -147 | -143 | -111.2

0.5%PC/0.5%LT,

MY's 2021-2026 15.9 0.9 -11 | 23 | 53 | -81 | -10.2 | -11.8 | -13.0 | -13.7 | -145 | -145 | -14.2 | -13.8 | -105.7

0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle 15.1 0.7 -12 | 21| 50 | -78 | 96 | -11.2 | -123 | -12.7 | -13.0 | -128 | -12.3 | -11.9 -96.2

Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 13.2 0.6 -12 | 20 | 40 | 65 | -80 | 93 | -10.2 | -10.3 | -111 | -11.0 | -105 | -10.1 -80.4

1.0%PC/2.0%LT,

MY's 2022-2026 9.8 0.7 -03 | 08| 24| 44| 54| 65| 64 | 65 | -70 | -70 | 6.8 | 6.7 -49.6

2.0%PC/3.0%LT,

MY's 2021-2026 9.4 0.4 06 | 12 | 29 | 49 | 59 | 67 | 63 | 61 | -61 | -6.0 | -5.7 | 55 -48.1

2.0%PC/3.0%LT,

MYs 2021-2026,

AC/Off-Cycle 6.1 0.1 -09 | -13 | 28 | 43 | 49 | 53 | 47 | 44 | -38 | -35 | -33 | -3.0 -36.0

Phaseout

0 0

2.0%PC/3.0%LT, 6.0 0.3 -04 | 08 | 14 | 27 | 33| 39 | 35| -39 | -38 | 37 | -36 | -35 -28.2

MY's 2022-2026
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Table 1-51 - Present Value of Lifetime Societal Benefits, Light Trucks,
7% Discount Rate, CAFE (Billions of 20163)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 10.6 05| 36 | 59 | -78 | -128 | -13.0 | -12.7 | -12.7 | -12.8 | -124 | -11.4 | -105 | -9.6 -115.1
0.5%PC/0.5%LT,
MY's 2021-2026 9.7 05| -28 | 49 | 68 |-118|-121|-119|-119|-120|-11.3| -104 | 95 | -8.7 -104.9
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 9.2 05| 26 | 44 | 63 |-110|-113|-111|-111|-11.2|-104| 95 | -88 | -8.1 -97.2
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 7.6 07| 23| 38| 50| 88| 89| 88 | -87 | -89 | -79 | -73 | 6.8 | -6.2 -76.5
1.0%PC/2.0%LT,
MY's 2022-2026 5.3 01| -14 | 28| 37| 6.1 | 68 | 66 | -65 | 6.6 | -5.8 | 54 | -5.0 | -4.6 -55.8
2.0%PC/3.0%LT,
MY's 2021-2026 5.1 08| -18| 28| 39| 64 | 60 | 57 | 54 | 56 | 4.7 | 44 | 41 | -3.8 -50.2
2.0%PC/3.0%LT,
MYs 2021-2026,
AC/Off-Cycle 3.3 09 | -14 | -16 | 25| 42 | 34 | -34 | 30| 28 | -15 | -1.3 | -13 | -1.2 -25.0
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 2.8 02| 07| -12)| -18| 30| 30| 31| 31| 35| -26 | 24 | 22 | -21 -26.1
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Table 1-52 - Present Value of Lifetime Societal Benefits, Light Trucks,
7% Discount Rate, CO, (Billions of 20163%)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY's 2021-2026 12.7 0.5 -30 | -8 | -78 | -123 | -131 | -13.1 | -13.2 | -12.7 | -13.0 | -120 | -11.7 | -10.9 | -1154
0.5%PC/0.5%LT,
MYs 2021-2026 11.9 0.5 24 | 51 | -71 | -115 | -124 | -124 | -126 | -12.1 | -12.1 | -115 | -11.2 | -104 | -108.4
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 11.0 0.4 25| 51 | -72 | -115 | -123 | -12.2 | -123 | -11.4 | -10.7 | -10.1 | -98 | -9.1 -102.8
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 9.0 0.2 21| 42 | 59 | 97 | -103|-103|-103| 96 | 87 | -81 | -76 | -71 -84.7
1.0%PC/2.0%LT,
MY's 2022-2026 6.0 0.0 -15| 29| 38| 64 | 67 | -70 | -66 | 66 | -59 | -58 | -5.7 | -54 -58.1
2.0%PC/3.0%LT,
MY's 2021-2026 5.7 0.0 -16 | 29 | 41 | 72 | ‘74 | -73 | 69 | 66 | 55 | -48 | -45 | 43 -57.5
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 3.9 02| -12|-21)|-31| 51| 51| 50| -46 | 42 | 31| 24 | 22 | -16 -36.0
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 3.6 01| -12 | -22 | 31| 45 | -45 | -48 | -45 | 42 | -32 | 28 | -29 | -27 -37.0
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Table 1-53 - Present Value of Lifetime Societal Benefits, Combined,
7% Discount Rate, CAFE (Billions of 20163)

Passenger Cars and 12/'7\;_ MY | MY | MY | MY | MY | MY | MY [ MY | MY | MY | MY | MY | MY | MY
Light Trucks o' T | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0, 0,
2602/1"_2%’2060/"”' MYS | 266 | 01 | -45 | 79 | -12.1 | -208 | 232 | 23.9 | -24.6 | -24.9 | -245 | 22.9 | -21.3 | -19.9 | -203.8
86520/103%/2065%“' MYS | 249 | 01 | 37 | 68 | -11.1 | 196 | -22.0 | -22.8 | 235 | -23.8 | -23.0 | -21.4 | -19.9 | -18.7 | -191.4
0.5%PC/0.5%LT, MYS
2021-2026, AC/Off- 234 | 01 | 35 | 64 | -106 | -18.7 | -21.0 | -21.7 | 225 | -22.7 | -21.5 | -19.9 | -185 | -17.4 | -181.1
Cycle Phaseout
0, 0,
5602/1‘)_2%’2260/"”' MYs | 205 | 04 | 32 | 57 | 92 | -16.3 | -18.3 | -19.0 | -195 | -19.9 | -18.3 | -16.9 | -15.7 | -14.6 | -156.5
0, 0,
;boz/zozcc:)/zzéoau, MYs | 155 | 03 | -14 | 32 | 63 | -11.3 | -13.6 | -14.6 | -15.0 | -15.3 | -14.1 | -13.0 | -121 | -11.2 | -115.3
0,
2.0%PC/3.0%LT, MYs | )3 | o8 | 29 | -47 | 79 | -131 | -138 | -14.0 | -133 | -135 | -11.5 | -10.5 | -07 | 9.0 | -110.4
2021-2026
2.0%PC/3.0%LT, MYS
2021-2026, AC/Off- 80 | 12| -27 | 37| 66 |-104|-103|-104| 96 | 91 | 62 | -52 | -49 | -45 | -757
Cycle Phaseout
2.0%PC/3.0%LT, MYS
VA 87 | 00| -00| 18| 43| 74| 84| 91| 95| 99| 79| -71| 65| -61| -702
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Table 1-54 - Present Value of Lifetime Societal Benefits, Combined,

7% Discount Rate, CO, (Billions of 20163%)

Passenger Cars and 1':)/'7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
Light Trucks oore | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0, 0,
(23602/1"5’2%’206“”’ MYS | 292 | 13 | 42 | 83 | -13.4 | 208 | 239 | 255 | 26.9 | -26.9 | 282 | -27.2 | -26.4 | -25.1 | 2263
(2)6520/10-2%/2065%”’ MYs | 278 | 14 | 35 | 7.4 | -12.4 | -196 | 226 | -24.2 | -25.6 | -25.8 | 26.6 | -26.0 | -25.4 | -24.2 | -2141
0.5%PC/0.5%LT, MY
2021-2026, ACIOff- 260 | 11 | 37 | 73 | 122 | 192 | 220 | 234 | 246 | 241 | 236 | 22.9 | -22.1 | -21.0 | -199.0
Cycle Phaseout
0, 0,
;602/102%/2260/0“’ MYs | 22 | 08 | 33| -62 | -09 |-162|-183 | -19.6 | 205 | -20.0 | -19.7 | -19.1 | -18.1 | -17.2 | -165.0
0, 0,
;.002?5!-2%/226.0/0& MYs | 158 | 07 | 17 | 36 | 62 | -10.7 | -12.1 | -134 | -13.0 | -131 | -13.0 | -12.8 | -1255 | -121 | -107.7
0,
2.0%PC/3.0%LT, MYs | 11 | g3 | 23 | -42 | 7.0 | -121 | -133 | -14.0 | -132 | -12.7 | -11.6 | -10.8 | -10.2 | -0.7 | -105.6
2021-2026
2.0%PC/3.0%LT, MYs
2021-2026, AC/Off- 00 | 01 | 21| -34 | 58| -04 | 99 |-103| 94 | 86 | 69 | 59 | 55 | -46 | -71.9
Cycle Phaseout
2.0%PC/3.0%LT, MYs
A 96 | 02 | 16| 30 | 45| 71| 78| 86| -81 | 81| -71 | 65| 65 | 63 | -652
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Table 1-55 - Present Value of Net Total Benefits, Passenger Cars,
7% Discount Rate, CAFE (Billions of 20163)

Passender Cars 1';;'7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
g o016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

Mys 20010006 | 527 | 48 | 45 | 42 | 45 | 48 | 34 | 22 | 02 | 15 | 32 | 43 | -44 | -45 | 634

0.5%PC/0.5%LT,

NS 20010026 | 502 | 46 | 42 | 40 | 43 | 46 | 34 | 21 | 01 | 15 | 32 | 40 | 41 | 42 | 605

0.5%PC/0.5%LT,

MYs 2021-2026,
AC/Off-Cycle
Phaseout

46.9 4.2 3.9 3.6 4.0 4.3 3.1 17 | 02 | -18 | -34 | -3.7 | -3.7 | -3.8 55.0

1.0%PC/2.0%LT,

MY's 2021-2026 42.5 3.7 3.5 3.3 3.7 4.0 3.1 1.9 01 | -15 | -28 | -26 | -24 | -24 541

1.0%PC/2.0%LT,
MY's 2022-2026 33.7 2.8 2.8 2.8 3.3 3.9 4.0 2.7 12 | 02 | -15 | -1.2 | -11 | -11 52.3
2.0%PC/3.0%LT,
MYs 2021-2026 30.5 2.4 2.3 2.2 2.6 2.9 2.3 14 01| 05| -14 | 03 | -04 | -03 43.7
2.0%PC/3.0%LT,

MY's 2021-2026,
AC/Off-Cycle
Phaseout

18.6 1.3 1.3 11 15 1.7 11 00 | 1.1 | -16 | 21 | 0.2 0.0 0.1 22.4

2.0%PC/3.0%LT,

MY's 2022-2026 19.4 1.5 1.7 1.7 2.2 2.7 2.9 20 07 | 02 | -11 | 0.2 0.2 0.2 34.2
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Table 1-56 - Present Value of Net Total Benefits, Passenger Cars,

7% Discount Rate, CO, (Billions of 20163%)

Passender Cars 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,

MY's 2021-2026 54.4 55 5.2 49 5.2 49 3.1 1.3 06 | -25 | -37 | -2 | 56 | -6.7 60.4

0.5%PC/0.5%LT,

MY's 2021-2026 52.6 5.4 5.1 49 5.1 49 35 1.6 02| -21 | -34 | 47 | 52 | -65 60.9

0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle 49.7 49 47 45 4.7 4.6 3.1 1.3 05| 23| 33| -38 | 42 | 5.2 58.3

Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 43.6 4.3 4.1 4.0 4.3 4.2 3.0 1.6 0.1 -13 | -22 | -30 | -31 | -39 55.7

1.0%PC/2.0%LT,

MY's 2022-2026 32.3 3.1 3.1 3.0 3.3 3.3 35 2.3 14 0.9 -04 | -03 | -0.7 | -1.7 53.1

2.0%PC/3.0%LT,

MY's 2021-2026 311 2.9 2.8 2.8 3.1 3.1 2.4 1.3 0.6 0.3 -04 | 01 | -05 | -1.0 48.4

2.0%PC/3.0%LT,

MY's 2021-2026,

AC/Off-Cycle 20.2 1.7 1.8 1.7 1.8 1.8 0.9 -02 | -09 | -11 | -1.2 0.2 01 | -04 26.1

Phaseout

2.0%PC/3.0%LT,

MY's 2022-2026 19.6 1.7 1.6 15 1.9 2.0 2.1 1.6 11 0.4 -0.6 0.8 0.3 -0.1 33.8
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Table 1-57 - Present Value of Net Total Benefits, Light Trucks,
7% Discount Rate, CAFE (Billions of 20163)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,
MY's 2021-2026 27.8 15 1.9 2.3 2.3 2.0 2.3 3.0 3.0 3.1 3.7 4.4 5.2 55 68.1
0.5%PC/0.5%LT,
MY's 2021-2026 25.3 1.3 1.9 2.4 2.4 2.1 2.4 3.0 3.0 3.1 3.8 45 5.2 5.4 65.6
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 24.1 11 15 2.0 2.0 1.9 2.2 29 3.0 3.2 3.8 4.3 4.7 4.9 61.8
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 19.8 0.7 1.3 1.8 2.1 2.3 2.6 3.3 3.3 3.4 3.8 3.6 3.8 3.8 55.5
1.0%PC/2.0%LT,
MY's 2022-2026 13.8 0.6 1.2 1.8 1.9 2.4 2.0 2.3 2.3 2.1 2.4 2.3 2.4 2.4 39.8
2.0%PC/3.0%LT,
MY's 2021-2026 13.4 0.1 0.5 0.9 11 1.3 1.7 2.4 2.7 2.1 2.0 1.6 1.6 1.6 33.0
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 8.7 -02 | -01 | -01 0.0 -0.2 0.4 1.2 1.6 1.2 1.2 1.0 0.6 0.6 15.9
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 7.2 0.2 0.2 0.3 0.6 0.8 0.6 0.9 11 0.8 0.8 0.6 0.5 0.5 15.0
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Table 1-58 - Present Value of Net Total Benefits, Light Trucks,

7% Discount Rate, CO, (Billions of 20163%)

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT,
MY's 2021-2026 33.3 2.7 2.7 2.7 1.9 11 0.9 25 2.8 3.7 47 6.2 7.0 7.9 80.2
0.5%PC/0.5%LT,
MY's 2021-2026 31.2 2.7 2.9 2.9 2.2 1.3 0.9 25 2.7 3.6 4.8 6.0 6.8 7.8 78.1
0.5%PC/0.5%LT,
MY's 2021-2026,
AC/Off-Cycle 28.8 2.2 2.4 25 1.8 1.0 0.6 2.2 25 35 4.8 5.6 6.2 7.0 71.1
Phaseout
1.0%PC/2.0%LT,
MY's 2021-2026 235 1.7 2.0 2.2 1.6 11 0.9 2.0 2.1 2.9 4.2 5.2 5.7 6.2 61.3
1.0%PC/2.0%LT,
MY's 2022-2026 15.6 1.2 1.6 1.7 15 1.2 11 1.9 2.2 1.9 2.8 3.4 3.6 43 43.9
2.0%PC/3.0%LT,
MY's 2021-2026 14.8 0.9 1.4 15 1.2 0.9 0.9 1.9 2.1 1.8 25 2.6 2.8 3.2 38.4
2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle 10.1 0.5 0.7 0.6 0.5 0.2 0.4 15 18 1.6 2.1 1.8 1.6 1.7 25.0
Phaseout
2.0%PC/3.0%LT,
MY's 2022-2026 95 0.5 0.6 0.7 0.7 0.6 0.6 0.9 0.9 0.8 15 1.3 1.3 1.7 21.6
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Table 1-59 - Present Value of Net Total Benefits, Combined,
7% Discount Rate, CAFE (Billions of 20163)

Passenger Cars and 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT, MYs

2021-2026 80.5 6.3 6.4 6.5 6.8 6.8 5.7 5.2 3.2 1.6 0.5 0.2 0.8 1.0 1315

0.5%PC/0.5%LT, MYs

2021-2026 75.4 5.8 6.2 6.4 6.6 6.7 5.7 5.1 3.1 1.6 0.7 0.5 1.1 1.2 126.1

0.5%PC/0.5%LT, MYs

2021-2026, AC/Off- 71.0 5.3 5.4 5.6 6.0 6.2 5.3 4.7 2.8 1.3 04 | 0.6 1.0 1.2 116.8

Cycle Phaseout

1.0%PC/2.0%LT, MYs

2021-2026 624 | 44 | 438 5.1 5.8 6.3 5.7 5.2 3.4 1.9 0.9 1.0 1.3 1.4 109.7

1.0%PC/2.0%LT, MYs

2022-2026 47.5 35 4.0 4.6 5.2 6.3 6.0 5.0 3.5 1.9 0.9 1.1 1.3 1.3 92.0

2.0%PC/3.0%LT, MYs

2021-2026 43.9 2.5 2.8 3.1 3.6 4.3 4.0 3.8 2.7 1.6 0.6 1.3 1.2 1.3 76.7

2.0%PC/3.0%LT, MYs

2021-2026, AC/Off- 27.3 1.1 1.2 1.0 1.6 1.6 1.5 1.3 05 | 03 | -09 | 12 0.7 0.7 38.3

Cycle Phaseout

2.0%PC/3.0%LT, MYs

2022-2026 26.6 1.7 1.9 2.1 2.8 3.5 35 2.9 1.8 06 | -02 | 08 0.6 0.7 49.2
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Table 1-60 - Present Value of Net Total Benefits, Combined,
7% Discount Rate, CO, (Billions of 20163%)

Passenger Cars 1':;';;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
and Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,

MY's 2021-2026 87.7 8.2 7.8 7.6 7.1 6.0 40 3.8 2.3 1.2 1.0 1.1 1.4 1.2 140.5
0.5%PC/0.5%LT,

MY's 2021-2026 83.8 8.0 8.0 7.7 7.2 6.2 4.4 4.1 25 15 1.4 1.3 1.6 1.3 139.1
0.5%PC/0.5%LT,

MY's 2021-2026,

AC/Off-Cycle 78.5 7.2 7.1 7.0 6.5 5.6 3.7 35 2.0 1.2 15 1.8 2.0 1.8 129.3
Phaseout

1.0%PC/2.0%LT,

MY's 2021-2026 67.1 6.0 6.1 6.2 5.9 5.3 3.9 3.6 2.3 1.6 2.0 2.2 25 2.3 117.0
1.0%PC/2.0%LT,

MY's 2022-2026 47.9 4.3 47 47 4.8 4.6 4.6 4.2 35 2.8 25 3.1 2.8 2.6 97.0
2.0%PC/3.0%LT,

MY's 2021-2026 459 3.7 4.2 4.3 4.3 4.0 3.2 3.2 2.7 2.1 2.1 25 2.3 2.3 86.8
2.0%PC/3.0%LT,

MYs 2021-2026,

AC/Off-Cycle 304 2.2 2.4 2.2 2.3 2.1 1.3 1.3 1.0 0.6 0.8 2.0 1.4 1.3 51.2
Phaseout

0 0,

2.0%PC/3.0%LT, 29.1 2.3 2.2 2.2 25 2.6 2.7 25 2.0 1.2 0.9 2.1 1.6 1.6 55.4

MY's 2022-2026

71




Table 1-61 - Billions of Gallons of Liquid Fuel Saved, Passenger Cars,
Undiscounted Over the Lifetime of the Model Year, CAFE

Passenaer Cars 1':;7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MYs 2021-2026 10.7 0.9 0.5 6T | -07|-21)| 31| -39 | 45| 51 | 55 | 56 | -5.7 | -57 -29.7
0.5%PC/0.5%LT,
MYs 2021-2026 10.1 0.8 0.4 01 | -07|-20 | 30 | -38 | 44 | 50 | 53 | 55 | 55 | 55 -29.3
0.5%PC/0.5%LT,

MY's 2021-2026,
AC/Off-Cycle
Phaseout

9.5 0.8 0.4 00 | -08 | -21| 30 | 37 | 44| 49 | 52 | 51 | 51 | 51 -28.7

1.0%PC/2.0%LT,

MY's 2021-2026 8.6 0.6 0.3 00 | -08 | -21 | 30 | -36 | 42 | 47 | 48 | ‘47 | 46 | 46 -27.7

1.0%PC/2.0%LT,
MYs 2022-2026 6.8 0.6 0.4 03 | 05| -14 | -21 | -28 | 33 | 3.7 | -39 | 37 | -3.7 | -3.6 -20.5
2.0%PC/3.0%LT,
MYs 2021-2026 6.0 0.4 60 | -03|-10}| -20 | 26 | -30 | -3.2 | -84 | 32 | -29 | 29 | -28 -20.9
2.0%PC/3.0%LT,

MY's 2021-2026,
AC/Off-Cycle
Phaseout

3.5 01| -02 | 05| -12 | -20 | -24 | -27 | -28 | 29 | -24 | -19 | -19 | -18 -19.1

2.0%PC/3.0%LT,

MY 2022-2026 3.9 0.3 0.2 00 | 06 | 13 | -18 | -22 | 26 | -28 | 26 | 23 | 22 | 2.2 -16.1
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Table 1-62 - Billions of Gallons of Liquid Fuel Saved, Passenger Cars,
Undiscounted Over the Lifetime of the Model Year, CO»

Passenaer Cars 1'2;7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MYs 2021-2026 11.2 11 0.5 0109|2031 -42 | 51| -58 | 68 | -74 | -7.7 | -8.0 -38.1
0.5%PC/0.5%LT,
MYs 2021-2026 10.8 11 0.5 01| -09]|-19|-29 | -40 | 48 | 56 | 65 | -7.1 | -74 | -7.8 -36.1
0.5%PC/0.5%LT,

MY's 2021-2026,
AC/Off-Cycle
Phaseout

10.2 1.0 0.4 01 ]1-09]|-19|-28 | 38| 46 | -53 | 59 | 6.2 | -6.4 | -6.7 -32.8

1.0%PC/2.0%LT,

MY's 2021-2026 8.9 0.8 0.3 00 ( 07| -16 | 23 | 32 | 39 | 43 | 50 | -54 | -55 | 5.7 -27.5

1.0%PC/2.0%LT,

MY's 2022-2026 6.7 0.7 0.4 03 | -03]|-10|-15|-22 | -24 ]| -26 | 32 | -34 | -35 | -38 -15.6

2.0%PC/3.0%LT,

MYs 2021-2026 6.3 0.5 0.2 00 [ 06 | 13 | -18 | -24 | 25 | -26 | -28 | -29 | -3.0 | -3.1 -15.8

2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle
Phaseout

4.0 0.3 -01 | -02{-07]-13|-16]-21|-20{-20)|-19 | -18 | -1.8 | -1.8 -13.0

2.0%PC/3.0%LT,

MY's 2022-2026 4.0 0.4 0.1 0.0 -02 |-07|-09]|-13]|-13|-16|-18 ]| -18 | -19 | -20 -9.0
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Table 1-63 - Billions of Gallons of Liquid Fuel Saved, Light Trucks,
Undiscounted Over the Lifetime of the Model Year, CAFE

Liaht Trucks 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY 2021-2026 7.4 03 | -08 | -17 | -25 | 45| -48 | -50 | 53 | 56 | -5.7 | -54 | 51 | -4.8 -43.4
0.5%PC/0.5%LT,
MY 2021-2026 6.8 02 | -06 | -13 | 22 | 42 | -45 | 47 | 50 | 53 | -52 | 49 | 46 | 44 -39.9
0.5%PC/0.5%LT,

MY's 2021-2026,
AC/Off-Cycle
Phaseout

6.4 02 | 05| -12 | -20 (-39 | 43 | 44 | 47 | 50 | 48 | 45 | 43 | 4.1 -37.0

1.0%PC/2.0%LT,

MY's 2021-2026 53 0.1 -06 | ‘11 | -16 | -32 | 34 | 35| 37 | 40 | 37 | -36 | -34 | -3.2 -29.6

1.0%PC/2.0%LT,

MY's 2022-2026 3.8 02 | -03 | -08|-12|-22|-27 | -27|-28 | -31 | -28 | -27 | -26 | -25 -22.5

2.0%PC/3.0%LT,

MY 2021-2026 3.5 -01 | -05]-09|-13|-24)|-24|-24]-23 | -26|-23 | -23 | -22 | -21 -20.4

2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle
Phaseout

2.1 -02 (05| -061|-09{-17]|-14|-14]-13 ]| -13| -06 | -06 [ -07 | -0.6 -0.8

2.0%PC/3.0%LT,

MY's 2022-2026 2.0 0.0 -02 | 04 -06]-11{-12]-13|-14|-17 ]| -13 | -13 ]| -12 | -12 -10.8
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Table 1-64 - Billions of Gallons of Liquid Fuel Saved, Light Trucks,
Undiscounted Over the Lifetime of the Model Year, CO»

Liaht Trucks 1':;7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
g 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,
MY 2021-2026 9.0 08 | -04 | -14 | -23 | 42 | 48 | -50 | 53 | 53 | -5.7 | -54 | 55 | 53 -40.7
0.5%PC/0.5%LT,
MY 2021-2026 8.5 08 | 02 | -12|-21 (-39 | 45| 48 | 51| 51| 53| 52| -53 | -5.1 -38.5
0.5%PC/0.5%LT,

MY's 2021-2026,
AC/Off-Cycle
Phaseout

7.7 07 | -04 | -13 | -22 | 40 | 46 | -48 | 51 | 48 | -47 | -46 | 47 | -45 -37.3

1.0%PC/2.0%LT,

MY's 2021-2026 6.3 0.5 03| -11(-18 | 34| -39 | 41| 43| 42| -39 | -38 | -3.7 | -3.6 -31.3

1.0%PC/2.0%LT,

MY's 2022-2026 4.3 03 | 02| -08]|-12|-22]|-25]|-28|-28 | -30 ]| -28 | -28 | -29 | -2.8 -22.2

2.0%PC/3.0%LT,

MYs 2021-2026 3.9 0.2 -04 | 09 (-14]-26|-29 ]| 30| 30| -30 | -26 | -24 | -23 | -23 -22.6

2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle
Phaseout

2.6 0.1 -03|07{-11]-20{(-21]-21}|-20{-19 )| -15 | -12 ]| -12 | -08 -14.2

2.0%PC/3.0%LT,

MY's 2022-2026 2.5 0.1 -03 | -07{-10] -16 | -18 | -20 | 20 | 20 | -16 | -14 | -15 | -1.6 -14.9
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Table 1-65 - Billions of Gallons of Liquid Fuel Saved, Combined,

Undiscounted Over the Lifetime of the Model Year, CAFE

Passenger Cars and 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT, MYs

2021-2026 18.1 1.2 04| -15| 32| 66| -79 | -88 | -98 | -10.7 | -11.2 | -11.0 | -10.8 | -10.6 -73.2

0.5%PC/0.5%LT, MYs

2021-2026 16.9 1.1 02| -13| 29| 62| -76 | -84 | -94 | -10.3|-105 | -104 | -10.1 | -9.9 -69.2

0.5%PC/0.5%LT, MYs

2021-2026, AC/Off-Cycle | 15.9 1.0 02| -12|-28| 60| -73 | -81 | 91| 98| 99| 97 | -94 | 93 -65.7

Phaseout

1.0%PC/2.0%LT, MYs

5021-2026 13.8 0.7 -03|-11)|-25|-53)|64|-71|-79| 87| 85| -83 | -80 | -7.8 -57.4

1.0%PC/2.0%LT, MYs

2022-2026 10.6 0.7 0.1 05| -17| 36| -48 | 55| 6.1 | -68 | 66 | 64 | -6.3 | -6.1 -43.0

2.0%PC/3.0%LT, MYs

2021-2026 95 0.2 05| -11)| 24| -44 | 50| 54 | 55| 61 | -65 | -6.2 | 5.1 | 49 -41.3

2.0%PC/3.0%LT, MYs

2021-2026, AC/Off-Cycle 5.7 02| 07| -11|-21)| 37 |-39 )| 42| -41 )| 42| 30| 25| -25 | -24 -28.9

Phaseout

0, 0,

2.0%PC/3.0%LT, MYs 5.8 0.3 0.0 03| -12 | -25|-30| 35| 40| 45| -38 | -35 | -34 | -33 -27.0

2022-2026
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Table 1-66 - Billions of Gallons of Liquid Fuel Saved, Combined,
Undiscounted Over the Lifetime of the Model Year, CO»

Passenger Cars 1'2;7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
and Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT,

MY 2021-2026 20.2 2.0 01| -13|(-32 )| 62| -79 | 92 |-104|-111 | -125 | -12.8 | -13.2 | -13.3 -78.8
0.5%PC/0.5%LT,
MY 2021-2026 19.3 1.9 03 | -1.1 | 29 | 58 | -74 | -87 | -9.9 | -10.7 | -11.8 | -12.3 | -12.7 | -12.8 -74.6
0.5%PC/0.5%LT,

MYs 2021-2026,
AC/Off-Cycle
Phaseout

17.9 1.7 00 | .12 ( 31| 59 | -74 | -86 | -9.7 | -10.1 | -10.6 | -10.9 | -11.1 | -11.2 -70.1

1.0%PC/2.0%LT,

MYs 2021-2026 15.2 1.3 00 (-11{(-25| 50| 62 ]|-73 | -82 ]| 85| -89 |92 (92| 93 -58.8

1.0%PC/2.0%LT,

MY 2022-2026 10.9 1.0 02 | 05| -15)| 33| 40| 50| 51| 56 | -59 | 6.2 | -64 | -6.6 -37.8

2.0%PC/3.0%LT,

MYs 2021-2026 10.2 08 (01| 08|-19]| 39| 47| 54| 54| 56| -54(-53]|-53]|-54 -38.3

2.0%PC/3.0%LT,
MY's 2021-2026,
AC/Off-Cycle
Phaseout

6.5 03 |04 (-09)|-18)|-33|-37]| 42| -40 )| 40| -34 | -30 | -3.0 | -26 -27.2

2.0%PC/3.0%LT,
MY's 2022-2026

6.5 05 |-01|-07]|-13)|-23|-27)|-34|-34)|-36|-34)]-32|-34]-35 -23.9
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Table 1-67 - Change in Electricity Consumption (GW-h), Passenger Cars,
Undiscounted Over the Lifetime of the Model Year, CAFE

oassencer Cars | Tame. | MY | MY | MY [ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
g Sonc | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PCI0.0%LT, S S et B B R

MYs 2021-2026 | 47 | 198 | 178 | =326 1 -332 |4 500 | 1,580 | 1,800 | 2,200 | 3,040 | 2,950 | 2,850 | 2,800 | 2,770 | 2031

0.5%PC/05%LT, e T e

MYs 2021-2026 | 41 | 151 | 172 ) =320 | 325 | 4 500 | 1,580 | 1,810 | 2,200 | 3,040 | 2,950 | 2,870 | 2,820 | 2,800 | 2207

0.5%PC/0.5%LT,

MY 2021-2026, A e

AC/Off-Cycle | 132 | 141 -162/1 310 1 314 14 470 | 1570 | 1,650 | 2,050 | 2,910 | 2,800 | 2,740 | 2,710 | 2,690 | 21049

Phaseout

1.0%PC/2.0%LT, e 5 et R B B R

MYs 2021-2026 | “*17 | 7125 | 146 ) 293 | -295 |4 420 | 1,580 | 1,780 | 2,180 | 3,030 | 2,940 | 2,910 | 2,000 | 2,890 | 240

1.0%PC/2.0%LT, e S S R B R R

MYs 20222026 | 04 | 100 | 121 ] -269 | 270 | 4 440 | 1580 | 1,650 | 2,070 | 2,940 | 2,850 | 2,840 | 2,830 | 2,820 | 2187

2.0%PC/3.0%LT, e et e Ee R

MYs 2021-2026 | o0 | 84 | 1051292 | 252 | 4 330 | 1,440 | 1,520 | 1,930 | 2,810 | 2,730 | 2,760 | 2,740 | 2,750 | 2%7%

2.0%PC/3.0%LT,

MY’ 2021-2026, A e e

Ac/Off-Cycle | | | 04| -210 1209 1965 14 090 | 1170 | 1,590 | 24420 | 2,290 | 2,380 | 2,360 | 2,360 | 171

Phaseout

2.0%PC/3.0%LT, S S R B R R

MYs 20222026 | 4 | ™4 | 77 | 225 | 225 | 4500 | 1,350 | 1,450 | 1,870 | 2,740 | 2,610 | 2,650 | 2,640 | 2,640 | 2782
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Table 1-68 - Change in Electricity Consumption (GW-h), Passenger Cars,
Undiscounted Over the Lifetime of the Model Year, CO,

oassencer Cars | 1omr | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
g oore | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PCI0.0%LT, S e e B R R

MYs 20212026 | 1061 | 166 | 1471821 1 070 | 1190 | 1,280 | 2,830 | 2,740 | 2,690 | 2,980 | 4,220 | 4,540 | 4,430 | 2869

0.5%PCI0.5%LT, e N B B

MYs 20212026 | "7 | 102 | 148 | 821 |4 679 | 1120 | 1,340 | 2,880 | 2,800 | 2,760 | 3,060 | 4,310 | 4,620 | 4,490 | 2223

0.5%PCI0.5%LT,

MY's 2021-2026, e

ACIOff-Cycle 1461 149 | -130 1 307 14 660 | 1,110 | 1,320 | 2,890 | 2,800 | 2,70 | 3,070 | 4,350 | 4,690 | 4,570 | 29302

Phaseout

1.0%PC/2.0%LT, i e B R R

MY's 2021-2026 129 ) -133 | 125 | 302 14 650 | 1,130 | 1,350 | 2,930 | 2,850 | 2,830 | 3,150 | 4,430 | 4,760 | 4,670 | 29839

1.0%PC/2.0%LT, e N N A E

MYs 2022-2026 | 102 | 100 | 1105 | 83 | 4050 | 1,110 | 1,370 | 2,960 | 2,890 | 2,910 | 3,230 | 4,560 | 4,890 | 4,800 | 03

2.0%PC/3.0%LT, O e O N H B p

MYs 2021-2026 89 | 90| 831239 | 1010 | 1,000 | 1,320 | 2,920 | 2,860 | 2,890 | 3,230 | 4,580 | 4,930 | 4,760 | 0110

2.0%PC/3.0%LT,

MY's 2021-2026, e

ACIOff-Cycle S0 | 49| A2 2lr ) ALl 485 ) 53T 5 140 | 2,000 | 2,150 | 2,520 | 3,930 | 3,830 | 3,260 | AhTE2

Phaseout

2.0%PC/3.0%LT, e P R R

MYs 2022-2006 | 0 | 9 | 58 | -235 | 371 | 445 | 260 |4 aq0 | 1,850 | 1,040 | 2,270 | 3,670 | 3,790 | 3,300 | 2019
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Table 1-69 - Change in Electricity Consumption (GW-h), Light Trucks,
Undiscounted Over the Lifetime of the Model Year, CAFE

Lot Trucks | tome [ MY [ MY [ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
9 Sore | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PCI0.0%LT, e S e

MYs 20212026 | "2 | O7 | 191|190 | 184 1 175 | 178 | -8B 1y 640 | 1,650 | 1,660 | 1,690 | 1,730 | 1,750 | 113%

0.5%PCI0.5%LT, e T B

MYs 2021-2026 | “+7 | 51 | 187 | -186 | 80 | 171 | 173 | 182 | 640 | 1640 | 1,650 | 1,680 | 1,720 | 1,740 | 1248

0.5%PC/0.5%LT,

MYs 2021-2026, T

nCOff Cvdle | 44 | 48 | <184 | 483 | -177 | -168 | 170 | 178 | 4 ooy a0 | 1o | 1es0 | 1710 | 1730 | L1193

Phaseout

1.0%PC/2.0%LT, e s e v

Nivs 20010006 | 35 | 36 | 74 | 473 | 168 | -160 | -163 | 171 | | Cooly coo b Sy aso | 1eg0 | 1700 | 1020

1.0%PC/2.0%LT, e I R

MYs 2022-2006 | 2> | 27 | 165 | -164 | A161 156 | A5 -I5S g 610 | 1,610 | 1,620 | 1,640 | 1,660 | 1,670 | 0813

2.0%PC/3.0%LT, e T B e

MYs 2021206 | 20 | 19 | -156 | -156 | -152 | 145 | 149 | 156 |4 610 | 1610 | 1,610 | 1,630 | 1,640 | 1,660 | O3

2.0%PC/3.0%LT,

MYs 2021-2026, A

ACIOff-Cycle 9| 6| a4 Hlad ) dal |15 40 98 610 | 1,600 | 1,610 | 1,620 | 1640 | 1650 | H0°7

Phaseout

2.0%PC/3.0%LT, e I e

MYs2022-2026 | Mt | 12 | 452 [ 51 | 49 | 46 1 445 AT ] 4 600 | 1,600 | 1,600 | 1,620 | 1,630 | 1,640 | %%
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Table 1-70 - Change in Electricity Consumption (GW-h), Light Trucks,
Undiscounted Over the Lifetime of the Model Year, CO»

Lot Trucks | 1o | MY [ MY | MY | MY | MY [ MY | MY | MY | MY | MY | MY | MY | MY | MY
g oons | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

0.0%PC/0.0%LT, T 5 B B R

MYs 2021-2006 | 7 | ©7 | -313 | 310 | 304 1 -295 | -291 | 5440 | 2120 | 2,460 | 2,490 | 25540 | 2,570 | 4,820 | 2077

0.5%PC/05%LT, e S B R

MYs 2021-2026 | o4 | 04 | 311|309 | -303 | -293 | -288 | 5 110 | 2,120 | 2,460 | 2,490 | 2,530 | 2,560 | 4,820 | 20?2

0.5%PC/05%LT,

MYs 2021-2026, A e e

ACIOff-Cycle | 0 | > | 30112991 293 ) -283 1 278 | 5100 | 5,110 | 2,450 | 2,480 | 2,520 | 2,550 | 4,800 | 20°7

Phaseout

L0%PC/2.0%LT, T S B B R

MYs 2021-2026 | 44 | 43 | -290 | -288 | 283 | =274 | -270 | 5 090 | 2,100 | 2,440 | 2,460 | 2,500 | 2,530 | 4770 | 20383

1.0%PC/2.0%LT, T e T

MYs 20222026 | 5 | 30 | 279 | 218 | 275 | -208 | 264 |5 g0 | 2,090 | 2410 | 2,440 | 2,470 | 2,490 | 4,740 | 014

2.0%PC/3.0%LT, T e s E

MYs 2021-2026 | "2 | 24 | 272 | 270 | 260 | -259 | -256 | 5 070 | 2080 | 2,410 | 2430 | 2.460 | 2,480 | 4,720 | 200%

2.0%PC/3.0%LT,

MYs 2021-2026, N

ACIOff-Cycle | 13 | 12 | -200 1 -259 ) 255 1 -249 1 247 | 5 060 | 2,070 | 2,400 | 2420 | 2,450 | 2,460 | 0 | 15814

Phaseout

2.0%PC/3.0%LT, ) B B

MYs 2022-2006 | 10 | 13 | -204 | -262 | 260 | =256 | -253 | 5 060 | 2,070 | 2,400 | 2,420 | 2,440 | 2,460 | 4700 | 1987
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Table 1-71 - Change in Electricity Consumption (GW-h), Combined,

Undiscounted Over the Lifetime of the Model Year, CAFE

Passenger Cars and 1'?7\;_ MY MY MY MY MY MY MY MY MY MY MY MY MY MY

Light Trucks 2016 2017 2018 2019 2020 2021 2022 | 2023 2024 | 2025 | 2026 2027 2028 2029 | TOTAL

0.0%PC/0.0%LT, MYs - - - - - - - - -

2021-2026 199 ] 215 | 369 | 516 | 516 19 680 | 1,760 | 1,990 | 3,840 | 4,690 | 4,600 | 4,540 | 4530 | 4,530 | 3397

0.5%PCI0.5%LT, MY - - - - - - - - -

2021-2026 189 | 203 | 359 | 506 | 505 |4 670 | 1,750 | 1,990 | 3,840 | 4,680 | 4,600 | 4,560 | 4,540 | 4,540 | 33932

0.5%PC/0.5%LT, MYs ) ) ] ] . i i i i

2021-2026, AC/Off- | -176 | -189 | -346 | -493 | -491 32,845

Cyole Phaseout 1,640 | 1,740 | 1,830 | 3,680 | 4,550 | 4,450 | 4,420 | 4,420 | 4,420

1.0%PC/2.0%LT, MYs - - - - - - - - -

2021-2026 152 | AL ) 319 | 466 | 404 | 4 630 | 1,740 | 1,950 | 3,810 | 4,660 | 4,570 | 4,570 | 4,580 | 4,590 | 33602

1.0%PC/2.0%LT, MYs - - - - - - - - -

2022-2026 119 | Aar | 286 | 433 | 431 | 1600 | 1,730 | 1,810 | 3,680 | 4,550 | 4,470 | 4,480 | 4,480 | 4,490 | 32089

2.0%PC/3.0%LT, MYs - - - - - - - - -

2021-2026 100 | 408 | 262 | 408 | 404 | 4 470 | 1,500 | 1,670 | 3,550 | 4,410 | 4340 | 4,380 | 4,390 | 4,400 | 477

2.0%PC/3.0%LT, MYs ) i ) ] _ i i i ]

20212026, ACIOff- | 50 | -48 | -208 | -354 | -349 27,788

Cycls Phaseout 1,100 | 1,230 | 1,320 | 3,190 | 4,030 | 3,900 | 4,000 | 4,000 | 4,010

2.0%PC/3.0%LT, MYs - - - - - - - - -

2022-2026 03 | 66 | 229 | 376 | 374 | 9340 | 1,490 | 1,590 | 3,470 | 4,340 | 4,220 | 4,270 | 4,270 | 4,290 | 30388
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Table 1-72 - Change in Electricity Consumption (GW-h), Combined,
Undiscounted Over the Lifetime of the Model Year, CO»

Passenger Cars and 1';"7\;_ MY | MY | MY | MY | MY [ MY | MY | MY | My | MY | MY | MY | MY | mYy

Light Trucks | 577" | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
0.0%PC/0.0%LT, 228 | 233 | -459 | 632 | 1.37 | 1.41 | 1,57 | -4.940 | -4.860 | -5.150 | -5.470 | -6.760 | 7,110 | -9,260 | -49.452
MY's 2021-2026 A Il B
0.5%PC/0.5%LT, 221 | 226 | -454 | 629 | 1,38 | 1,42 | 1.62 | -4,990 | -4,910 | -5.220 | -5.540 | -6.840 | -7,190 | -9,310 | -49.950
MY's 2021-2026 58| ez ) e
0.5%PC/0.5%LT, T
MY’ 2021-2026, 201 | 204 | -431 | 605 | 1.35 | 1.39 | 1,60 | -4.980 | -4.910 | -5.220 | -5.550 | -6,870 | 7,240 | -9,370 | -49.921
AC/Off-Cycle

o | 0o | o

Phaseout
1.0%PC/2.0%LT, 173 | -176 | -415 | 590 | 1.33 | 1.40 | 1,62 | -5,010 | -4,950 | -5.270 | -5,610 | -6,930 | -7,290 | -9.440 | -50 204
MY's 2021-2026 53| 1801 e
1.0%PC/2.0%LT, 133 | -136 | -384 | 561 | 1.31 | 1,38 | 1,64 | -5.030 | -4.980 | -5.330 | -5,670 | 7,030 | -7.390 | -9,540 | -50514
MY 2022-2026 SL| 138 Le
2.0%PC/3.0%LT, 113 | -124 | -354 | 528 | 1,27 | 1,35 | 1,58 | -4,990 | -4,940 | -5,300 | -5,660 | -7,040 | -7.410 | -9.480 | -50.129
MYSs 2021-2026 2h ) b | s
2.0%PC/3.0%LT,
MY's 2021-2026,
GO Cycle 63 | 61 | -302 | -475 | -667 | -734 | -784 | -4.200 | -4.160 | -4,550 | -4,940 | 6,370 | -6,300 | -3,920 | -37.526
Phaseout
2.0%PC/3.0%LT, 73 | 73 | 322 | -497 | -631 | -701 | 513 | -3.950 | -3,920 | -4.340 | -4,690 | -6,120 | -6,260 | -8,000 | -40,090

MY's 2022-2026
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Table 1-73 - Preferred Alternative, Cost and Benefit Estimates, 3% Discount Rate,
Passenger Cars and Light Trucks Combined, CAFE (Billions 20163$)

Passenger Cars 1|\9/|7Y7_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
and Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

Societal Costs

Technology Costs 0.0 -16 | 57 | -90 |-133 | -21.3 | -239 | -255 | -26.0 | -26.6 | -26.5 | -25.4 | -24.4 | -23.3 | -252.6

Congestion Costs -173 | -19 | 21 | 23 | 26 | -33 | 833 | 32 | 29 | 26 | 24 | -23 | 25 | 27 -51.2

Noise Costs -0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.7

Non-Rebound 279 25 | 21| 19| 17| 12| 07| 04| 01| 06 | 09| 09| o051 02| -354
Fatality Costs

Non-Rebound Non-

Fatal Crash Costs -436 | -39 | -34 | 80 | 26 | -19 | -1.2 | -0.7 0.2 0.9 1.4 1.4 0.7 0.3 -55.3

Rebound Fatality

0.9 -0.2 -0.8 -1.4 2.1 -3.5 -4.0 -4.2 -4.4 -4.6 -4.6 -4.4 -4.3 -4.2 -41.7
Costs

Non-Fatal Crash

1.5 -0.3 -1.3 -2.1 -3.2 -5.5 -6.2 -6.6 -6.9 -7.1 -7.1 -6.9 -6.8 -6.6 -65.2
Costs

Total Societal

Costs -86.7 | -10.4 | -15.5 | -19.7 | -25.4 | -36.6 | -39.3 | -40.7 | -40.0 | -39.4 | -38.3 | -36.7 | -36.9 | -36.3 | -501.9

Societal Benefits

Pre-Tax Fuel

. 325 | 18 | -12 | -35 | -66 | -129 | -15.2 | -165 | -17.9 | -19.1 | -19.6 | -19.0 | -18.2 | -17.5 | -133.1
Savings

Rebound Fuel

.1 0.1 -0.2 -11 | -1.8 2.7 -4.8 -55 -59 | 6.2 65 | -6.7 -6.6 -6.6 | -6.5 -61.0
Benefit

Refueling Time

. 0.2 0.1 -0.1 -0.2 -04 -0.7 -0.8 -0.9 -0.9 -1.0 -1.0 -1.0 -0.9 -0.9 -8.5
Benefit

Rebound Fatality

.13 0.9 -0.2 -0.8 -1.4 -2.1 -3.5 -4.0 -4.2 4.4 -4.6 -4.6 -4.4 -4.3 4.2 -41.7
Benefit

12 This value includes both the value of the fuel spent to drive rebound miles and the consumer surplus representing the additional amount consumers would have
but did not spend to drive the additional miles.

B3It is assumed that consumers that drive rebound miles fully internalize fatal and non-fatal crash costs. The miles are driven because they receive an equal and
offsetting benefit from driving the miles. These cells report the magnitude of the offsetting benefits.
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MY

Passenger Cars | ,oo0 | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
and Light Trucks | o | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
Rebound Non-Fatal
Fatality Benefitl3 15 | 03| 13| 21| 32| 55| 62 | 66 | 69 | 71 | -71 | 69 | 68 | -66 | -652
Petroleum Market
Externality 26 | 01 | -01]| 03| -05]-11|-12] 13| -151] -16 | -16 | -16 | -1.5 | -1.4 | -109
CO, Damage 11 | 01 | 00 | 01 | 02 | -04 | -05 | -05 | -06 | -06 | -06 | -06 | -06 | -06 | -43
Reduction Benefit
NO, Damage
Rediction Benefit 112 | 01 | 00 [ 00 | 00 | 00 | 00 | 00 | 01 | 01 | -01 | 01 | -01 | 0.1 0.8
VOC Damage 04 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 0.1
Reduction Benefit
PM Damage
meduction Benefit 21 | 02 | 01 | 00 | 00| 02| 02| 02| 02| -03]|-03]|-02]-02]-02 0.3
SO, Damage 07 | 00 | 00 | -01 | -02|-03|-03|-03|-03|03|03|03|03]|203]| =24
Reduction Benefit
Total Social 432 | 15 | -46 | 94 |-158 | -29.2 | -34.0 | -365 | -39.1 | -41.2 | -42.0 | -40.8 | -39.5 | -38.4 | -325.8
Benefits
Net Total Benefits | 130.0 | 12.0 | 109 | 103 | 96 | 74 | 53 | 42 | 09 | -18 | -37 | 41 | -26 | -20 | 1765
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Table 1-74 - Preferred Alternative, Cost and Benefit Estimates, 3% Discount Rate,
Passenger Cars and Light Trucks Combined, CO; (Billions 2016%)

MY
Passenger Cars and 1977 | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks - 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

2016

Societal Costs

Technology Costs 0.0 -14 | 55 | 90 | -130 | -18.7 | -21.4 | -24.3 | -25.3 | -25.9 | -28.5 | -28.8 | -29.2 | -28.8 | -259.8
Congestion Costs -190| 22 | 26 | 28 | 32 | 38 | 37 | -36 | 36 | -34 | -34 | 33 | -35 | -34 -61.5
Noise Costs -0.3 0.0 0.0 0.0 0.0 -01 | 01| -01 | -01 0.0 -0.1 0.0 -0.1 | 0.1 -0.9

Non-Rebound Fatality

-30.6 | -3.2 -2.9 -2.6 -2.4 -2.0 -1.3 -0.9 -0.5 -0.2 0.1 0.1 0.0 0.0 -46.3
Costs

Non-Rebound Non-
Fatal Crash Costs -478 | 5.0 | -45 -4.1 -3.8 -3.1 20 | -14 | 0.8 | -0.3 0.2 0.2 0.0 0.1 -72.3

Rebound Fatality Costs 1.0 01|09 ]| -15| -24 | 36 | 42 | 45 | 49 | 51 | 54 | 54 | 55 | 54 -47.8

Non-Fatal Crash Costs 1.6 -02 | ‘14 | 24 | 37 | 56 | 65 | -71 | 7.7 | -79 | -85 | -85 | -85 | -84 -14.7

Total Societal Costs -95.0 | -12.2 | -17.8 | -22.5 | -285 | -36.8 | -39.0 | -419 | -42.8 | -42.8 | -45.5 | -45.7 | -46.7 | -45.9 | -563.1

Societal Benefits

Pre-Tax Fuel Savings 36.1 | 3.1 -05 | 82 | 69 |-123|-153 | -17.2 | -19.1 | -20.1 | -22.1 | -22.1 | -22.3 | -21.9 | -143.8

Rebound Fuel 01 | 01| 11| 20| 31| 49| 58| 63 | 69 | -72 | -78 | -79 | 81 | 82 | 695
Benefitl2

Refueling Time Benefit | 0.2 0.1 0.0 -02 | 04 | 07 | -08 | 09| -10 | -11 | -12 | -12 | -12 | -12 -9.4

Rebound Fatality 10 | 01| 09| 15| 24| 36| 42 | 45| -49 | 51 | 54 | 54 | 55 | 54 | -478
Benefitl3

Rebound Non-Fatal

Fatality Benefit13 1.6 -02 | ‘14 | 24 | -37 | 56 | 65 | -71 | 77 | -79 | -85 | -85 | -85 | -84 -14.7

Petroleum Market 20 | 02 | 01| 03| 06| -101]-12|-124| -161|-17]-18] -18 | -1.8 | -1.8 | -11.9

Externality

£ Jamage Reduction | 4, | 01 | 00 | 01| -02 | -04|-05| 06 |-06]-07]|-07]|-07]07]-07| -47
g;xeﬁfmage Reduction | 15 | 61 | 01 | 00 | 00 | 00 | 00 | 00 | 01 | 02 | 01 | -01 | 01| 01| o009
VOC Damage 04 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 02




MY
Passenger Cars and 1977 | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks - | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL
2016
Reduction Benefit
E’;’LeDf?tmageRed“C“O” 23 | 02 | 01| 01|00 |01]|02|-02|=02]|02]|-03|-03]|03|-03| o6
gg;e'?i?magemd“c“o” 08 | 01 | 00 | 01| -02|-03| 03| -03|-03|03]-04|-04]|04]-03| =24
Total Social Benefits | 47.9 | 35 | -38 | 9.6 | -17.3 | -28.0 | -34.8 | -38.7 | -425 | -44.3 | -48.3 | -48.4 | -48.9 | -48.3 | -362.5

Net Total Benefits

|1430] 157 | 140 | 129 [ 121 | 79 | 43 | 32 | 04 | -15 | 28 | 27 | 22 | 24 | 2009
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Table 1-75 - Preferred Alternative, Cost and Benefit Estimates, 7% Discount Rate,
Passenger Cars and Light Trucks Combined, CAFE (Billions 20163$)

Passenger Cars and 1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

Societal Costs

Technology Costs 0.0 -16 | 55 | -84 |-119 | -18.3 | -19.7 | -20.3 | -199 | -19.6 | -18.8 | -17.3 | -16.0 | -14.8 | -192.1

Congestion Costs -107 | -0 | -11 | .13 | -5 | 20 | 20 | -18 | -16 | -14 | -12 | -11 | ‘12 | -1.3 -29.2

Noise Costs -0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.4

Non-Rebound

. -174 | -12 | -10 | -08 | -0.7 | -04 | -0.1 | 0.0 0.4 0.6 0.8 0.7 0.4 0.3 -18.4
Fatality Costs

Non-Rebound Non-

Fatal Crash Costs 272 | -19 | -15 | -1.3 | -1.0 | 06 | -0.2 0.1 0.5 0.9 1.2 11 0.7 0.4 -28.8

Rebound Fatality

0.6 -0.2 -0.7 -1.0 -1.5 -2.5 2.7 -2.8 -2.8 -2.8 2.7 -2.5 -2.3 2.2 -25.8
Costs

gg:t;Fata' Crash 09 | 03| -10| -16 | 23 | -38 | -42 | -43 | -43 | -43 | 42 | 39 | 36 | 34 | -404

Total Societal Costs | -53.9 | -6.2 | -10.9 | -14.4 | -189 | -27.6 | -28.9 | -29.1 | -27.8 | -26.6 | -25.0 | -23.0 | -22.1 | -20.9 | -335.3

Societal Benefits

Pre-Tax Fuel Savings | 20.0 | 0.5 -17 | 32 | 53 | 93 | -105| -109 | -11.3 | -116 | -114 | -10.7 | 98 | 9.1 -84.3

Rebound Fuel 00 | 02 | 08| -13| -19 | 33| 37| 38| -38| 39 | 38 | -37 | 35 | 34 | -371

Benefitl2
Refueling Time 01 | 00 | 01| 02| 03| 05| 06| 06| 06| 06| 06| 06| 05| 05| -54
Benefit
Rebound Fatality 06 | 02 | -07 | -10| -15| -25 | 27 | 28 | 28 | 28 | 27 | 25 | 23 | 22 | -258
Benefitl3

Rebound Non-Fatal

Fatality Benefit13 0.9 -03 |-10 | -16 | 23 | 38 | 42 | 43 | 43 | 43 | 42 | -39 | -36 | -34 -40.4

Petroleum Market

. 1.6 0.0 01| -03)| 04| 08| -081]-09|-09]|-10|-09]|-09 ]| -08]|-07 -6.9
Externality

CO, Damage

Reduction Benefit 0.7 0.0 0101} -02| 03| 03] -03 | -04)| -04|-04]-04)]-03]|-03 -2.7

NO, Damage

Reduction Benefit 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4




1';/%_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY

2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

Passenger Cars and
Light Trucks

VOC Damage 03 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 0.1
Reduction Benefit

PM Damage

e it 13 | 01 | 00 | 00 | 01| -01] 01| -01|-02]-02]=02|-011-011]-=01] 00
SO, Damage 04 | 00 | -01|-01]-01]|-02]|-02|-02|-02|-02|-02|-02|-202|-202| -16
Reduction Benefit

Total Social Benefits | 26.6 | 0.1 -45 | -79 | -121 | -20.8 | -23.2 | -23.9 | -24.6 | -24.9 | -24.5 | -22.9

-21.3 | -19.9 | -203.8

Net Total Benefits | 805 | 63 | 64 | 65 | 68 | 68 | 57 | 52 | 32 | 16 | 05 | 02 | 08 | 10 | 1315
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Table 1-76 - Preferred Alternative, Cost and Benefit Estimates, 7% Discount Rate,
Passenger Cars and Light Trucks Combined, CO; (Billions 2016%)

Passenger Cars and 1':;7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY MY
Light Trucks 2016 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

Societal Costs

Technology Costs 0.0 -14 | 53 | 83 | -116 | -16.1 | -17.7 | -19.4 | -19.4 | -19.1 | -20.2 | -19.7 | -19.2 | -18.2 | -195.7

Congestion Costs -116 | -1.2 | -14 | -16 | 119 | 223 | 21 | 20 | 220 | -1.8 | -18 | -1.7 | -1.7 | -1.6 -34.5

Noise Costs -0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.5

Non-Rebound

. -189 | -16 | -14 | .12 | .11 | 08 | 03 | 01 | 01 0.2 0.4 0.4 0.2 0.2 -23.9
Fatality Costs

Non-Rebound Non-

Fatal Crash Costs 295 | -25 | 22 | ‘19 | -1.7 | -13 | 05 | 0.2 0.1 0.4 0.6 0.6 0.4 0.4 -37.3

Rebound Fatality

0.6 -0.1 -0.7 -1.1 -1.7 -2.5 -2.8 -3.0 -3.1 -3.1 -3.2 -3.0 -3.0 -2.8 -29.4
Costs

Non-Fatal Crash

1.0 -0.2 -1.1 -1.8 -2.7 -3.9 -4.4 -4.6 -4.8 -4.8 -4.9 -4.8 -4.6 -4.4 -46.0
Costs

Total Societal Costs | -585 | -7.0 | -12.1 | -159 | -20.6 | -26.8 | -28.0 | -29.3 | -29.1 | -28.2 | -29.1 | -28.3 | -27.8 | -26.4 | -367.1

Societal Benefits

Pre-Tax Fuel Savings | 22.0 13 -13 | 32 | 57 | 91 | -10.7 | -115 | -12.2 | -123 | -129 | -125 | -12.1 | -11.4 -91.6

Rebound Fuel 00 | 01| 09 | -15 | 22 | 34 | 39 | -41 | 43 | -43 | -45 | -44 | -43 | -42 | -420

Benefitl2
Refueling Time 01 | 01 | 01| -02|-03|-05|-061|-061|-07|-07|-07|-071|-061|-061| -60
Benefit
Rebound Fatality 06 | -01 | -07 | 11 | 17| 25| 28 | 30| 31 | 31| 32 | 30 | -30 | -28 | -294
Benefitl3

Rebound Non-Fatal

Fatality Benefit13 1.0 -02 | 11| -18 | -27 | -39 | 44 | 46 | 48 | 48 | 49 | 48 | 46 | 44 -46.0

Petroleum Market

. 1.8 0.1 01, -03}| -05|-07)|-09)|-09]|-10]-10]-11 )| -10]| -10 | -10 -7.6
Externality

CO, Damage

Reduction Benefit 0.7 0.0 0.0 01, 02| -03| 03| 04| -04| 04| -04)] -04 )| 04| -04 -3.0

NO, Damage

Reduction Benefit 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5




Passenger Cars and 1':)/'7\;_ MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY | MY
Light Trucks o016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | TOTAL

VOC Damage 03 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 | 00 0.1

Reduction Benefit

PM Damage

el it 14 | 01 | 00 | 00 | -01 | -01 | -01|-02| 02| 0202021 02]-01] o1

SO, Damage 05 | 00 | 00 | -01 | -01| 02| 0202021 -02]-02]-02]-02]-02]| -16

Reduction Benefit

Total Social Benefits | 29.2 | 1.3 | 42 | 83 | -13.4 | -20.8 | -23.9 | -25.5 | -26.9 | -26.9 | -28.2 | -27.2 | -26.4 | -25.1 | -226.3

Net Total Benefits

877 82 | 78 | 76 | 71 [ 60 | 40 | 38 | 23 | 12 | 10 | 11 | 14 | 12 | 1405
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Table 1-77 - Preferred Alternative, Summary of Impacts, CAFE

Category Light Passenger Combined
Truck Car Fleet

Required MPG for MY 2026+ 31.3 43.7 37.0
Achieved MPG for MY 2026+ 33.6 46.7 39.7
Achieved MPG for MY 2020 31.6 43.9 37.2
Per Vehicle Price Increase -$2,110 -$1,620 -$1,850
MY 2030 Lifetime Fuel Savings (per vehicle),

Discounted at 3% -$2,100 -$1,120 -$1,470
MY 2030 Lifetime Fuel Savings (per vehicle),

Discounted at 7% -$1,700 -$950 -$1,210
Consumer Per Vehicle Savings, Discounted at 3% -$230 $430 $280
Consumer Per Vehicle Savings, Discounted at 7% $260 $650 $600
Payback Period Relative to MY 2016 (Years), Values

Discounted at 3% 3 5 4
Payback Period Relative to MY 2016 (Years), Values

Discounted at 7% 4 7 6
Total Lifetime Fuel Savings (bGallons) -43 -30 -73
Total Lifetime CO, Reductions (million metric tons) -480 -329 -809
Fatalities (Excluding Rebound Miles) -3,160 -3,190 -6,340
Fatalities ( Rebound Miles) -3,280 -3,060 -6,340
Total Technology Costs ($b), Discounted at 3% -$141 -$111 -$253
Total Technology Costs ($b), Discounted at 7% -$108 -$84 -$192
Total Net Societal Benefits ($b), Discounted at 3% $86 $91 $176
Total Net Societal Benefits ($b), Discounted at 7% $68 $63 $132
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Table 1-78 - Preferred Alternative, Summary of Impacts, CO,

Category Light Passenger Combined
Truck Car Fleet

Required MPG for MY 2026+ 31.3 43.7 37.0
Achieved MPG for MY 2026+ 33.2 45.1 38.9
Achieved MPG for MY 2020 31.2 42.4 36.4
Per Vehicle Price Increase -$2,450 -$2,080 -$2,260
MY 2030 Lifetime Fuel Savings (per vehicle),

Discounted at 3% -$2,460 -$1,560 -$1,830
MY 2030 Lifetime Fuel Savings (per vehicle),

Discounted at 7% -$2,000 -$1,310 -$1,510
Consumer Per Vehicle Savings, Discounted at 3% -$290 $360 $290
Consumer Per Vehicle Savings, Discounted at 7% $280 $680 $690
Payback Period Relative to MY 2016 (Years), Values

Discounted at 3% 3 4 4
Payback Period Relative to MY 2016 (Years), Values

Discounted at 7% 4 5 5
Total Lifetime Fuel Savings (bGallons) -41 -38 -79
Total Lifetime CO, Reductions (million metric tons) -451 -422 -872
Fatalities (Excluding Rebound Miles) -4,650 -3,700 -8,350
Fatalities ( Rebound Miles) -3,490 -3,800 -7,300
Total Technology Costs ($b), Discounted at 3% -$137 -$123 -$260
Total Technology Costs ($b), Discounted at 7% -$103 -$92 -$196
Total Net Societal Benefits ($b), Discounted at 3% $113 $88 $201
Total Net Societal Benefits ($h), Discounted at 7% $80 $60 $141

93




2 Overview

This Preliminary Regulatory Impact Analysis (PRIA) examines a joint Notice of Proposed
Rulemaking (NPRM) developed by the National Highway Traffic Safety Administration
(NHTSA) and the Environmental Protection Agency (EPA) (collectively, “the agencies”) to set
Corporate Average Fuel Economy (CAFE) and carbon dioxide (CO,) emissions standards,
respectively, for passenger cars and light trucks manufactured for sale in the United States in
model years (MYs) 2021 through 2026.** CAFE and CO, standards have the power to transform
the vehicle fleet and affect Americans’ lives in significant, if not always immediately obvious,
ways. The standards proposed in the NPRM seek to ensure that government action on these
standards is appropriate, reasonable, consistent with law, consistent with current and foreseeable
future economic realities, and supported by a transparent assessment of current facts and data.

The agencies must act to propose and finalize these standards and do not have discretion to
decline to regulate. Congress requires NHTSA to set CAFE standards for each model year.*
Congress also requires EPA to set emissions standards for light-duty vehicles if EPA has made
an “endangerment finding” that the pollutant in question — in this case, CO, — “cause[s] or
contributegs] to air pollution which may reasonably be anticipated to endanger public health or
welfare.”™® NHTSA and EPA are proposing these standards concurrently because tailpipe CO»
emissions standards are directly and inherently related to fuel economy standards,*’ and if
finalized, these rules would apply concurrently to the same fleet of vehicles. By working
together to develop these proposals, the agencies reduce regulatory burden on industry and
improve administrative efficiency.

Consistent with both agencies’ statutes, the proposal in the NPRM is entirely de novo, based on
an entirely new analysis reflecting the best and most up-to-date information available to the
agencies at the time of this rulemaking. The agencies worked together in 2012 to develop CAFE
and CO, standards for MYs 2017 and beyond; in that rulemaking action, EPA set CO, standards
for MYs 2017-2025, while NHTSA set final CAFE standards for MYs 2017-2021 and also put
forth “augural” CAFE standards for MYs 2022-2025, consistent with EPA’s CO, standards for
those model years. EPA’s CO, standards for MYs 2022-2025 were subject to a “mid-term
evaluation,” by which EPA bound itself through regulation to re-evaluate the CO; standards for

Y NHTSA sets CAFE standards under the Energy Policy and Conservation Act of 1975 (EPCA), as amended by the
Energy Independence and Security Act of 2007 (EISA). EPA sets CO, standards under the Clean Air Act (CAA).
949 U.S.C. 32902.

1642 U.S.C. 7521, see also 74 Fed. Reg. 66495 (Dec. 15, 2009) (“Endangerment and Cause or Contribute Findings
for Greenhouse Gases under Section 202(a) of the Clean Air Act”).

7 See, e.g., 75 Fed. Reg. 25324, at 25327 (May 7, 2010) (“The National Program is both needed and possible
because the relationship between improving fuel economy and reducing tailpipe CO, emissions is a very direct and
close one. The amount of those CO, emissions is essentially constant per gallon combusted of a given type of fuel.
Thus, the more fuel efficient a vehicle is, the less fuel it burns to travel a given distance. The less fuel it burns, the
less CO, it emits in traveling that distance. [citation omitted] While there are emission control technologies that
reduce the pollutants (e.g., carbon monoxide) produced by imperfect combustion of fuel by capturing or converting
them to other compounds, there is no such technology for CO,. Further, while some of those pollutants can also be
reduced by achieving a more complete combustion of fuel, doing so only increases the tailpipe emissions of CO,.
Thus, there is a single pool of technologies for addressing these twin problems, i.e., those that reduce fuel
consumption and thereby reduce CO, emissions as well”).
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those model years and to undertake to develop new CO, standards through a regulatory process
if it concluded that the previously finalized standards were no longer appropriate.’® EPA has
since concluded, based on more recent information, that those standards are no longer
appropriate.’® NHTSA’s “augural” CAFE standards for MY's 2022-2025 were not final in 2012
because Congress prohibits NHTSA from finalizing new CAFE standards for more than five
model years in a single rulemaking.?’> NHTSA was therefore obligated from the beginning to
undertake a new rulemaking to set CAFE standards for MY's 2022-2025.

The NPRM and the analysis contained therein and in this PRIA begins the rulemaking process
for both agencies to establish new standards for MY's 2022-2025 passenger cars and light trucks.
Standards are concurrently being proposed for MY 2026 in order to provide regulatory stability
for as many years as is legally permissible for both agencies.

Separately, the NPRM also proposes, and the PRIA also analyzes, revised standards for MY
2021 passenger cars and light trucks. The information now available and the current analysis
suggest that the CAFE standards previously set for MY 2021 are no longer maximum feasible
and that the CO, standards previously set for MY 2021 are no longer appropriate. Agencies
always have authority under the Administrative Procedure Act to revisit previous decisions in
light of new facts, as long as they provide notice and an opportunity for comment, and it is
plainly the best practice to do so when changed circumstances so warrant.?

Specifically, the agencies propose to maintain the CAFE and CO, standards applicable in MY
2020 for MYs 2021-2026.%> Prior to MY 2021, CO, targets include adjustments reflecting the
use of automotive refrigerants with reduced global warming potential (GWP) and/or the use of
technologies that reduce the refrigerant leaks and optionally offsets for nitrous oxide and
methane emissions. EPA is proposing to exclude air conditioning refrigerants and leakage, and
nitrous oxide and methane emissions for compliance with CO; standards after MY 2020. While
actual requirements will vary for automakers depending upon their individual fleet mix of
vehicles, many readers will likely nonetheless be interested in the current estimate of what the
MY 2020 CAFE and CO, curves would translate to, in terms of mpg and g/mi, in MY's 2021-
2026. These estimates are shown in the following tables.

18 40 CFR 86.1818-12(h).

1983 Fed. Reg. 16077 (Apr. 2, 2018).

2049 U.S.C. 32902.

2! See FCC v. Fox Television, 556 U.S. 502 (2009).

22 Note: This does not mean that the miles per gallon and grams per mile levels that were estimated for the MY 2020
fleet in 2012 would be the “standards” going forward into MY's 2021-2026. Both NHTSA and EPA set CAFE and
CO, standards, respectively, as mathematical functions based on vehicle footprint. These mathematical functions
that are the actual standards are defined as “curves,” that are separate for passenger cars and light trucks, under
which each vehicle manufacturer’s compliance obligation varies depending on the footprints of the cars and trucks
that it ultimately produces for sale in a given model year. It is the MY 2020 CAFE and CO, curves which we
propose would continue to apply to the passenger car and light truck fleets for MYs 2021-2026. The mpg and g/mi
values which those curves would eventually require of the fleets in those model years would be known for certain
only at the ends of each of those model years. While it is convenient to discuss CAFE and CO, standards as a set
“mpg,” “g/mi,” or “mpg-e” number, attempting to define those values today will end up being inaccurate.
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Table 2-1 - Average of OEMs’ CAFE and CO; Estimated Requirements for Passenger Cars

Avg. of OEMs’ Est.
Model Year | Requirements
CAFE (mpg) CO, (g/mi)
2017 39.1 220
2018 40.5 210
2019 42.0 201
2020 43.7 191
2021 43.7 204
2022 43.7 204
2023 43.7 204
2024 43.7 204
2025 43.7 204
2026 43.7 204
Table 2-2 - Average of OEMs’ CAFE and CO; Estimated Requirements for Light Trucks
Avg. of OEMs’ Est.
Model Year Requirements
CAFE (mpg) CO, (g/mi)
2017 29.5 294
2018 30.1 284
2019 30.6 277
2020 31.3 269
2021 31.3 284
2022 31.3 284
2023 31.3 284
2024 31.3 284
2025 31.3 284
2026 31.3 284
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Table 2-3 - Average of OEMs’ Estimated CAFE and CO; Requirements (Passenger Cars
and Light Trucks)

Avg. of OEMSs’ Est.
Model Year Requirements
CAFE (mpg) CO, (g/mi)
2017 34.0 254
2018 34.9 244
2019 35.8 236
2020 36.9 227
2021 36.9 241
2022 36.9 241
2023 36.9 241
2024 37.0 241
2025 37.0 240
2026 37.0 240

Estimated required CO, increases between MY 2020 and MY 2021 because EPA is proposing to
exclude CO, equivalent emission improvements associated with air conditioning refrigerants and
leakage and, optionally, offsets for nitrous oxide and methane emissions after MY 2020.

SUMMARY OF RATIONALE

The rest of this proposal provides much more detail on the information and analysis that have led
to the tentative conclusion that holding standards constant at MY 2020 levels is maximum
feasible, for CAFE purposes, and appropriate, for CO, purposes. Put simply, the information
available today is different from the information before the agencies in 2012, and even from the
information considered by EPA in 2016 and early 2017.

Technologies have played out differently in the fleet from what the agencies assumed in 2012.

The technology to improve fuel economy and reduce CO, emissions has not changed
dramatically: a wide variety of technologies are still available to accomplish these goals, and a
wide variety of technologies would likely be used by industry to accomplish these goals. There
remains no single technology that the majority of vehicles made by the majority of
manufacturers can implement at low cost without affecting other vehicle attributes that
consumers value more than fuel economy and CO; emissions. Even when used in combination,
technologies that can improve fuel economy and reduce CO, emissions still need to (1) actually
work together and (2) be acceptable to consumers and avoid sacrificing other vehicle attributes
while avoiding undue increases in vehicle cost. Optimism about the costs and effectiveness of
many individual technologies, as compared to recent prior rounds of rulemaking, is somewhat
tempered; a clearer understanding of what technologies are already on vehicles in the fleet and
how they are being used, again as compared to recent prior rounds of rulemaking, means that
technologies that previously appeared to offer significant “bang for the buck” may no longer do
so. Additionally, in light of the reality that vehicle manufacturers may choose the relatively cost-
effective technology option of vehicle lightweighting for a wide array of vehicles and not just the
largest and heaviest, it is now recognized that as the stringency of standards increases, so does
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the likelihood that higher stringency will increase on-road fatalities. As it turns out, there is no
such thing as a free lunch.?

Technology that can improve both fuel economy and/or performance may not be dedicated solely
to fuel economy.

As fleet-wide fuel efficiency has improved over time, additional improvements have become
both more complicated and more costly. There are two primary reasons for this phenomenon.
First, as discussed, there is a known pool of technologies for improving fuel economy and
reducing CO, emissions. Many of these technologies, when actually implemented on vehicles,
can be used to improve other vehicle attributes such as “zero to 60” performance, towing and
hauling, etc., either instead of or in addition to improving fuel economy and reducing CO,
emissions. As one example, a V6 engine can be turbocharged and downsized so that it consumes
only as much fuel as an inline 4-cylinder engine, or it can be turbocharged and downsized so that
it consumes less fuel than it would originally have consumed (but more than the inline 4-cylinder
would) while also providing more low-end torque. As another example, a vehicle can be
lightweighted so that it consumes less fuel than it would originally have consumed, or so that it
consumes the same amount of fuel it would originally have consumed but can carry more
content, like additional safety or infotainment equipment. Manufacturers employing “fuel-
saving/emissions-reducing” technologies in the real world make decisions regarding how to
employ that technology such that less than 100% of the possible fuel-saving/emissions-reducing
benefits result. They do this because this is what consumers want, and more so than exclusively
fuel economy.

This makes actual fuel economy gains more expensive.

Thus, previous assumptions about how much fuel can be saved or emissions can be reduced by
employing various technologies may not have played out as prior analyses suggested, meaning
that previous assumptions about how much it would cost to save that much fuel or reduce that
much in emissions fall correspondingly short. For example, the 2010 final rule analysis assumed
that dual clutch transmissions would be widely used to improve fuel economy due to
expectations of strong effectiveness and very low cost: in practice, dual clutch transmissions had
significant customer acceptance issues, and few manufacturers employ them in the U.S. market
today.?* The 2012 final rule analysis included some “technologies” were defined ambiguously
and/or in ways that precluded observation in the known (MY's 2008 and 2010) fleets, likely
leading to double counting in cases where the known vehicles already reflected the assumed
efficiency improvement. For example, the analysis assumed that transmission “shift optimizers”
would be available and fairly widely used in 2017-2025 but involving software controls, that
“technology” was not defined in a way that would be observed in the fleet (like, for example, a
dual clutch transmission).

2 Mankiw, N. Gregory, Principles of Macroeconomics, Sixth Edition, 2012, at 4.

% In fact, one manufacturer saw such significant customer pushback as to launch a buyback program. See, e.g.,
Steve Lehto, “What you need to know about the settlement for Ford Powershift owners,” Road and Track, Oct. 19,
2017. Available at https://www.roadandtrack.com/car-culture/al0316276/what-you-need-to-know-about-the-
proposed-settlement-for-ford-powershift-owners/ (last accessed Jul. 2, 2018).
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To be clear, this is no one’s “fault” — the CAFE and CO, standards do not require manufacturers
to use particular technologies in particular ways, and both agencies’ past analyses generally
sought to illustrate technology paths to compliance that were assumed to be as cost-effective as
possible. If manufacturers choose different paths for reasons not accounted for in regulatory
analysis or choose to use technologies differently from what the agencies previously assumed,
that does not mean that manufacturers have done anything wrong, nor does it necessarily mean
that the analyses were unreasonable when performed. It does mean, however, that the fleet ought
to be reflected as it stands today, with the technology it has and as that technology has been used,
and consider what technology remains on the table at this point, whether and when it can
realistically be available for widespread use in production and how much it would cost to
implement.

Incremental additional fuel economy benefits are subject to diminishing returns.

As fleet-wide fuel efficiency improves and CO, emissions are reduced, the incremental benefit of
continuing to improve/reduce inevitably decreases. This is because, as the base level of fuel
economy improves, fewer gallons are saved from subsequent incremental improvements. Put
simply, a one mpg increase for vehicles with low fuel economy will result in far greater savings
than an identical one mpg increase for vehicles with higher fuel economy, and the cost for
achieving a one-mpg increase for low fuel economy vehicles is far less than for higher fuel
economy vehicles. This means that improving fuel economy is subject to diminishing returns.
Annual fuel consumption can be calculated as follows:

Distance Traveled (miles)

Fuel Consumption (gallons) = Fuel Economy (mpg)

For purposes of illustration, assume a vehicle owner who drives a light vehicle 15,000 miles per
year (a typical assumption for analytical purposes).® If that owner trades in a vehicle with fuel
economy of 15 mpg for one with fuel economy of 20 mpg, the owner’s annual fuel consumption
would drop from 1,000 gallons to 750 gallons — saving 250 gallons annually. If, however, that
owner were to trade in a vehicle with fuel economy of 30 mpg for one with fuel economy of 40
mpg, the owner’s annual gasoline consumption would drop from 500 gallons/year to 375
gallons/year — only 125 gallons even though the mpg improvement is twice as large. Going
from 40 to 50 mpg would save only 75 gallons/year. Yet each additional fuel economy
improvement becomes much more expensive as the low-hanging fruit of low-cost technological
improvement options are picked.”® Automakers who must nonetheless continue adding
technology to improve fuel economy and reduce CO, emissions will either sacrifice other

% A different vehicle-miles-traveled (VMT) assumption would change the absolute numbers in the example but
would not change the mathematical principles. Today’s analysis uses mileage accumulation schedules that average
approximately 15,000 miles annually over the first six years of vehicle operation.

% The examples in the text above are presented in mpg because that is a metric which should be readily
understandable to most readers, but the example would hold true for grams of CO, per mile as well. If a vehicle
emits 300 g/mi CO,, a 20% improvement is 60 g/mi, so that the vehicle would emit 240 g/mi. At 180 g/mi, a 20%
improvement is 36 g/mi, so that the vehicle would get 144 g/mi. In order to continue achieving similarly large (on
an absolute basis) emissions reductions, mathematics require the percentage reduction to continue increasing.
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performance attributes or raise the price of vehicles — neither of which is attractive to
consumers.

If fuel prices are high, the value of those gallons may be enough to offset the cost of further fuel
economy improvements, but (1) the Department of Energy’s Energy Information
Administration’s (EIA) most current Annual Energy Outlook does not indicate particularly high
fuel prices in the foreseeable future, given their current assumptions, and (2) as the baseline level
of fuel economy continues to increase, the marginal cost of the next gallon saved similarly
increases with the cost of the technologies required to meet the savings. The following figure
illustrates the fact that fuel savings and corresponding avoided costs diminish with increasing
fuel economy, showing the same basic pattern as a 2014 illustration developed by EIA.?’
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Figure 2-1 - Annual Fuel Use and Costs vs. Fuel Economy (at 15,000 Miles and $3.00 per
Gal.)

This effect is mathematical in nature and long-established, but when combined with low fuel
prices potentially through 2050 and the likelihood that a large majority of American consumers
consequently continue to place a higher value on vehicle attributes other than fuel economy, it
creates a perfect storm in terms of manufacturers’ ability to sell light vehicles with ever-higher
fuel economy and ever-lower carbon dioxide emissions. Put more simply, if gas is cheap and

" Today in Energy: Fuel economy improvements show diminishing returns in fuel savings, U.S. Energy Information
Administration (July 11, 2014), https://www.eia.gov/todayinenergy/detail.php?id=17071.
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each additional improvement saves less gas anyway, most consumers would rather spend their
money on attributes other than fuel economy when they are considering a new vehicle purchase,
whether that is more safety technology, a better infotainment package, a more powerful
drivetrain, or other features (or, indeed, they may prefer to spend the savings on something other
than automobiles). Manufacturers trying to sell consumers more fuel economy in such
circumstances may convince consumers who place weight on efficiency and reduced carbon
emissions, but consumers decide for themselves what attributes are worth to them. And while
some contend that consumers do not sufficiently consider or value future fuel savings when
making vehicle purchasing decisions,”® information regarding the benefits of higher fuel
economy has never been made more readily available than today with a host of online tools and
mandatory prominent disclosures on new vehicles on the Monroney label showing fuel savings
compared to average vehicles. This is not a question of “if you build it, they will come.”
Despite the widespread availability of fuel economy information, and despite manufacturers
building and marketing vehicles with higher fuel economy and increasing their offerings of
hybrid and electric vehicles, and yet, in the past several years as gas prices have remained low,
consumer preferences have shifted markedly away from higher-fuel-economy smaller and
midsize passenger vehicles and to crossovers and truck-based utility vehicles.?* Some
consumers plainly value fuel economy and low CO, emissions above other attributes, and thanks
in part to CAFE and CO, standards, they have a plentiful selection of high-fuel economy and low
CO,-emitting vehicles to choose from, but those consumers represent a relatively small
percentage of buyers.

Changed petroleum market has supported a shift in consumer preferences

In 2012, the agencies projected fuel prices would rise continuously and the United States would
continue to rely heavily upon imports of oil, subjecting the country to heightened risk of price
shocks.*® Those projections have not come to pass, with fuel prices significantly lower than

% In docket numbers EPA-HQ-OAR-2015-0827 and NHTSA-2016-0068, see comments submitted by, e.g.,
Consumer Federation of America (NHTSA-2016-0068-0054, at p. 57, et. seq.) and the Environmental Defense
Fund (EPA-HQ-OAR-2015-0827-4086, at p. 18, et. seq.)

# gee, e.g., Nick Carey, Lured by rising SUV sales, automakers flood market with models, Reuters (Mar. 29, 2018),
available at https://www.reuters.com/article/us-autoshow-new-york-suvs/lured-by-rising-suv-sales-automakers-
flood-market-with-models-idUSKBN1H50KI (last accessed June 13, 2018). Many commentators have lately argued
that manufacturers are deliberately increasing vehicle footprint size in order to get “easier” CAFE and CO,
standards. This misunderstands, somewhat, how the footprint-based standards work. While it is correct that larger-
footprint vehicles have less stringent “targets,” the difficulty of compliance rests in how far above or below those
vehicles are as compared to their targets, and more specifically, whether the manufacturer is selling so many
vehicles that are far short of their targets that they cannot average out to compliant levels through other vehicles sold
that beat their targets. For example, under the CAFE program, a manufacturer building a fleet of larger-footprint
vehicles may have an objectively lower mpg-value compliance obligation than a manufacturer building a more
mixed fleet, but it may still be more challenging for the first manufacturer to reach its compliance obligation if it is
selling only very-low-mpg variants at any given footprint. There is only so much that increasing footprint makes it
“easier” for a manufacturer to reach compliance.

%0 The 2012 final rule analysis relied on the Energy Information Administration’s Annual Energy Outlook 2012
Early Release, which assumed significantly higher fuel prices than the AEO 2017 (or AEO 2018) currently
available. See 77 Fed. Reg. 62624, 62715 (Oct. 15, 2012) for the 2012 final rule’s description of the fuel price
estimates used.
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anticipated and projected to remain affordable through 2050. Furthermore, the global petroleum
market has shifted dramatically with the United States taking advantage of its own oil supplies
through technological advances that allow for cost-effective extraction of shale oil. The U.S. is
now the world’s largest oil producer and expected to become a net petroleum exporter in the next
decade.

At least partially in response to lower fuel prices, consumers have moved more heavily into
crossovers, sport utility vehicles, and pickup trucks than anticipated at the time of the last
rulemaking. Because standards are based on footprint and specified separately for passenger cars
and light trucks, these shifts do not necessarily pose compliance challenges, but they do tend to
reduce the overall average fuel economy rates and increase the overall average CO, emission
rates of the new vehicle fleet. Consumers are also demonstrating a preference for more powerful
engines and vehicles with higher seating positions and ride height (and accompanying mass
increase relative to footprint)®** — all of which present challenges for achieving increased fuel
economy levels and lower CO, emission rates.

The Consequence of Unreasonable Fuel Economy and CO; Standards: Increased vehicle prices
keep consumers in older, dirtier, and less safe vehicles.

Consumers tend to avoid purchasing things that they neither want or need. The analysis in
today’s proposal moves closer to being able to represent this fact through an improved model for
vehicle scrappage rates. While neither this nor a sales response model also included in today’s
analysis, nor the combination of the two are consumer choice models, today’s analysis illustrates
market-wide impacts on the sale of new vehicles and the retention of used vehicles. Higher
vehicle prices, which result from more-stringent fuel economy standards, have an effect on
consumer purchasing decisions. As prices increase, the market-wide incentive to extract
additional travel from used vehicles increases. The average age of the in-service fleet has been
increasing, and when fleet turnover slows, not only does it take longer for fleet-wide fuel
economy and CO; emissions to improve, but safety improvements, criteria pollutant emissions
improvements, many other vehicle attributes that are also social goods take longer to be reflected
in the overall U.S. fleet as well because of reduced turnover. Raising vehicle prices too far, too
fast, such as through very stringent fuel economy and CO, emissions standards (especially
considering that, on a fleetwide basis, new vehicle sales and turnover do not appear strongly
responsive to fuel economy), has effects beyond simply a slowdown in sales. Improvements
over time have better longer-term effects simply by not alienating consumers, as compared to
great leaps forward that drive people out of the new car market or into vehicles that do not meet
their needs. The industry has achieved tremendous gains in fuel economy over the past decade,
and these increases will continue at least through 2020.

Along with these gains, there have also been tremendous increases in vehicle prices, as new
vehicles become increasingly unaffordable — with the average new vehicle transaction price

3 See id.
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recently exceeding $36,000—up by more than $3,000 since 2014 alone.*® In fact, a recent
independent study indicates that the average new car price is unaffordable to median-income
families in every metropolitan region in the United States except one: Washington, D.C.* That
analysis used the historically accepted approach that consumers should make a down-payment of
at least 20% of a vehicle’s purchase price, finance for no longer than four years, and make
payments of 10% or less of the consumer’s annual income to car payments and insurance. But
the market looks nothing like that these days, with average financing terms of 68 months and an
increasing proportion exceeding 72 or even 84 months.®* Longer financing terms may allow a
consumer to keep their monthly payment affordable but can have serious potential financial
consequences. Longer term financing leads (generally) to higher interest rates, larger finance
charges and total consumer costs, and a longer period of time with negative equity. In 2012, the
agencies expected prices to increase under the standards announced at that time. The agencies
estimated that, compared to a continuation of the model year 2016 standards, the standards
issued through model year 2025 would eventually increase average prices by about $1,500-
$1,800.% %37 Circumstances have changed. The analytical methods and inputs have been
updated (including updates to address issues still present in analyses published in 2016, 2017,
and early 2018), and today, the analysis suggests that, compared to the proposed standards, the
previously-issued standards would increase average vehicle prices by about $2,100. While
today’s estimate is similar in magnitude to the 2012 estimate, it is relative to a baseline that
includes increases in stringency between MY 2016 and MY 2020. Compared to leaving vehicle
technology at MY 2016 levels, today’s analysis shows the previously-issued standards through
MY 2025 could eventually increase average vehicle prices by about $2,700. A pause in
continued increases in fuel economy standards, and cost increases attributable thereto, is
appropriate.

%2 See, e.g., Average New-Car Prices Rise Nearly 4 Percent for January 2018 On Shifting Sales Mix, According To
Kelley Blue Book, Kelley Blue Book, https://mediaroom.kbb.com/2018-02-01-Average-New-Car-Prices-Rise-
Nearly-4-Percent-For-January-2018-On-Shifting-Sales-Mix-According-To-Kelley-Blue-Book (last accessed June
15, 2018).

% Claes Bell, What’s an ‘affordable’ car where you live? The answer may surprise you, Bankrate.com (June 28,
2017), available at https://www.bankrate.com/auto/new-car-affordability-survey/ (last accessed June 15, 2018).

% Average Auto Loan Interest Rates: 2018 Facts and Figures, ValuePenguin, available at
https://www.valuepenguin.com/auto-loans/average-auto-loan-interest-rates (last accessed June 15, 2018).

%5 77 Fed. Reg. 62624, 62666 (Oct. 15, 2012).

% The $1,500 figure reported in 2012 by NHTSA reflected application of carried-forward credits in model year
2025, rather than an achieved CAFE level that could be sustainably compliant beyond 2025 (with standards
remaining at 2025 levels). As for the 2016 draft TAR, NHTSA has since updated its modeling approach to extend
far enough into the future that any unsustainable credit deficits are eliminated. Like analyses published by EPA in
2016, 2017, and early 2018, the $1,800 figure reported in 2012 by EPA did not reflect either simulation of
manufacturers’ multiyear plans to progress from the initial MY 2008 fleet to the MY 2025 fleet or any accounting
for manufacturers’ potential application of banked credits. Today’s analysis of both CAFE and CO, standards
accounts explicitly for multiyear planning and credit banking.

" While EPA did not refer to the reported $1,800 as an estimate of the increase in average prices, because EPA did
not assume that manufacturers would reduce profit margins, the $1,800 estimate is appropriately interpreted as an
estimate of the average increase in vehicle prices.
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Preferred alternative

For all of these reasons, the agencies are proposing to maintain the MY 2020 fuel economy and
CO; emissions standards for MYs 2021-2026. Our goal is to establish standards that promote
both energy conservation and safety, in light of what is technologically feasible and
economically practicable, as directed by Congress.

Energy Conservation

EPCA requires that NHTSA, when determining the maximum feasible levels of CAFE standards,
consider the need of the Nation to conserve energy. However, EPCA also requires that NHTSA
consider other factors, such as technological feasibility and economic practicability. The
analysis suggests that, compared to the standards issued previously for MYs 2021-2025, today’s
proposed rule will eventually increase U.S. petroleum consumption by about 0.5 million barrels
per day — about two to three percent of projected total U.S. consumption. While significant,
this additional petroleum consumption is, from an economic perspective, dwarfed by the cost

% Data on new vehicle prices are from U.S. Bureau of Economic Analysis, National Income and Product Accounts,
Supplemental Table 7.2.5S, Auto and Truck Unit Sales, Production, Inventories, Expenditures, and Price
(https://www.bea.gov/iTable/iTable.cfm?reqid=19&step=2#reqid=19&step=3&isuri=1&1921=underlying&1903=2
055, last accessed July 20, 2018). Median Household Income data are from U.S. Census Bureau, Table A-1,
Households by Total Money Income, Race, and Hispanic Origin of Householder: 1967 to 2016
(https://www.census.gov/data/tables/2017/demo/income-poverty/p60-259.html, last accessed July 20, 2018).
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savings also projected to result from today’s proposal, as indicated by the consideration of net
benefits appearing below.

Safety Benefits from Preferred Alternative

Today’s proposed rule is anticipated to prevent thousands of on-road fatalities and injuries as
compared to the standards set forth in the 2012 final rule. Some of these safety benefits will
come from improved fleet turnover as more consumers will be able to afford newer and safer
vehicles. Recent NHTSA analysis shows that the proportion of passengers killed in a vehicle 18
or more model years old is nearly double that of a vehicle three model years old or newer.* As
the average car on the road is approaching 12 years old — apparently the oldest in our history™ —
major safety benefits will occur by reducing fleet age. Some safety benefits will come from
avoiding the increased driving that would otherwise result from higher fuel efficiency (known as
the rebound effect). Still other on-road fatalities and injuries will be prevented from avoiding the
mass reductions in passenger cars that might otherwise be required to meet the standards
established in 2012. Together these three factors (reduced exposure, accelerated fleet turnover,
and avoided mass reduction) lead to estimated annual fatalities under the proposed standards that
are significantly reduced relative to those that would occur under current (and augural) standards.

The analysis for the 2012 standards deliberately limited the amount of mass reduction assumed
for certain vehicles in order to avoid the appearance of adverse safety effects even while
acknowledging that manufacturers would not necessarily choose to avoid mass reductions in the
ways that the agencies assumed.** By choosing where and how to limit assumed mass reduction,
the 2012 rule’s safety analysis reduced the projected apparent risk to safety associated with
aggressive fuel economy targets. That specific assumption has been removed for today’s
analysis; therefore,the analysis aims to take a more realistic approach to assumptions relating to
mass reduction for purposes of fuel economy. The agencies recognize that with more stringent
CAFE and CO, standards, manufacturers will employ cost-effective technologies wherever
possible. The agencies also recognize that when it costs less to drive (as it does when vehicles go
farther on a gallon of gas, as they do under more stringent fuel economy and CO, standards),
people will drive more and therefore be exposed to higher crash risks. The analysis
accompanying today’s proposal therefore contains an undistorted look at the overarching safety
effects anticipated to be attributable to different regulatory alternatives, and these effects have
been considered in developing the proposal consistent with the law.

89 Passenger Vehicle Occupant Injury Severity by Vehicle Age and Model Year in Fatal Crashes, Traffic Safety
Facts Research Note, DOT HS 812 528 Washington, DC: National Highway Traffic Safety Administration. April
2018.

0 See, e.g., IHS Markit, Vehicles Getting Older: Average Age of Light Cars and Trucks in U.S. Rises Again in 2016
to 11.5 years, IHS Markit Says, IHS Markit (Nov. 22, 2016), http://news.ihsmarkit.com/press-
release/automotive/vehicles-getting-older-average-age-light-cars-and-trucks-us-rises-again-201 (“...consumers are
continuing the trend of holding onto their vehicles longer than ever. As of the end of 2015, the average length of
ownership measured a record 79.3 months, more than 1.5 months longer than reported in the previous year. For
used vehicles, it is nearly 66 months. Both are significantly longer lengths of ownership since the same measure a
decade ago”).

! See 77 Fed. Reg. 62624, 62763 (Oct. 15, 2012).
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The Preferred Alternative Would Have Negligible Environmental Impacts on Air Quality

Improving fleet turnover will result in consumers getting into newer and cleaner vehicles,
accelerating the rate at which older, more-polluting vehicles are removed from the roadways.
Also, reducing fuel economy (relative to levels that would occur under previously-issued
standards) would increase the marginal cost of driving newer vehicles, reducing mileage
accumulated by those vehicles, and corresponding emissions. On the other hand, increasing fuel
consumption would increase emissions resulting from petroleum refining and related “upstream”
processes. Our analysis shows that none of the regulatory alternatives considered in this
proposal would noticeably impact net emissions of smog-forming or other “criteria” or toxic air
pollutants, as illustrated by the following graph. In particular, the resultant tailpipe emissions
reductions should be especially beneficial to highly trafficked corridors, such as those found in
the Los Angeles region, which remains noncompliant with several federal air quality standards.
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Figure 2-3 - Annual Smog-Forming Emissions under Baseline and Proposed Standards
Climate Change Impacts from Preferred Alternative

The difference between the estimated effects of this proposal and the estimated effects of the
2012 final rule, in terms of fuel savings and CO; emissions, is presented below. Again, the
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results may be somewhat counter-intuitive.** NHTSA’s Environmental Impact Statement
performed for this rulemaking shows that the preferred alternative would result in 3/1,000™ of a
degree Celsius increase in global average temperatures by 2100, relative to the standards
finalized in 2012. On a net CO; basis, the results are similarly minor. The following graph
compares the estimated atmospheric CO; concentration (789.76 ppm) in 2100 under the
proposed standards to the estimated level (789.11 ppm) under the standards set forth in 2012 —
or an 8/100™ of a percentage increase:
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Figure 2-4 - Estimated Atmospheric CO, Concentration in 2100
Net Benefits from Preferred Alternative

Maintaining the MY 2020 curves for MY's 2021-2026 will save American consumers, the auto
industry, and the public in general a considerable amount of money as compared to if EPA
retained the previously-set CO, standards and NHTSA finalized the augural standards. This was
identified as the preferred alternative, in part, because it maximizes net benefits compared to the
other alternatives analyzed. Comment is sought on whether this is an appropriate basis for
selection.

*2 Counter-intuitiveness is relative, however. The estimated effects of the 2012 final rule on climate were similarly
small in magnitude as shown in the Final EIS accompanying that rule and available on NHTSA’s website.
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Table 2-4 - Estimated Costs and Benefits ($b) of Proposed Standards

CAFE CO,
Costs (Savings) -502 -564
Benefits (Foregone) -326 -363
Net Benefits 176 201

These estimates, reported as changes relative to impacts under the standards issued in 2012,
account for impacts on vehicles produced during model years 2016-2029, as well as impacts
(through changes in utilization) on vehicles produced in earlier model years, throughout those
vehicles’ useful lives. Reported values are in 2016 dollars, and reflect a three percent discount
rate.

Consideration of Reduction or Elimination of Flexibilities

This proposal also seeks comment on a variety of changes to NHTSA’s and EPA’s compliance
programs for CAFE and CO,, and to related programs. Both programs provide for the
generation of credits based upon fleet-wide over-compliance, provide for adjustments to the test
measured value of each individual vehicle based upon the implementation of certain fuel saving
technologies, and provide additional incentives for the implementation of certain preferred
technologies (regardless of actual fuel savings). Auto manufacturers and others have petitioned
for a host of additional adjustment- and incentive-type flexibilities, often so specific as to seem
intended to maximize benefit attributable to individual manufacturers’ technology pathways,
without particular regard for consumer interest in the technologies to be incentivized nor for
clear fuel-saving and emissions-reducing benefits to be derived from that incentivization. The
agencies seek comment on all of those requests as part of this proposal.

Over-compliance credits, which can be built up in part through use of the above-described per-
vehicle adjustments and incentives, can be saved and either applied retroactively to account for
previous non-compliance, or carried forward to mitigate future non-compliance. Such credits
can also be traded to other automakers for cash or for other credits for different fleets. But such
trading is not pursued openly. Under the CAFE program, the public is not made aware of inter-
automaker trades, nor are shareholders. And even the agencies are not informed of the price of
credits. With the exception of statutorily-mandated credits, the agencies seek comment on all
aspects of the current system. The agencies are particularly interested in comments on
flexibilities that may distort the market. The agencies seek comment as to whether some or all
adjustments and non-statutory incentives and other provisions should be eliminated and
stringency levels adjusted accordingly in order to be directly achievable without the use of
market-distorting flexibilities. The agencies also seek comment requiring public disclosure of
some or all aspects of credit trades, or, alternatively, on elimination of credit trading in the CAFE
program altogether.

Request for Comment

The agencies look forward to all comments on this proposal and wish to emphasize that
obtaining public input is extremely important to us in selecting from among the alternatives in a
final rule. While the agencies and the Administration met with a variety of stakeholders prior to
issuance of this proposal, those meetings have not resulted in a predetermined final rule outcome.
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The Administrative Procedure Act requires that agencies provide the public with adequate notice
of a proposed rule followed by a meaningful opportunity to comment on the rule’s content. The
agencies are committed to following that directive.
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3 Need for this Regulatory Action

NHTSA and EPA are required by statute to set CAFE and CO, standards, respectively, for the
model years in question. Executive Order 12866 states that “Federal agencies should promulgate
only such regulations as are required by law, or are made necessary by compelling need, such as
material failures of private markets to protect or improve the health and safety of the public, the
environment, or the wellbeing of the American people. . ..” NHTSA is required by the Energy
Policy and Conservation Act (EPCA) of 1975, as amended by the Energy Independence and
Security Act (EISA) of 2007, to set maximum feasible passenger car and light truck CAFE
standards for every model year. In the absence of regulatory action by NHTSA, there are no
CAFE standards for the model year in question. EPA is required by the Clean Air Act (CAA) to
set emissions standards applicable to mobile sources (such as passenger cars and light trucks)
when it has determined that emissions of a given pollutant cause or contribute to air pollution,
which may reasonably be anticipated to endanger public health or welfare. EPA has made such
an endangerment finding for greenhouse gases, of which CO; is the primary GHG pollutant for
mobile sources.* Therefore, both agencies must promulgate standards as required by law.

The question of whether a market failure exists that these standards can correct is a difficult one.
The CAFE program was originally intended to address the risk of gasoline price shocks in the
wake of the oil embargoes of the 1970s. The GHG program is intended to address the risk of
global climate change. To the extent that a market failure exists, it would appear to be that
consumers do not voluntarily purchase enough fuel economy when buying new vehicles to
protect -

e themselves if gasoline prices suddenly rise significantly, in the case of the CAFE
standards; or

e the planet from the risks of unchecked climate change, in the case of the CO,
standards.

Consumer failure to purchase enough fuel economy to protect themselves against the risk of
gasoline price shocks would, theoretically, be a lack of information about the significance or
magnitude of that risk. Congress decreed in EPCA that part of the solution to that problem was
to increase the fuel economy of the fleet as a whole, and after a certain period, to set standards at
“maximum feasible levels,” taking into account a number of factors including “the need of the
United States to conserve energy.” Consumer failure to purchase enough fuel economy to
protect the planet from climate change would presumably count both as an externality (insofar as
individual consumers’ decisions about which vehicle to purchase lead to greater or fewer CO,

* Endangerment and Cause or Contribute Findings for Greenhouse Gases Under Section 202(a) of the Clean Air Act,
74 FR 66496, 66518 (December 15, 2009); “Technical Support Document for Endangerment and Cause or Contribute
Findings for Greenhouse Gases Under Section 202(a) of the Clean Air Act,” Docket ID No. EPA-HQ-OAR-2009-
0472-11292. See also Coalition for Responsible Regulation, 684 F.3d at 114; Massachusetts v. EPA, 549 U.S. at
533.
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emissions and thus to less or more climate change for the planet as a whole) and as a lack of
information (insofar as some individual consumers might be more inclined to purchase more fuel
economy if they realized the effect that fuel economy had on climate change). The CAA
requires EPA to regulate emissions once EPA has made an “endangerment finding,” as
mentioned above, which suggests that Congress is concerned about the externality aspect of
pollution.

The sections below discuss the statutory needs for CAFE and CO; standards and, in doing so,
also discuss how the standards address the potential market failures to which Congress was
responding in requiring regulation.

EPA and NHTSA have also previously discussed a concept called the “energy paradox,”
whereby consumers appear to undervalue investments in energy conservation even if those
investments would pay off in the relatively near term.** Recent research disagrees about whether
there is such an energy paradox with fuel economy — that is, whether buyers of new vehicles
consider the full lifetime value of fuel savings they would experience from purchasing models
that feature higher fuel economy — and about how extensive it might be. Most studies produce a
range of estimates for the percentage of discounted future fuel savings offered by models with
higher fuel economy that buyers appear to value, drawing their estimates from one of three
sources - (1) buyers’ choices among competing models with different purchase prices, fuel
economy, and other features; (2) statistically “decomposing” vehicle prices into the values of
their individual features, including fuel economy; or (3) analyzing changes in selling prices for
vehicles with different fuel economy that occur when fuel prices vary. Of course, some of this
range may simply reflect variation among buyers’ preferences for different vehicle features (such
as fuel economy, size, or utility), in the financial constraints they face, or — most obviously —
how much they drive. Taken as a whole, the ranges estimated by the most careful recent studies
suggest that on average, buyers appear to undervalue the savings from higher fuel economy only
slightly (and perhaps not at all), once the influence of vehicles’ other attributes on prices and
purchasing decisions are accounted for.

3.1 EPCA and the Need of the United States to Conserve Energy

EPCA states: “When deciding maximum feasible average fuel economy...the Secretary of
Transportation shall consider technological feasibility, economic practicability, the effect of
other motor vehicle standards of the Government on fuel economy, and the need of the nation to
conserve energy.”* All factors should be considered, in the manner appropriate, and then the
maximum feasible standards should be determined. “The need of the United States to conserve
energy,” specifically, means “the consumer cost, national balance of payments, environmental,

* See, e.g., EPA Final Regulatory Impact Assessment for the 2012 final rule, available at
https://nepis.epa.gov/Exe/ZyPDF.cqi/P1006V2V.PDF?Dockey=P1006V2V.PDF.
49 U.S.C. 32902(f).
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and foreign policy implications of our need for large quantities of petroleum, especially imported
petroleum.”46 The following sections discuss NHTSA’s interpretation of each of those elements,
and then consider the need of the United States to conserve energy as it stands today.

3.1.1 Consumer costs and fuel prices

Fuel for vehicles costs money for vehicle owners and operators. All else equal, consumers
benefit from vehicles that need less fuel to perform the same amount of work. Future fuel prices
are a critical input into the economic analysis of potential CAFE standards, because they
determine the value of fuel savings both to new vehicle buyers and to society, the amount of fuel
economy that the new vehicle market is likely to demand in the absence of new standards, and
they inform NHTSA about the “consumer cost...of our need for large quantities of petroleum.”
In this proposal, NHTSA’s analysis relies on fuel price projections from the U.S. Energy
Information Administration’s (EIA) Annual Energy Outlook (AEO) for 2017. Federal
government agencies generally use EIA’s price projections in their assessment of future energy-
related policies.

3.1.2 National balance of payments

Historically, the need of the United States to conserve energy has included consideration of the
“national balance of payments” because of concerns that importing large amounts of oil created a
significant wealth transfer to oil-exporting countries and left the U.S. economically vulnerable.*’
As recently as 2009, nearly half the U.S. trade deficit was driven by petroleum,*® yet this concern
has largely laid fallow in more recent CAFE actions, arguably in part because other factors
besides petroleum consumption have since played a bigger role in the U.S. trade deficit. Given
significant recent increases in U.S. oil production and corresponding decreases in oil imports,
this concern seems likely to remain fallow for the foreseeable future.*® Increasingly, changes in
the price of fuel have come to represent transfers between domestic consumers of fuel and
domestic producers of petroleum, rather than gains or losses to foreign entities. Some
commenters have lately raised concerns about potential economic consequences for automaker
and supplier operations in the U.S. due to disparities between CAFE standards at home and their
counterpart fuel economy/efficiency and GHG standards abroad. NHTSA finds these concerns

%6 42 Fed. Reg. 63184, 63188 (Dec. 15, 1977).

" See 42 Fed. Reg. 63184, 63192 (Dec. 15, 1977) (“A major reason for this need [to reduce petroleum consumption]
is that the importation of large quantities of petroleum creates serious balance of payments and foreign policy
problems. The United States currently spends approximately $45 billion annually for imported petroleum. But for
this large expenditure, the current large U.S. trade deficit would be a surplus”).

“8 See EIA, “Today in Energy - Recent improvements in petroleum trade balance mitigate U.S. trade deficit,” July
21, 2014. Available at https://www.eia.gov/todayinenergy/detail.php?id=17191 (last accessed Mar. 26, 2018).

“ For an illustration of recent increases in U.S. production, see, e.g., EIA’s Short Term Energy Outlook, at
https://www.eia.gov/outlooks/steo/images/figl3.png. While it could be argued that reducing oil consumption frees
up more domestically-produced oil for exports, and thereby raises U.S. GDP, that is neither the focus of the CAFE
program nor consistent with Congress’ original intent in EPCA.
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more relevant to technological feasibility and economic practicability than to the national
balance of payments. Moreover, to the extent that an automaker decides to globalize a vehicle
platform to meet more stringent standards in other countries, that automaker would comply with
United States standards and additionally generate overcompensation credits that it can save for
future years if facing compliance concerns, or sell to other automakers. While CAFE standards
are set at maximum feasible rates, efforts of manufacturers to exceed those standards are
rewarded not only with additional credits but a market advantage in that consumers who place a
large weight on fuel savings will find such vehicles that much more attractive.

3.1.3 Environmental implications

Higher fleet fuel economy can reduce U.S. emissions of various pollutants by reducing the
amount of oil that is produced and refined for the U.S. vehicle fleet but can also increase
emissions by reducing the cost of driving, which can result in increased vehicle miles traveled
(i.e., the rebound effect). It also raises per-vehicle costs, which results in fewer new vehicle
purchases and more people remaining in older, dirtier vehicles for longer and purchasing used
replacement vehicles. Thus, the net effect of more stringent CAFE standards on emissions of
each pollutant depends on the relative magnitudes of its reduced emissions in fuel refining and
distribution, and increases in its emissions from vehicle use. Fuel savings from CAFE standards
also necessarily results in lower emissions of CO,, the main GHG emitted as a result of refining,
distribution, and use of transportation fuels. Reducing fuel consumption directly reduces CO,
emissions because the primary source of transportation-related CO, emissions is fuel combustion
in internal combustion engines.

NHTSA has considered environmental issues, both within the context of EPCA and the context
of the National Environmental Policy Act (NEPA), in making decisions about the setting of
standards since the earliest days of the CAFE program. As courts of appeal have noted in three
decisions stretching over the last 20 years,® NHTSA defined “the need of the United States to
conserve energy’ in the late 1970s as including, among other things, environmental implications.
In 1988, NHTSA included climate change concepts in its CAFE notices and prepared its first
environmental assessment addressing that subject.® It cited concerns about climate change as
one of its reasons for limiting the extent of its reduction of the CAFE standard for MY 1989
passenger cars.”? Since then, NHTSA has considered the effects of reducing tailpipe emissions
of CO; in its fuel economy rulemakings pursuant to the need of the United States to conserve
energy by reducing petroleum consumption.

%0 CAS, 793 F.2d 1322, 1325 n. 12 (D.C. Cir. 1986); Public Citizen, 848 F.2d 256, 262-63 n. 27 (D.C. Cir. 1988)
(noting that “NHTSA itself has interpreted the factors it must consider in setting CAFE standards as including
environmental effects”); CBD, 538 F.3d 1172 (9" Cir. 2007).

*1 53 Fed. Reg. 33080, 33096 (Aug. 29, 1988).

°2 53 Fed. Reg. 39275, 39302 (Oct. 6, 1988).
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3.1.4 Foreign policy implications

U.S. consumption and imports of petroleum products impose costs on the domestic economy that
are not reflected in the market price for crude petroleum or in the prices paid by consumers for
petroleum products such as gasoline. These costs include (1) higher prices for petroleum
products resulting from the effect of U.S. oil demand on world oil prices, (2) the risk of
disruptions to the U.S. economy caused by sudden increases in the global price of oil and its
resulting impact of fuel prices faced by U.S. consumers, and (3) expenses for maintaining the
strategic petroleum reserve (SPR) to provide a response option should a disruption in
commercial oil supplies threaten the U.S. economy, to allow the U.S. to meet part of its
International Energy Agency obligation to maintain emergency oil stocks, and to provide a
national defense fuel reserve.>® Higher U.S. consumption of crude oil or refined petroleum
products increases the magnitude of these external economic costs, thus increasing the true
economic cost of supplying transportation fuels above the resource costs of producing them.
Conversely, reducing U.S. consumption of crude oil or refined petroleum products (by reducing
motor fuel use) can reduce these external costs.

While these costs are considerations, the United States has significantly increased oil production
capabilities in recent years, to the extent that the U.S. is currently producing enough oil to satisfy
nearly all of its energy needs and is projected to continue to do so, or become a net energy
exporter. This has added new stable supply to the global oil market and reduced the urgency of
the U.S. to conserve energy. This issue is discussed in greater detail below and in Section V of
the NPRM.

3.1.5 The Current State of Energy Production:

Table 3-1 presents historical trend data and the most recent projections of the production and
consumption of petroleum from the U.S. Department of Energy. U.S. Petroleum consumption is
expected to remain relatively stable over the next three decades, while increases in domestic
petroleum production are expected to continue through this period as technological advances allow
for easier and more cost-effective production of oil from conventional and unconventional
resources. This increase in domestic production is projected to decrease U.S. reliance on foreign
oil substantially over the next two decades. Net imports accounted for 24.1% of U.S. domestic
production in 2015 but are projected to decline to 3.4% by 2025, and the U.S. is projected to
become a net exporter of petroleum and petroleum products by 2030.

%% While the U.S. maintains a military presence in certain parts of the world to help secure global access to
petroleum supplies, that is neither the primary nor the sole mission of U.S. forces overseas. Additionally, the scale
of oil consumption reductions associated with CAFE standards would be insufficient to alter any existing military
missions focused on ensuring the safe and expedient production and transportation of oil around the globe. See
Chapter 7 of the PRIA for more information on this topic.
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Table 3-1 - Petroleum Production and Supply (Million Barrels per Day)>

Domestic Net Net Imports as a
Petroleum Petroleum gbsﬁsz‘i;rilig#g' 60 \é\gonrslgrseggr!%g@ Share of U.S.
Production® % Imports®” P P Consumption® &

1975 10.0 5.8 16.3 56.2 35.8%

1985 10.6 4.3 15.7 60.0 27.3%

1995 8.3 7.9 17.7 70.0 44.5%

2005 6.9 12.5 20.8 84.4 60.3%

2010 7.5 9.4 19.2 89.0 49.2%

2012 8.9 7.4 18.5 91.0 40.0%

2014 11.8 5.1 19.1 93.6 26.5%

2015 12.8 4.7 19.5 95.3 24.1%

2016 12.4 4.8 19.7 96.9 24.4%

2017 13.1 4.2 19.9 98.3 21.1%

2020 (projected) 17.9 2.3 20.3 100.0 11.5%

2025 (projected) 18.9 0.7 19.7 101.9 3.4%

2030 (projected) 194 -0.2 19.2 104.2 -0.9%

2035 (projected) 19.7 -0.6 19.1 108.0 -3.2%

** Petroleum data in Table 3-1is categorized under Petroleum and Other Liquids by the U.S. Department of Energy,
Energy Information Administration (EIA). Defined as all petroleum including crude oil and products of petroleum

refining, natural gas liquids, biofuels, and liquids derived from other hydrocarbon sources (including coal to liquids
and gas to liquids). Not included are liquefied natural gas (LNG) and liquid hydrogen.
https://www.eia.gov/tools/glossary/ (last accessed May 4, 2018).

% U.S. Department of Energy, Energy Information Administration (EIA), Petroleum and Other Liquids, Supply and

Disposition, see “Field Production” for historical data.

https://www.eia.gov/dnav/pet/pet_sum_snd_d_nus_mbblpd_a_cur-5.htm (last accessed May 4, 2018).

% Ibid. Annual Energy Outlook 2017, see Table 21 and “Petroleum and Other Liquids Production” for projection
data. https://www.eia.gov/outlooks/aeo/tables_ref.php (last accessed May 4, 2018).

*" Ibid. Petroleum and Other Liquids, U.S. Net Imports by Country.
https://www.eia.gov/dnav/pet/pet_move neti_a _ep00_IMN_mbblpd_a.htm (last accessed May 4, 2018).

%8 Ibid. Annual Energy Outlook 2017, see Table 11 and “Total Net Imports” for projection data.

https://www.eia.gov/outlooks/aeo/tables_ref.php (last accessed May 4, 2018).

% Ibid. Petroleum and Other Liquids, U.S. Product Supplied of Crude Oil and Petroleum Products. EIA uses product
supplied as a proxy for U.S. petroleum consumption. Product supplied measures the disappearance of these products
from petroleum refineries, natural gas processing plants, blending plants, pipelines, and bulk terminals.
https://www.eia.gov/dnav/pet/hist/L eafHandler.ashx?n=PET &s=MTTUPUS2&f=A (last accessed May 4, 2018).

% Ibid. Annual Energy Outlook 2017, see Table 11 and “Product Supplied” for projection data.
https://www.eia.gov/outlooks/aeo/tables_ref.php (last accessed May 4, 2018).

® Ibid. Petroleum and Other Liquids, see International Energy Statistics. https://www.eia.gov/petroleum/data.php
(last accessed May 4, 2018).

®2 Ibid. Annual Energy Outlook 2017, see Table 21. https://www.eia.gov/outlooks/aeo/tables_ref.php (last accessed
May 4, 2018).

% Ibid. Petroleum and Other Liquids, U.S. Net Imports by Country.

https://www.eia.gov/dnav/pet/pet_move neti_a_ep00 IMN_mbblpd_a.htm (last accessed May 4, 2018).

® Ibid. Annual Energy Outlook 2017, see Table 11 and “Net Import Share of Product Supplied” for projection data.
https://www.eia.gov/outlooks/aeo/tables_ref.php (last accessed May 4, 2018).

115


https://www.eia.gov/tools/glossary/
https://www.eia.gov/dnav/pet/pet_sum_snd_d_nus_mbblpd_a_cur-5.htm
https://www.eia.gov/outlooks/aeo/tables_ref.php
https://www.eia.gov/dnav/pet/pet_move_neti_a_ep00_IMN_mbblpd_a.htm
https://www.eia.gov/outlooks/aeo/tables_ref.php
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MTTUPUS2&f=A
https://www.eia.gov/outlooks/aeo/tables_ref.php
https://www.eia.gov/petroleum/data.php
https://www.eia.gov/outlooks/aeo/tables_ref.php
https://www.eia.gov/dnav/pet/pet_move_neti_a_ep00_IMN_mbblpd_a.htm
https://www.eia.gov/outlooks/aeo/tables_ref.php

As NHTSA understands Congress’ original intent for the CAFE program, the goal was to raise
fleet-wide fuel economy levels in response to the Arab oil embargo in the 1970s and protect the
country from further gasoline price shocks and supply shortages. Those price shocks, while they
were occurring, were disruptive to the U.S. economy and significantly affected consumers’ daily
lives. Congress therefore sought to keep U.S. energy consumption in a safe and sound state for
the sake of consumers and the economy, and avoid such shocks in the future. The need of the
U.S. to conserve energy, as a factor in determining maximum feasible standards, originally
flowed from those concerns.

Today, the conditions that led both to those price shocks and to U.S. energy vulnerability overall
have changed significantly. In the late 1970s, the U.S. was a major oil importer, importing 35.8%
of its oil in 1975, and changes (intentional or not) in the global oil supply had massive domestic
consequences, as Congress saw. While oil consumption exceeded domestic production for many
years after that, net energy imports peaked in 2005, and since then, oil imports have declined
while exports have increased.

The relationship between the U.S. and the global oil market has changed for two principal
reasons. The first reason is that the U.S. now consumes a significantly smaller share of global oil
production than it did in the 1970s. At the time of the Arab oil embargo, the U.S. consumed
about 17 million barrels per day of the globe’s approximately 55 million barrels per day.®®

While OPEC (particularly Saudi Arabia) still has the ability to influence global oil prices by
imposing discretionary supply restrictions, the greater diversity of both suppliers and consumers
since the 1970s has reduced the degree to which a single actor (or small collection of actors) can
impact the welfare of individual consumers. Oil is a fungible global commodity, though there
are limits to the substitutability of different types of crude for a given application. The global oil
market can, to a large extent, compensate for any producer that chooses not to sell to a given
buyer by shifting other supply toward that buyer. And while regional proximity, comparability
of crude oil, and foreign policy considerations can make some transactions more or less
attractive, as long as exporters have a vested interest in preserving the stability (both in terms of
price and supply) of the global oil market, coordinated, large-scale actions (like the multi-nation
sanctions against Iran in recent years) would be required to impose costs or welfare losses on one
specific player in the global market. As a corollary to the small rise in U.S. petroleum
consumption over the last few decades, the oil intensity of U.S. GDP has continued to decline
since the Arab oil embargo, suggesting that U.S. GDP is less susceptible to increases in global
petroleum prices (sudden or otherwise) than it was at the time of EPCA’s passage or when these
policies were last considered in 2012. While the U.S. still has a higher energy intensity of GDP

% Energy Information Administration, Short-Term Energy Outlook, 2018,
https://www.eia.gov/outlooks/steo/report/global_oil.php (last accessed Jun. 5, 2018).
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than some other developed nations, our energy intensity has been declining since 1950 (shrinking
by about 60%since 1950 and almost 30% between 1990 and 2015).%

The second factor that has changed the United States’ relationship to the global oil market is the
changing U.S. reliance on imported oil over the last decade. U.S. domestic oil production began
rising in 2009 with more cost-effective drilling and production technologies.®’

Domestic oil production became more cost-effective for two basic reasons. First, technology
improved - the use of horizontal drilling in conjunction with hydraulic fracturing has greatly
expanded the ability of producers to profitably recover natural gas and oil from low-permeability
geologic plays — particularly, shale plays — and consequently, oil production from shale plays has
grown rapidly in recent years.®® And second, rising global oil prices themselves made using
those technologies more feasible. As a hypothetical example, if it costs $79 per barrel to extract
oil from a shale play, when the market price for that oil is $60 per barrel, it is not worth the
producer’s cost to extract the oil; when the market price is $80 per barrel, it becomes cost-
effective.

Recent analysis further suggests that the U.S. oil supply response to a rise in global prices is
much larger now due to the shale revolution, as compared to what it was when U.S. production
depended entirely on conventional wells. Unconventional wells may be not only capable of
producing more oil over time but also may be capable of responding faster to price shocks. One
2017 study concluded that “The long-run price responsiveness of supply is approximately 6
times larger for tight oil on a per well basis, and approximately 9 times larger when also
accounting for the rise in unconventional-directed drilling.” That same study further found that
“Given a price rise to $80 per barrel, U.S. oil production could rise by 0.5 million barrels per day
in 6 months, 1.2 million in 1 year, 2 million in 2 years, and 3 million in 5 years.”®® Some
analysts suggest that shale drillers can respond more quickly to market conditions because,
unlike conventional drillers, they do not need to spend years looking for new deposits, because

% Energy Information Administration, “Today in Energy,” Jul. 12, 2016,
https://www.eia.gov/todayinenergy/detail.php?id=27032 (last accessed Jun. 5, 2018).

&7 Energy Information Administration, “U.S. Energy Facts Explained,”
https://www.eia.gov/energyexplained/index.cfm (last accessed Feb. 20, 2018).

% Energy Information Administration, “Review of Emerging Resources - U.S. Shale Gas and Shale Oil Plays,” July
8, 2011. https://www.eia.gov/analysis/studies/usshalegas/ (last accessed Feb. 20, 2018). Practical application of
horizontal drilling to oil production began in the early 1980s, by which time the advent of improved downhole
drilling motors and the invention of other necessary supporting equipment, materials, and technologies (particularly,
downhole telemetry equipment) had brought some applications within the realm of commercial viability. I1d. EIA’s
AEO 2018 projects that by the early 2040s, tight oil production will account for nearly 70% of total U.S. production,
up from 54% of the U.S. total in 2017. See “Tight oil remains the leading source of future U.S. crude oil
production,” EIA, Feb. 22, 2018, available at https://www.eia.gov/todayinenergy/detail.php?id=35052 (last accessed
Feb. 22, 2018).

% Newell, R. G. & Prest, B. C. “The Unconventional Oil Supply Boom - Aggregate Price Response from
Microdata,” Working Paper 23973, National Bureau of Economic Research, October 2017. Available at
http://www.nber.org/papers/w23973 (last accessed Feb. 22, 2018).
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there are simply so many shale oil wells being drilled and because they are more productive
(although their supply may be exhausted more quickly than a conventional well, the sheer
numbers appear likely to make up for that concern).” Some commenters disagree and suggest
that the best deposits are already known and tapped.”* Other commenters raise the possibility that
even if the most productive deposits are already tapped, any rises in global oil prices should spur
technology development that improves output of less productive deposits.”> Moreover, even if
U.S. production increases more slowly than, for example, EIA currently estimates, all increases
in U.S. production help to temper global prices and the risk of oil shocks because they reduce the
influence of other producing countries who might experience supply interruptions due to
geopolitical instability or deliberately reduce supply in an effort to raise prices’

These changes in U.S. oil intensity, production, and capacity cannot entirely insulate consumers
from the effects of price shocks at the gas pump because although domestic production may be
able to satisfy domestic energy demand, we cannot predict whether domestically produced oil
will be distributed domestically or more broadly to the global market. But it appears that
domestic supply may dampen the magnitude, frequency, and duration of price shocks. As global
per-barrel oil prices rise, U.S. production is now much better able to (and does) ramp up in
response, pulling those prices back down. Corresponding per-gallon gas prices may not fall
overnight,” but it is foreseeable that they could moderate over time, and likely respond faster
than prior to the shale revolution. EIA’s Annual Energy Outlook for 2018 acknowledges
uncertainty regarding these new oil sources but projects that while retail prices of gasoline and
diesel will increase between 2018 and 2050, gasoline prices would not exceed $4/gallon (in real
dollars) during that timeframe under EIA’s “reference case” projection.”” The International
Energy Agency (IEA)’s Oil 2018 report suggests some concern that excessive focus on investing
in U.S. shale oil production may increase price volatility after 2023 if investment is not applied

0 See Ip, G. “America’s Emerging Petro Economy Flips the Impact of Oil,” Wall Street Journal, Feb. 21, 2018.
Available at https://www.wsj.com/articles/americas-emerging-petro-economy-flips-the-impact-of-0il-1519209000
(last accessed Feb. 22, 2018).

" See, e.g., “Shale Trailblazer Turns Skeptic on Soaring U.S. Oil Production,” Wall Street Journal, Mar. 5, 2018,
available at https://www.wsj.com/articles/shale-trailblazer-turns-skeptic-on-soaring-u-s-oil-production-1520257595
2 3ee LeBlanc, L. “In the Sweet Spot - The Key to Shale,” Mar. 6, 2018, available at
http://partners.wsj.com/ceraweek/connection/sweet-spot-key-shale/.

" See, e.g., Alessi, C. & Sider, A. “U.S. Oil Output Expected to Surpass Saudi Arabia, Rivaling Russia for Top
Spot,” Wall Street Journal, Jan. 19, 2018, available at https://www.wsj.com/articles/u-s-crude-production-expected-
to-surpass-saudi-arabia-in-2018-1516352405).

™ To be clear, the fact that the risk of gasoline price shocks may now be lower than in the past is different from
arguing that gasoline prices will never rise again at all. The Energy Information Administration tracks and reports on
pump prices around the country, and we refer readers to their website for the most up-to-date information. EIA
projects that the structural changes in the oil market will keep prices below $4/gallon through 2050. Prices will
foreseeably continue to rise and fall with supply and demand changes; the relevant question for the need of the U.S.
to conserve energy is not whether there will be any movement in prices but whether that movement is likely to be
sudden and large.

™ AEO 2018 at 57, 58. Available at https://www.eia.gov/outlooks/aeo/pdf/AE02018 FINAL PDF.pdf (last
accessed Feb. 22, 2018).

118


https://www.wsj.com/articles/americas-emerging-petro-economy-flips-the-impact-of-oil-1519209000
https://www.wsj.com/articles/shale-trailblazer-turns-skeptic-on-soaring-u-s-oil-production-1520257595
http://partners.wsj.com/ceraweek/connection/sweet-spot-key-shale/
https://www.wsj.com/articles/u-s-crude-production-expected-to-surpass-saudi-arabia-in-2018-1516352405
https://www.wsj.com/articles/u-s-crude-production-expected-to-surpass-saudi-arabia-in-2018-1516352405
https://www.eia.gov/outlooks/aeo/pdf/AEO2018_FINAL_PDF.pdf

more broadly but also states that U.S. shale oil is capable of and expected to respond quickly to
rising prices in the future and that American influence on global oil markets is expected to
continue to rise.”® From the supply side, it is possible that the oil market conditions that created
the price shocks in the 1970s may no longer exist.

Regardless of changes in the oil supply market, on the demand side, conditions are also
significantly different from the 1970s. If gas prices increase suddenly, American consumers
have more options for fuel-efficient new vehicles. Fuel-efficient vehicles were available to
purchasers in the 1970s, but they were generally small entry-level vehicles with features that did
not meet the needs and preferences of many consumers. Today, most U.S. households maintain
a household vehicle fleet that serves a variety of purposes and represents a variety of fuel
efficiency levels. Manufacturers have responded to fuel economy standards and to consumer
demand over the last decade to offer a wide array of fuel-efficient vehicles in different segments
and with a wide range of features. A household may now respond to short-term increases in fuel
price by shifting vehicle miles traveled within their household fleet away from less-efficient
vehicles and toward models with higher fuel economy. A similar option existed in the 1970s,
though not as widely as today, and vehicle owners in 2018 do not have to sacrifice as much
utility as owners did in the 1970s when making fuel-efficiency trade-offs within their household
fleets (or when replacing household vehicles at the time of purchase). On a longer-term basis, if
oil prices rise, consumers have more options to invest in additional fuel economy when
purchasing new vehicles than at any other time in history. To some extent, this is a mark of the
success of the CAFE program.

Global demand conditions are also different than in previous years. Countries that had very
small markets for new light-duty vehicles in the 1970s are now driving global production as their
economies improve and growing numbers of middle-class consumers are able to purchase
vehicles for personal use. The global increase in drivers inevitably affects global oil demand,
which affects oil prices. However, these changes generally occur gradually over time, unlike a
disruption that causes a gasoline price shock. Market growth happens relatively gradually and is
subject to many different factors. Oil supply markets likely have time to adjust to increases in
demand from higher vehicle sales in countries like China and India; in fact, those increases in
demand may temper global prices by keeping production increasing more steadily than if
demand was less certain. Clear demand rewards increased production and encourages additional
resource development over time. It therefore seems unlikely that growth in these vehicle markets
could lead to gasoline price shocks. Moreover, even as these vehicle markets grow, it is possible
that these and other vehicle markets may be moving away from petroleum usage under the

76 See IEA, “0il 2018 - Analysis and Forecasts to 2023,” Executive Summary. Available at
http://www.iea.org/Textbase/npsum/0il2018MRSsum.pdf (last accessed Mar. 6, 2018). See also Kent, S. Puko, T.
“U.S. Will Be the World’s Largest Oil Producer by 2023, Says IEA,” Wall Street Journal, March 5, 2018, reporting
on remarks at the 2018 CERAWeek energy conference by IEA Executive Director Fatih Birol.
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direction of their governments.”” If this occurs, global oil production will fall in response to
reduced global demand, but latent production capacity would exist to offset the impacts of
unexpected supply interruptions and maintain a level of global production that is accessible to
petroleum consumers. This, too, would seem likely to reduce the risk of gasoline price shocks.

Considering all of the above factors, if gasoline price shocks are no longer as much of a threat as
they were when EPCA was originally passed, it seems reasonable to reconsider the need of the
United States to conserve oil today and going forward. Looking to the discussion above on what
elements are relevant to the need of the United States to conserve oil, one may conclude that the
U.S. is no longer as dependent upon petroleum as the engine of economic prosperity as it was
when EPCA was passed. The national balance of payments considerations are likely drastically
less important than they were in the 1970s at least in terms of oil imports and vehicle fuel
economy. Foreign policy considerations appear to have shifted along with the supply shifts also
discussed above.

Whether and how environmental considerations create a need for CAFE standards is, perhaps,
more complicated. As discussed earlier in this document, carbon dioxide is a direct byproduct of
the combustion of carbon-based fuels in vehicle engines.”® Many argue that it is likely that
human activities, especially emissions of greenhouse gases like carbon dioxide, contribute to the
observed climate warming since the mid-20" century.”® Even taking that premise as given, it is
reasonable to ask whether rapid ongoing increases in CAFE stringency (or even, for that matter,
electric vehicle mandates) can sufficiently address climate change to merit their costs.

Some commenters have argued essentially that any petroleum use is destructive because it all
adds incrementally to climate change. They argue that as CAFE standards increase, petroleum
use will decrease; therefore, CAFE standard stringency should increase as rapidly as possible.
Other commenters, recognizing that economic practicability is also relevant, have argued
essentially that because more stringent CAFE standards produce less CO, emissions, NHTSA
should simply set CAFE standards to increase at the most rapid of the alternative rates that
NHTSA cannot prove is economically devastating. The question here, again, is whether the
additional fuel saved (and CO, emissions avoided) by more rapidly increasing CAFE standards
better satisfies the U.S.’s need to avoid destructive or wasteful use of energy than more moderate
approaches that more appropriately balance other statutory considerations.

" Energy Information Administration, “Plug-in electric vehicles: future market conditions and adoption rates”
available at https://www.eia.gov/outlooks/ieo/pev.php (accessed Apr. 4, 2018).

"8 Depending on the energy source, it may also be a byproduct of consumption of electricity by vehicles.

" USGCRP, 2017 - Climate Science Special Report - Fourth National Climate Assessment, Volume | [Wuebbles, D.
J., Fahey, D. W., Hibbard, K. A., Dokken, D. J., Stewart, B. C. & Maycock, T. K. (eds.)]. U.S. Global Change
Research Program, Washington, DC, USA, 470 pp, doi - 10.7930/J0J964J6. Available at
https://science2017.globalchange.gov/ (last accessed Feb. 23, 2018).
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In the context of climate change, it is hard to say that increasing CAFE standards is necessary to
avoid destructive or wasteful use of energy as compared to somewhat-less-rapidly-increasing
CAFE standards. The most stringent of the regulatory alternatives considered in the 2012 final
rule and FRIA (under much more optimistic assumptions about technology effectiveness), which
would have required a seven percent average annual fleetwide increase in fuel economy for MY's
2017-2025 compared to MY 2016 standards, was forecast to decrease global temperatures in
2100 by 0.02°C in 2100. Under NHTSA’s current proposal, the agency anticipates that global
temperatures would increase by 0.003°C in 2100 compared to the augural standards. As reported
in NHTSA’s Draft EIS, compared to the average global mean surface temperature for 1986-
2005, global surface temperatures are still forecast to increase by 3.484-3.487°C, depending on
the alternative. Because the impacts of any standards are small, and in fact several-orders-of-
magnitude smaller, as compared to the overall forecast increases, this makes it hard for NHTSA
to conclude that the climate change effects potentially attributable to the additional energy used,
even over the full lifetimes of the vehicles in question, is “destructive or wasteful” enough that
the “need of the U.S. to conserve energy” requires NHTSA to place an outsized emphasis on this
consideration as opposed to others.®

For example, consider that the U.S. light-duty vehicle fleet currently accounts for roughly eight
percent of world petroleum consumption, and only three percent of world CO, production.
Current DOE projections indicate further declines in these proportions as China, India, and other
countries increase motor vehicle ownership and use. Whatever action is taken with respect to
U.S. CAFE standards will thus influence only an increasingly small part of worldwide CO,
production.

8 The question of whether or how rapidly to increase CAFE stringency is different from the question of whether to
set CAFE standards at all. Massachusetts v. EPA, 549 U.S. 497 (2007) (“Agencies, like legislatures, do not generally
resolve massive problems in one fell regulatory swoop.”)
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Table 3-2 - U.S. Light Vehicle Fleet Share of World Petroleum Consumption®

U.S. Light
Vehicle U S. Petroleum Share of U.S. World Share of World
. Petroleum Petroleum Petroleum
Petroleum Consumption . . .
C . Consumption Consumption Consumption
onsumption
19751 6.1 16.3 37.3% 56.2 10.8%
1985 | 6.5 15.7 41.1% 60.1 10.7%
1995 | 7.4 17.7 41.9% 70.1 10.6%
2005 | 8.9 20.8 42.7% 84.1 10.6%
2009 | 8.7 18.8 46.2% 84.3 10.3%
2014 | 8.2 19.1 43.0% 94.4 8.7%
2015 | 8.0 19.5 41.3% 95.3 8.4%

8Sources - U.S. Department of Energy, Energy Information Administration, Monthly Energy Review, April 2012.
See http://www.eia.gov/totalenergy/data/monthly/pdf/sec3 3.pdf (last accessed April 13, 2018); U.S. Department of
Energy, Energy Information Administration, International Energy Statistics, Total Petroleum Consumption. See
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=5&pid=5&aid=2 (last accessed, May 16, 2012); U.S.
Department of Energy, Energy Information Administration, Annual Energy Outlook 2016 and Annual Energy
Outlook 2018, Table A1l and Transportation Sector Key Indicators and Delivered Energy Consumption. Available
at https://www.eia.gov/outlooks/aeo/pdf/0383(2016).pdf and https://www.eia.gov/outlooks/aeo/pdf/appa.pdf (last
accessed April 13, 2018); U.S. Department of Energy, Energy Information Administration, International Energy
Outlook 2017, Table A5. Available at https://www.eia.gov/outlooks/ieo/pdf/ieotab 5.pdf (last accessed April 13,
2018); U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, Transportation Energy
Data Book, Table 1.16. Available at http://cta.ornl.gov/data/chapterd.shtml (last accessed April 13, 2018); U.S.
Department of Energy, Energy Information Administration, Performance Profiles of Major Energy Producers 2009,
Report No. DOE/EIA-0206(09). Available at https://www.eia.gov/finance/performanceprofiles/pdf/020609.pdf (last
accessed April 16, 2018).
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Table 3-3 - U.S. Light-Duty Vehicle Share of World CO, Emissions®?
U.S. Light-Duty U.S. CO, World CO,
Vehicle CO, Emissions Share of U.S. Emissions Share of
L . e . CO;, - . World CO,
Emissions (million (million metric Emissions (million metric Emissions
metric tons per year) | tons per year) tons per year)
1990 | 888.1 5121 17.3% 21,689 4.1%
2005 | 1260.9 6,132 20.6% 28,479 4.4%
2015 | 1083.5 5,421 20.0% 32,722 3.3%

Consumer costs are the remaining issue considered in the context of the need of the U.S. to
conserve energy. NHTSA has argued in the past, somewhat paternalistically, that CAFE
standards help to solve consumers’ “myopia” about the value of fuel savings they could receive,
when buying a new vehicle, if they chose a more fuel-efficient model. There has been extensive
debate over how much consumers do (and/or should) value fuel savings and fuel economy as an
attribute in new vehicles, and that debate is addressed in Chapter 8. For purposes of considering
the need of the U.S. to conserve energy, the question of consumer costs may be closer to whether
U.S. consumers so need to save money on fuel that they must be required to save substantially
more fuel (through purchasing a new vehicle made more fuel-efficient by more stringent CAFE
standards) than they would otherwise choose.

Again, when EPCA originally passed, Congress was trying to protect U.S. consumers from the
negative effects of another gasoline price shock. It appears much more likely today that oil
prices will rise only moderately in the future, and price shocks are less likely. Accordingly, it is
reasonable to believe that U.S. consumers value future fuel savings accurately and choose new
vehicles based on that view. This is particularly true, because federal law requires that new
vehicles be posted with a window sticker providing estimated costs or savings over a five-year
period compared to average new vehicles.®® Even if consumers do not explicitly think to
themselves “this new car will save me $5,000 in fuel costs over its lifetime compared to that
other new car,” gradual and relatively predictable fuel price increases in the foreseeable future

8 Sources - Environmental Protection Agency, Greenhouse Gas Data Explorer. Available at
https://www3.epa.gov/climatechange/ghgemissions/inventoryexplorer/#allsectors/allgas/econsect/all (last accessed
April 16, 2018); Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks - 1990-
2015, Report No. EPA 430-P-17-001. Available at https://www.epa.gov/sites/production/files/2017-
02/documents/2017_complete report.pdf (last accessed April 16, 2018); U.S. Department of Energy, Energy
Information Administration, International Energy Statistics. Available at
https://www.eia.gov/beta/international/data/browser/index.cfm#/ (last accessed April 16, 2018); U.S. Department of
Energy, Energy Information Administration, Annual Energy Outlook 2018. Available at
https://www.eia.gov/outlooks/aeo/data (last accessed April 16, 2018); U.S. Department of Energy, Energy
Information Administration, International Energy Outlook 2017. Available at https://www.eia.gov/outlooks/aeo/data
(last accessed April 16, 2018).

% 49 CFR 575.401; 40 CFR 600.302-12.
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allow consumers to roughly estimate the comparative value of fuel savings among vehicles and
choose the amount of fuel savings that they want, in light of the other vehicle attributes they
value. It seems, then, that consumer cost as an element of the need of the U.S. to conserve
energy is also less urgent in the context of the structural changes in oil markets over the last
several years.

Given the discussion above, NHTSA tentatively concludes that the need of the U.S. to conserve
energy may no longer function as assumed in previous considerations of what CAFE standards
would be maximum feasible. The overall risks associated with the need of the U.S. to conserve
oil have entered a new paradigm with the risks substantially lower today and projected into the
future than when CAFE standards were first issued and in the recent past. The effectiveness of
CAFE standards in reducing the demand for fuel combined with the increase in domestic oil
production have contributed significantly to the current situation and outlook for the near- and
mid-term future. The world has changed, and the need of the U.S. to conserve energy, at least in
the context of the CAFE program, has also changed.

3.2 The CAA and Climate Change Resulting from Light-Duty Vehicle Use

Title 11 of the Clean Air Act (CAA) provides for comprehensive regulation of mobile sources,
authorizing EPA to regulate emissions of air pollutants from all mobile source categories. Under
Section 202(a)®* and relevant case law, as discussed below, EPA considers such issues as
technology effectiveness, its cost (both per vehicle, per manufacturer, and per consumer), the
lead time necessary to implement the technology, and based on this the feasibility and
practicability of potential standards; the impacts of potential standards on emissions reductions
of both GHGs and non-GHGs; the impacts of standards on oil conservation and energy security;
the impacts of standards on fuel savings by consumers; the impacts of standards on the auto
industry; other energy impacts; as well as other relevant factors such as impacts on safety.

This proposed rule would implement a specific provision from Title I, section 202(a).* Section
202(a)(1) of the Clean Air Act (CAA) states that “the Administrator shall by regulation prescribe
(and from time to time revise) ... standards applicable to the emission of any air pollutant from
any class or classes of new motor vehicles ..., which in his judgment cause, or contribute to, air
pollution which may reasonably be anticipated to endanger public health or welfare.” If EPA
makes the appropriate endangerment and cause or contribute findings, then section 202(a)
authorizes EPA to issue standards applicable to emissions of those pollutants. Indeed, EPA’s
obligation to do so is mandatory: Coalition for Responsible Regulation, 684 F.3d at 114;
Massachusetts v. EPA, 549 U.S. at 533. Moreover, EPA’s mandatory legal duty to promulgate
these emission standards derives from “a statutory obligation wholly independent of DOT’s

¥ 42 U.S.C. § 7521(a).
42 U.S.C. § 7521(a)
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mandate to promote energy efficiency.” Massachusetts, 549 U.S. at 532. Consequently, EPA has
no discretion to decline to issue greenhouse standards under section 202(a), or to defer issuing
such standards due to NHTSA’s regulatory authority to establish fuel economy standards.
Rather, “[j]ust as EPA lacks authority to refuse to regulate on the grounds of NHTSA’s
regulatory authority, EPA cannot defer regulation on that basis.” Coalition for Responsible
Regulation, 684 F.3d at 127.

Any standards under CAA section 202(a)(1) “shall be applicable to such vehicles ... for their
useful life.” Emission standards set by the EPA under CAA section 202(a)(1) are technology-
based, as the levels chosen must be premised on a finding of technological feasibility. Thus,
standards promulgated under CAA section 202(a) are to take effect only after providing “such
period as the Administrator finds necessary to permit the development and application of the
requisite technology, giving appropriate consideration to the cost of compliance within such
period” (CAA section 202 (a)(2); see also NRDC v. EPA, 655 F. 2d 318, 322 (D.C. Cir. 1981)).
EPA must consider costs to those entities which are directly subject to the standards. Motor &
Equipment Mfrs. Ass’n Inc. v. EPA, 627 F. 2d 1095, 1118 (D.C. Cir. 1979). Thus, “the [s]ection
202(a)(2) reference to compliance costs encompasses only the cost to the motor-vehicle industry
to come into compliance with the new emission standards.” Coalition for Responsible
Regulation, 684 F.3d at 128; see also id. at 126-27 (rejecting arguments that EPA was required
to consider or should have considered costs to other entities, such as stationary sources, which
are not directly subject to the emission standards). EPA is afforded considerable discretion
under section 202(a) when assessing issues of technical feasibility and availability of lead time to
implement new technology. Such determinations are “subject to the restraints of
reasonableness,” which “does not open the door to ‘crystal ball” inquiry.” NRDC, 655 F. 2d at
328 (quoting International Harvester Co. v. Ruckelshaus, 478 F. 2d 615, 629 (D.C. Cir. 1973)).
In developing such technology-based standards, EPA has the discretion to consider different
standards for appropriate groupings of vehicles (“class or classes of new motor vehicles™), or a
single standard for a larger grouping of motor vehicles (NRDC, 655 F. 2d at 338). Finally, with
respect to regulation of vehicular greenhouse gas emissions, EPA is not “required to treat
NHTSA'’s ... regulations as establishing the baseline for the [section 202(a) standards].”
Coalition for Responsible Regulation, 684 F.3d at 127 (noting further that “the [section 202
(a)standards] provid[e] benefits above and beyond those resulting from NHTSA’s fuel-economy
standards.”)

Although standards under CAA section 202(a)(1) are technology-based, they are not based
exclusively on technological capability. EPA has the discretion to consider and weigh various
factors along with technological feasibility, such as the cost of compliance (see section 202(a)
(2)), lead time necessary for compliance (section 202(a)(2)), safety (see NRDC, 655 F.2d at 336
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n. 31) and other impacts on consumers,®® and energy impacts associated with use of the
technology (see George E. Warren Corp. v. EPA, 159 F.3d 616, 623-624 (D.C. Cir. 1998)
(ordinarily permissible for EPA to consider factors not specifically enumerated in the Act).

In addition, EPA has clear authority to set standards under CAA section 202(a) that are
technology forcing when EPA considers that to be appropriate but is not required to do so (as
compared to standards set under provisions such as section 202(a)(3) and section 213(a)(3)).
EPA has interpreted a similar statutory provision, CAA section 231, as follows:

While the statutory language of section 231 is not identical to other provisions in title Il
of the CAA that direct EPA to establish technology-based standards for various types of
engines, EPA interprets its authority under section 231 to be somewhat similar to those
provisions that require us to identify a reasonable balance of specified emissions
reduction, cost, safety, noise, and other factors. See, e.g., Husqvarna AB v. EPA, 254 F.3d
195 (D.C. Cir. 2001) (upholding EPA’s promulgation of technology-based standards for
small non-road engines under section 213(a)(3) of the CAA). However, EPA is not
compelled under section 231 to obtain the ‘‘greatest degree of emission reduction
achievable’’ as per sections 213 and 202 of the CAA, and so EPA does not interpret the
Act as requiring the agency to give subordinate status to factors such as cost, safety, and
noise in determining what standards are reasonable for aircraft engines. Rather, EPA has
greater flexibility under section 231 in determining what standard is most reasonable for
aircraft engines, and is not required to achieve a “technology forcing” result.®’

This interpretation was upheld as reasonable in NACAA v. EPA, (489 F.3d 1221, 1230 (D.C. Cir.
2007)). CAA section 202(a) does not specify the degree of weight to apply to each factor, and
EPA accordingly has discretion in choosing an appropriate balance among factors. See Sierra
Club v. EPA, 325 F.3d 374, 378 (D.C. Cir. 2003) (even where a provision is technology-forcing,
the provision “does not resolve how the Administrator should weigh all [the statutory] factors in
the process of finding the 'greatest emission reduction achievable’”’); see also Husqvarna AB v.
EPA, 254 F. 3d 195, 200 (D.C. Cir. 2001) (great discretion to balance statutory factors in
considering level of technology-based standard, and statutory requirement “[to give] appropriate
consideration to the cost of applying ... technology” does not mandate a specific method of cost
analysis); Hercules Inc. v. EPA, 598 F. 2d 91, 106-07 (D.C. Cir. 1978) (“In reviewing a
numerical standard, we must ask whether the agency’s numbers are within a ‘zone of
reasonableness,” not whether its numbers are precisely right”); Permian Basin Area Rate Cases,
390 U.S. 747, 797 (1968) (same); Federal Power Commission v. Conway Corp., 426 U.S. 271,

8 Since its earliest Title |1 regulations, EPA has considered the safety of pollution control technologies. See 45 Fed.
Reg. 14496, 14503 (March 5, 1980). (“EPA would not require a particulate control technology that was known to
involve serious safety problems. If during the development of the trap-oxidizer safety problems are discovered, EPA
would reconsider the control requirements implemented by this rulemaking”).

8 70 Fed. Reg. 69664, 69676 (Nov. 17, 2005).
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278 (1976) (same); Exxon Mobil Gas Marketing Co. v. FERC, 297 F. 3d 1071, 1084 (D.C. Cir.
2002) (same).

As noted above, EPA has found that the elevated concentrations of greenhouse gases in the
atmosphere may reasonably be anticipated to endanger public health and welfare.®® EPA
defined the “air pollution” referred to in CAA section 202(a) to be the combined mix of six long-
lived and directly emitted GHGs: carbon dioxide (CO,), methane (CH,), nitrous oxide (N,O),
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SFs). The EPA
further found under CAA section 202(a) that emissions of the single air pollutant defined as the
aggregate group of these same six greenhouse gases from new motor vehicles and new motor
vehicle engines contribute to air pollution. As a result of these findings, section 202(a) requires
EPA to issue standards applicable to emissions of that air pollutant. New motor vehicles and
engines emit CO,, CH4, N2O and HFC. EPA has established standards and other provisions that
control emissions of CO,, HFCs, N,O, and CH,4. EPA has not set any standards for PFCs or SFg
as they are not emitted by motor vehicles.

3.2.1 Consideration of GHG Emissions

As discussed above, the purpose of CO, standards established under CAA Section 202 is to
reduce GHG emissions, which contribute to climate change. As shown in Table 3-4, below, the
analysis projects that, compared to the baseline standards, the proposed CO, standards for MY's
2021-2026 would increase vehicle CO, emissions by 713 million metric tons (MMT) over the
lifetime of the vehicles produced from MY 1979 through MY 2029, with an additional 159
MMT in CO, reduction from upstream sources for a total increase of 872 MMT.

As noted above, the purpose of Title Il emissions standards is to protect the public health and
welfare, and in establishing emissions standards the Administrator is cognizant of the importance
of this goal. At the same time, as discussed above, unlike other provisions in Title Il, Section
202(a) does not require the Administrator to set standards, which result in the greatest degree of
emissions control achievable, though the Administrator has the discretion to do so. Thus, in
setting these standards, the Administrator takes into consideration other factors discussed above
and below, including not only technological feasibility, lead-time, and the cost of compliance,
but also potential impacts of vehicle emission standards on safety and other impacts on
consumers. Notwithstanding the fact that GHG emissions reductions would be lower under
today’s proposal than for the existing EPA standards, in light of the new assessment indicating
higher vehicle costs and associated impacts on consumers, and safety impacts, the Administrator
believes from a cost/benefit perspective that the foregone GHG emission reduction benefits from
the proposed standards are warranted.

8 74 Fed. Reg. 66496 (Dec. 15, 2009).
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Table 3-4 - Cumulative Changes in Fuel Consumption and GHG Emissions for MY’s 1977-
2029 Under CO; Program

Model Year Standards MY MY MY MY MY MY | TOTAL
Through 2021 2022 2023 2024 2025 2026
Upstream Emissions
CO, (million metric tons) 45.2 45.4 26.4 24.5 17.6 0.0 159
CHy, (thousand metric tons) 398 403 234 268 234 0.0 1,540
N,O (thousand metric tons) 6.0 6.0 35 4.1 3.7 0.0 23.3
Tailpipe Emissions
CO, (million metric tons) 180 182 106 128 117 0.0 713
CH, (thousand metric tons) -2.8 -3.2 -2.5 -3.1 -2.7 0.0 -14.2
N,O (thousand metric tons) -2.5 -3.0 -2.2 -2.6 -2.3 0.0 -12.6
Total Emissions
CO, (million metric tons) 225 228 133 153 134 0.0 873
CH, (thousand metric tons) 396 400 232 265 231 0.0 1,520
N,O (thousand metric tons) 35 3.1 13 15 1.4 0.0 10.7
Fuel Consumption (billion 20.3 20.5 12.0 13.8 12.3 0.0 78.9
Gallons)

128




4 Proposed and Alternative CAFE and CO, standards for MYs 2021-2026
4.1 Form of the Standards

NHTSA and EPA are proposing the form of the CAFE and CO, standards for MY's 2021-2026
would follow the form of those standards in prior model years. NHTSA has specific statutory
requirements for the form of CAFE standards - specifically, EPCA, as amended by EISA,
requires CAFE standards be issued separately for passenger cars and light trucks, and each
standard must be specified as a mathematical function expressed in terms of one or more vehicle
attributes related to fuel economy. While the CAA includes no specific requirements regarding
GHG regulation, EPA has chosen to adopt standards consistent with the EPCA/EISA
requirements in the interest of simplifying compliance for the industry since 2010.%°

For MYs since 2011 for CAFE and since 2012 for CO,, standards have taken the form of fuel
economy and CO, targets expressed as functions of vehicle footprint (the product of vehicle
wheelbase and average track width). NHTSA and EPA continue to believe footprint is the most
appropriate attribute on which to base the proposed standards, as discussed in Preamble Section
I1.C. Under footprint-based standards, the function defines a CO, or fuel economy performance
target for each unique footprint combination within a car or truck model type. Using the
functions, each manufacturer will have a CAFE and CO, average standard for each year that is
unique to each of its fleets,®® depending on the footprints and production volumes of the vehicle
models produced by that manufacturer. A manufacturer will have separate footprint-based
standards for cars and for trucks. The functions are mostly sloped, so that generally, larger
vehicles (i.e., vehicles with larger footprints) will be subject to lower CAFE mpg targets and
higher CO, grams/mile targets than smaller vehicles. This is because, generally speaking,
smaller vehicles are more capable of achieving higher levels of fuel economy/lower levels of
CO; emissions because they tend not to have to work as hard to perform their driving tasks.
Although a manufacturer’s fleet average standards could be estimated throughout the model year
based on the projected production volume of its vehicle fleet (and are estimated as part of EPA’s
certification process), the standards to which the manufacturer must comply will be determined
by its final model year production figures. A manufacturer’s calculation of its fleet average
standards as well as its fleet’s average performance at the end of the model year will be based on
the production-weighted average target and performance of each model in its fleet.”

8 Such an approach is permissible under Section 202(a) of the CAA, and EPA has used the attribute-based approach
in issuing standards under analogous provisions of the CAA.

% EPCA/EISA requires NHTSA to separate passenger cars into domestic and import passenger car fleets; whereas,
EPA combines all passenger cars into one fleet.

°% As in prior rulemakings, a manufacturer may have some vehicle models that exceed their target and some that are
below their target. Compliance with a fleet average standard is determined by comparing the fleet average standard
(based on the production-weighted average of the target levels for each model) with fleet average performance
(based on the production-weighted average of the performance of each model).
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For passenger cars, consistent with prior rulemakings, NHTSA is proposing to define fuel
economy targets as follows:

Equation 4-1 - Passenger Car Fuel Economy Target Calculation
1

MIN [MAX (c x FOOTPRINT + d, ) b]

TARGET;y =

where

TARGETRe is the fuel economy target (in mpg) applicable to a specific vehicle model
type with a unique footprint combination,

a is a minimum fuel economy target (in mpg),

b is a maximum fuel economy target (in mpg),

c is the slope (in gallons per mile per square foot, or gpm, per square foot) of a line
relating fuel consumption (the inverse of fuel economy) to footprint, and

d is an intercept (in gpm) of the same line.

Here, MIN and MAX are functions that take the minimum and maximum values, respectively, of
the set of included values. For example, MIN[40,35] = 35 and MAX(40, 25) = 40, such that
MIN[MAX(40, 25), 35] =

For light trucks, also consistent with prior rulemakings, NHTSA is proposing to define fuel
economy targets as follows:

Equation 4-2 - Light Truck Fuel Economy Target Calculation
TARGETg

1 1
= MAX

1

MIN [MAX (c X FOOTPRINT +d, %) % MIN [MAX g X FOOTPRINT + h, ) 7

where

TARGETe is the fuel economy target (in mpg) applicable to a specific vehicle model
type with a unique footprint combination,

a, b, ¢, and d are as for passenger cars, but taking values specific to light trucks,

e is a second minimum fuel economy target (in mpg),

f is a second maximum fuel economy target (in mpg),

g is the slope (in gpm per square foot) of a second line relating fuel consumption (the
inverse of fuel economy) to footprint, and

h is an intercept (in gpm) of the same second line.
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Although the general model of the target function equation is the same for each vehicle category
(passenger cars and light trucks) and each model year, parameters of the function equation differ
for cars and trucks. For MY's 2020-2026, parameters are unchanged, resulting in the same
stringency in each of those model years.

Mathematical functions defining the proposed CO, targets are expressed as functions that are
similar, with coefficients a-h corresponding to those listed above.®* For passenger cars, EPA is
proposing to define CO, targets as follows:

Equation 4-3 - Passenger Car CO, Target
TARGET;p, = MIN[b,MAX[a,c X FOOTPRINT + d]]

where

TARGETco; is the is the CO, target (in grams per mile, or g/mi) applicable to a specific
vehicle model configuration,
a is a minimum CO, target (in g/mi),
b is a maximum CO; target (in g/mi),
c is the slope (in g/mi, per square foot) of a line relating CO, emissions to footprint, and
d is an intercept (in g/mi) of the same line.
For light trucks, CO, targets are defined as follows:

Equation 4-4 - Light Truck CO, Target

TARGET¢o, = MIN[MIN[b, MAX[a,c X FOOTPRINT + d]], MIN[f, MAX[e, g
X FOOTPRINT + h]]

where

TARGETco; is the is the CO, target (in g/mi) applicable to a specific vehicle model
configuration,

a, b, c, and d are as for passenger cars, but taking values specific to light trucks,

e is a second minimum CO;, target (in g/mi),

f is a second maximum CO, target (in g/mi),

g is the slope (in g/mi per square foot) of a second line relating CO, emissions to
footprint, and

h is an intercept (in g/mi) of the same second line.

To be clear, as has been the case since the agencies began establishing attribute-based standards,
no single vehicle needs to meet the specific applicable fuel economy or CO, targets because

%2 EPA regulations use a different but mathematically equivalent approach to specify targets. Rather than using a
function with nested minima and maxima functions, EPA regulations specify requirements separately for different
ranges of vehicle footprint. Because these ranges reflect the combined application of the listed minima, maxima,
and linear functions, it is mathematically equivalent and more efficient to present targets as in this section.

131



compliance with either CAFE or CO, standards is determined based on corporate average fuel
economy or average CO; emission rates. The required CAFE level applicable to a given fleet in
a given model year is determined by calculating the production-weighted harmonic average of
fuel economy targets applicable to specific vehicle model configurations in the fleet, as follows:

Equation 4-5 - Required Fleet Fuel Economy Target

_ Y PRODUCTION,

CAFE,cquirea = PRODUCTION;
t TARGETrg;

where

CAFE eqired is the CAFE level the fleet is required to achieve,

i refers to specific vehicle model/configurations in the fleet,

PRODUCTION:I is the number of model configuration i produced for sale in the U.S.,
and

TARGETFE,i the fuel economy target (as defined above) for model configuration i.

Similarly, the required average CO, level applicable to a given fleet in a given model year is
determined by calculating the production-weighted average (not harmonic) of CO, targets
applicable to specific vehicle model configurations in the fleet, as follows:

Equation 4-6 - Required Fleet CO, Target

Y PRODUCTION; X TARGET 0,
Y. PRODUCTION;

COZrequired =

where

CO2cquired IS the average CO; level the fleet is required to achieve,

i refers to specific vehicle model/configurations in the fleet,

PRODUCTION,; is the number of model configuration i produced for sale in the U.S., and
TARGETco, is the CO, target (as defined above) for model configuration i.

The NPRM seeks comment on these alternatives and on the analysis presented therein, in
addition to any relevant information and data. That review could lead the agencies to select one
of the other regulatory alternatives for the final rule.

4.2 Reconsideration of Footprint Curve Shapes

As a part of this de novo rulemaking process, NHTSA is committed to reconsidering the
mathematical function relating the fuel economy target for a given model to the chosen attribute
for MY’s 2021 through 2026 standards. In efforts to harmonize with NHTSA, EPA has also
reconsidered the attribute relationship used to define CO, standards. This reconsideration
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included both the attribute chosen to define the standards and the specific mathematical function
used to do so, increase with increasing footprint), is theoretically vague and quantitatively
uncertain; in other words, it is not so precise as to a priori yield only a single possible curve.

The decision of how to specify this mathematical function therefore reflects some amount of
judgment. The agencies can specify the function with a view toward achieving different
environmental and petroleum reduction goals, encouraging different levels of application of fuel-
saving technologies, avoiding any adverse effects on overall highway safety, reducing disparities
of manufacturers’ compliance burdens, and preserving consumer choice, among other aims. The
following are among the specific technical concerns and resultant policy tradeoffs considered in
selecting the details of specific past and future curve shapes:

e Flatter standards (i.e., curves) increase the risk that both the size of vehicles will
be reduced, potentially compromising highway safety, and reducing any utility
consumers would have gained from a larger vehicle.

e Steeper footprint-based standards may create incentives to upsize vehicles,
potentially oversupplying vehicles of certain footprints beyond what consumers
would naturally demand, thus increasing the possibility that fuel savings and CO,
reduction benefits will be forfeited artificially.

e Given the same industry-wide average required fuel economy or CO, standard,
flatter standards tend to place greater compliance burdens on full-line
manufacturers.

e Given the same industry-wide average required fuel economy or CO, standard,
dramatically steeper standards tend to place greater compliance burdens on
limited-line manufacturers (depending of course, on which vehicles are being
produced).

e If cutpoints are adopted, given the same industry-wide average required fuel
economy, moving small-vehicle cutpoints to the left (i.e., up in terms of fuel
economy, down in terms of CO, emissions) discourages the introduction of small
vehicles and reduces the incentive to downsize small vehicles in ways that could
compromise overall highway safety.

e If cutpoints are adopted, given the same industry-wide average required fuel
economy, moving large-vehicle cutpoints to the right (i.e., down in terms of fuel
economy, up in terms of CO, emissions) better accommodates the design
requirements of larger vehicles, especially large pickups, and extends the size
range over which downsizing is discouraged.

4.3 What mathematical functions have the agencies previously used, and why?

Data should inform any target curve, but how relevant data is defined and interpreted, as well as
the choice of methodology for fitting a curve to that data, must include some consideration of
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specific policy goals. This section summarizes the methodologies and policy concerns
considered in developing previous target curves, including those that define the MY's 2017-2021
CAFE standards and the MY's 2022-2025 augural CAFE standards (for a complete discussion see
the 2012 FRIA). For further context, Figure 4-1 and Figure 4-2, show the history of final light
duty footprint-based curves specified in MPG rather than gpm for MY's 2011-2021 for light
trucks and passenger cars, respectively.
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Figure 4-1 - Final Light Truck MPG Target Curves for MYs 2011-2021

134



E&&S

)

S 42

5'_40 PR p——

A e e - .

-

<5 I===

b= | SessMEEssssr sttt sttt naa,, - T m - ==

30 g R e S
28 20ay _-_===
26 .... ..l.
24 S*tccsnnsnanaa

35 37 39 41 43 45 47 49 51 53 55 57 59
Footprint (sq. ft.)

00000020]] == e=20]2 == e=20]13 = == 2014 = == 2015 2016
2017 2018 2019 2020 2021

Figure 4-2 - Final Passenger Car MPG Target Curves for MYs 2011-2021

As discussed below, the MY 2011 final curves followed a constrained logistic function defined
specifically in the final rule.** The MY 2012-2021 final standards and the MY 2022-2025

proposed augural standards are defined by constrained linear target functions of footprint as
defined below:**

Equation 4-7 - Constrained Linear Target Function
1

Target = N 1
min (max (c * Footprint + d, E) ’E)
Here, Target is the fuel economy target applicable to vehicles of a given footprint in square feet
(Footprint). The upper asymptote, a, and the lower asymptote, b, are specified in MPG; the
reciprocal of these values represent the lower and upper asymptotes, respectively, when the
curve is instead specified in gallons per mile (gpm). The slope, c, and the intercept, d, of the
linear portion of the curve are specified as gpm per change in square feet, and gpm, respectively.

% See 74 FR 14196, 14363-14370 (Mar., 30, 2009) for NHTSA discussion of curve fitting in the MY 2011 CAFE
final rule.

% The right cutpoint for the light truck curve was moved further to the right for MY’s 2017-2021 so that more
possible footprints would fall on the sloped part of the curve. In order to ensure that, for all possible footprints,
future standards would be at least as high as MY 2016 levels, the final standards for light trucks for MY’s 2017-

2021 is the maximum of the MY 2016 target curves and the target curves for the given MY standard. This is defined
further in the 2012 FRM.
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The min and max functions will take the minimum and maximum values within their associated
parentheses. Thus, the max function will first find the maximum of the fitted line at a given
footprint value and the lower asymptote from the perspective of gpm. If the fitted line is below
the lower asymptote it is replaced with the floor, which is also the minimum of the floor and the
ceiling by definition so that the target in MPG space will be the reciprocal of the floor in mpg
space, or simply, a. If, however, the fitted line is not below the lower asymptote, the fitted value
is returned from the max function and the min function takes the minimum value of the upper
asymptote (in gpm space) and the fitted line. If the fitted value is below the upper asymptote, it is
between the two asymptotes and the fitted value is appropriately returned from the min function,
making the overall target in MPG the reciprocal of the fitted line in gpm. If the fitted value is
above the upper asymptote, the upper asymptote is returned is returned from the min function,
and the overall target in MPG is the reciprocal of the upper asymptote in gpm space, or b.

In this way curves specified as constrained linear functions are specified by the following
parameters:

a = upper limit (mpg)

b = lower limit (mpg)

¢ = slope (gpm per sq.ft.)
d = intercept (gpm)

The slope and intercept are specified as gpm per sq. ft. and gpm instead of MPG per sqg. ft. and
MPG because CAFE requirements are specified on an mpg basis, but the agencies have
expressed the relationship to footprint as being linear with respect to the reciprocal of fuel
economy — i.e., gpm. Notice that the sloped portion of the target curves in and is non-linear.
Compare Figure 4-3 and Figure 4-4, below, with Figure 4-1 and Figure 4-2, above, and notice
that the sloped parts of the target curves are linear when specified as a gpm target rather than as a
MPG target.
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4.3.1 NHTSA in MY 2008 and MY 2011 CAFE (constrained logistic)

137



For the MY 2011 CAFE rule, NHTSA estimated fuel economy levels by footprint from the MY
2008 fleet after normalization for differences in technology,® but did not make adjustments to
reflect other vehicle attributes (e.g., power-to-weight ratios). Starting with the technology-
adjusted passenger car and light truck fleets, NHTSA used minimum absolute deviation (MAD)
regression without sales weighting to fit a logistic form as a starting point to develop
mathematical functions defining the standards. NHTSA then identified footprints at which to
apply minimum and maximum values (rather than letting the standards extend without limit) and
transposed these functions vertically (i.e., on a gallons-per-mile basis, uniformly downward) to
produce the promulgated standards. In the preceding rule, for MYs 2008-2011 light truck
standards, NHTSA examined a range of potential functional forms, and concluded that,
compared to other considered forms, the constrained logistic form provided the expected and
appropriate trend (decreasing fuel economy as footprint increases), but avoided creating “kinks”
the agency was concerned would provide distortionary incentives for vehicles with neighboring
footprints.*

4.3.2 MYs 2012-2016 Light Duty GHG/CAFE (constrained linear)

For the MYs 2012-2016 rule, the agencies jointly reevaluated potential methods for specifying
mathematical functions to define fuel economy and GHG standards. NHTSA fit these methods to
the same MY 2008 data as the MY 2011 standard. Considering these further specifications,
NHTSA concluded that the constrained logistic form, if applied to post-MY 2011 standards,
would likely contain a steep mid-section that would provide undue incentive to increase the
footprint of midsize passenger cars.”” The agencies judged that a range of methods to fit the
curves would be reasonable, and used a minimum absolute deviation (MAD) regression without
sales weighting on a technology-adjusted car and light truck fleet to fit a linear equation. This
equation was used as a starting point to develop mathematical functions defining the standards.
The agencies then identified footprints at which to apply minimum and maximum values (rather
than letting the standards extend without limit). Finally, the agencies transposed these
constrained/piecewise linear functions vertically (i.e., on a gpm or CO; basis, uniformly
downward) by multiplying the initial curve by a single factor for each MY standard to produce
the final attribute-based targets for passenger cars and light trucks described in the final rule.*®
The agencies typically present these transformations as percentage improvements over a
previous MY target curve.

4.3.3 MYs 2017-2021 and Proposed MY's 2022-2025 Light Duty GHG/CAFE (constrained

% See 74 FR 14196, 14363-14370 (Mar., 30, 2009) for NHTSA discussion of curve fitting in the MY 2011 CAFE
final rule.

% See 71 FR 17556, 17609-17613 (Apr. 6, 2006) for NHTSA discussion of “kinks” in the MY's 2008-2011 light
truck CAFE final rule (there described as “edge effects”). A “kink”™, as used here, is a portion of the curve where a
small change in footprint results in a disproportionally large change in stringency.

°"75 FR at 25362.

% See generally 74 FR at 49491-96; 75 FR at 25357-62.
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linear)

The mathematical functions finalized for the MY's 2017-2021 standards, and proposed as the
augural MY's 2022-2025 standards, changed somewhat from the functions for the MYs 2012-
2016 standards. These changes were made to both address comments from stakeholders, and to
further consider some of NHTSA’s technical concerns and policy goals judged more preeminent
under the increased uncertainty of the impacts of finalizing and proposing standards for model
years further into the future.®® The agencies recognized full-line OEM concerns and concluded
that further increases in the stringency of the light truck standards would be more feasible if the
light truck curve is made steeper than the MY 2016 truck curve and the right (large footprint)
cut-point is extended over time to larger footprints. To accommodate these considerations,
NHTSA chose for the 2012 final rule to finalize the slope fit to the MY 2008 fleet using a sales-
weighted, ordinary least-squares regression, using a fleet that had technology applied to make the
technology application across the fleet more uniform, and after adjusting the data for the effects
of weight-to-footprint. The agencies also considered information from an updated MY 2010
fleet to support this decision. As the agencies vertically shifted the curve (with fuel economy
specified as MPG instead of gpm or CO, emissions) upwards, the agencies progressively moved
the right cutpoint for the light truck curves with successive model years, reaching the final
endpoint for MY 2021, as shown in Figure 4-1, above. These decisions for the 2012 final rule are
defended further in the supporting 2012 Technical Support Document (TSD), where other
considered curves are also presented.'®

4.4 How did the agencies reconsider the curves for the final MY's 2022-2025
standards?

4.4.1 Why is it important to reconsider the footprint curve shape?

By shifting the developed curves by a single factor, as described above, it isassumed that the
underlying relationship of fuel consumption (in gallons per mile) to vehicle footprint does not
change significantly from the model year data used to fit the curves to the range of model years
for which the shifted curve shape is applied to develop the standards. However, the relationship
between vehicle footprint and fuel economy is not necessarily constant over time; newly
developed technologies, and changes in consumer demand could influence the observed

% The MYs 2012-2016 final standards were signed April 1, 2010 — putting 6.5 years between its signing and the
last affected model year, and the MY's 2017-2021 final standards were signed August 28th, 2012 — giving just over
9 years between its signing and the last affected final standards. NHTSA also proposed standards MY 2022-2025
with the understanding that they would be revisited concurrent with EPA’s mid-term evaluation so changes could be
made if the proposed standards were no longer deemed appropriate. The next section fulfills the commitment to
consider new mathematical functions for MY 2022-2025.

1% EpA and NHTSA, Joint Technical Support Document for Final Rulemaking for 2017-2025 Light-Duty Vehicle
Greenhouse Gas Emission Standards and Corporate

Average Fuel Economy Standards, EPA-420-R-12-901, 2012, Chapter 2.
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relationships between the two vehicles characteristics. For example, if certain technologies are
more effective or more marketable for certain types of vehicles, their application may not be
uniform over the range of vehicle footprints. Further, if market demand has shifted between
vehicle types, so that certain vehicles make up a larger share of the fleet, any underlying
technological or market restrictions which inform the average shape of the curves could change.
That is, changes in the technology or market restrictions themselves, or a mere re-weighting of
different vehicles types could reshape the fit curves.

For the above reasons, the curve shapes were reconsidered using the newest available data, from
MY 2016. With a view toward corroboration through different techniques, a range of descriptive
statistical analyses that do not require underlying engineering models of how fuel economy and
footprint might be expected to be related were conducted. Also a separate analysis that uses
vehicle simulation results as the basis to estimate the relationship from a perspective more
explicitly informed by engineering theory was conducted. Despite changes in the new vehicle
fleet both in terms of technologies applied and in market demand, the underlying statistical
relationship between footprint and fuel economy has not changed significantly since the MY
2008 fleet used for the 2012 final rule, and therefore it is proposed to continue to use the curve
shapes fit in 2012. The analysis and reasoning supporting this decision are as follows.

4.4.2 What statistical analyses did the agencies consider?

In assessing how to address the various policy concerns discussed above, the analysis considered
data from the MY 2016 fleet and performed a number of descriptive statistical analyses (i.e.,
involving observed fuel economy levels and footprints) using various statistical methods,
weighting schemes, and adjustments to the data to make the fleets less technologically
heterogeneous. There were several adjustments to the data that were common to all of the
statistical analyses considered.

With a view toward isolating the relationship between fuel economy and footprint, the few
diesels in the fleet, as well as the limited number of vehicles with partial or full electric
propulsion were excluded. When the fleet is normalized so that technology is more
homogenous, application of these technologies is not allowed. This is consistent with the
methodology used in the 2012 final rule.

The above adjustments were applied to all statistical analyses the agencies considered, regardless
of the specifics of each of the methods, weights, and technology level of the data, used to view
the relationship of vehicle footprint and fuel economy. Table 4-1, below, summarizes the
different assumptions we considered and the key attributes of each. The analysis was performed
considering all possible combinations of these assumptions, producing a total of eight footprint
curves.
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Table 4-1 - Summary of Assumptions Considered in the Statistical Analysis of the Current
Footprint-FE Relationship

Varying Regression Type Regression Weights Technology Level
Assumptions
Alternatives OoLS MAD Production- Model- Current Max.
Considered weighted weighted Technology Technology
Details Ordinary Least Minimum Points Equal weight for Current MY Maximum tech.
Squares Absolute weighted by each model; 2016 tech., applied,
Regression Deviation production collapses points excluding - excluding -
Regression volumes of with similar - HEV, PHEV, HEV, PHEV,
each model. footprint, FE, and BEV, and BEV, and FCV.
curb weight.'%! FCV.
Key Describes the Describes Tends Tends towards Describes Captures
Attributes average the median towards the space of the current relationship
relationship relationship higher- joint distribution market, with
between between volume of footprint and including homogenous
footprint and footprint models; may FE with the most demand technology
fuel economy; and fuel systematically | models; gives factors; may application; may
outliers can economy; disadvantage low-volume miss changes miss varying
skew results. does not manufacturers | models equal in curve shape | demand
give who produce weight. due to considerations
outliers as fewer advanced for different
much vehicles. technology segments.
weight. application.

4.4.2.1 Current Technology Level Curves

In this next section the analysis compares the “current technology” level curves built using both
regression types and both regression weight methodologies from the MY 2008, MY 2010, and
MY 2016 fleets. The current technology level curves exclude HEV, PHEV, BEV, and FCV
vehicles, and adjust diesel vehicle fuel economy values as discussed above, but make no other
changes to each model year fleet. Comparing the MY 2016 curves to ones built under the same
methodology from previous model year fleets, allows us to discern whether the observed curve

shape has changed significantly over time as standards have become more stringent. Importantly,
these curves will include any market forces which make technology application variable over the
distribution of footprint. These market forces will not be present in the “maximum technology”
level curves; by making technology levels homogenous, we remove this variation.Figure 4-5 and
Figure 4-6 show the slope of the production-weighted regressions using an ordinary least squares
(OLS) and minimum absolute deviation (MAD) regressions, respectively, for the MY 2008, MY
2010, and MY 2016 light truck fleets. The size of the points varies with the production of that
vehicle model. Both production-weighted regressions suggest that the slope of the curves have
gotten progressively steeper for light trucks over time. Notice the increase in the production of

101 \We assume models from the same manufacturer where the footprint is within 0.1 square feet, fuel consumption is
within 3% and curb weights are within 1000 pounds are variants of the same model. We collapse the fuel
consumption and footprint values to be the production-weighted average of all models that meet this criterion. This
ensures that manufacturers who have many models which vary slightly by footprint and/or fuel economy do not
have these models counted multiple times in the model-weighted regressions.
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smaller, more efficient vehicles on the light truck curve for MY 2016 relative to MY’s 2010 or

2008. Recent trends in vehicle sales include higher sales of crossover vehicles, likely driving this
result.
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Figure 4-5 - Light Truck Curves Fit with a Sales-weighted OLS Regression from the Full
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Figure 4-6 - Light Truck Curves Fit with a Sales-weighted MAD Regression from the Full
Dataset
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While a change in consumer demand has shifted the fitted lines for light trucks so that they have
a steeper slope, when considering regressions where each unique model is weighted equally the
slope has not noticeably changed because it was built from the MY 2010 fleet, see Figure 4-7
and Figure 4-8. This suggests that the slope of the linear relationship of the average and median
achieved fuel economy of a model to its footprint has not significantly changed—manufacturers
appear to have applied technologies evenly across the fleet, and the change in the production-
weighted slopes are largely due to changes in fleet mix across the joint distribution of footprint
and fuel economy.
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Figure 4-8 - Light Truck Curves Fit with an Unweighted MAD Regression from the
Collapsed Dataset

The production-weighted passenger car curves suggest that the average relationship between fuel
economy and footprint (represented by the OLS regression in Figure 4-9) has become shallower
over time, and that the median relationship between fuel economy and footprint (represented by
the MAD regression in Figure 4-10) has become steeper over time. This suggests that there is no
obvious directional change in the production-weighted slope.
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Figure 4-9 - Passenger Car Curves Fit with a Sales-weighted OLS Regression from the Full
Dataset
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Figure 4-10 - Passenger Car Curves Fit with a Sales-weighted MAD Regression from the
Full Dataset

The model-weighted regressions suggest that the average relationship between footprint and fuel
economy for passenger cars has become slightly shallower over time (as shown in Figure 4-11),
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and that the median relationship between footprint and fuel economy has become very slightly
steeper over time (as shown in Figure 4-12). The small changes in the slopes of the model-
weighted regressions suggest that technology application has been largely uniform over the fleet.
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Figure 4-11 - Passenger Car Curves Fit with an Unweighted OLS Regression from the
Collapsed Dataset
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Figure 4-12 - Passenger Car Curves Fit with an Unweighted MAD Regression from the
Collapsed Dataset

4.4.2.2 Maximum Technology Level Curves

Technology differences between vehicle models to be a significant factor producing uncertainty
regarding the relationship between fuel consumption and footprint were considered. Noting that
attribute-based standards are intended to encourage the application of additional technology to
improve fuel efficiency and reduce CO, emissions across the distribution of footprint in the fleet,
the analysis considered approaches in which technology application is simulated for purposes of
curve fitting in order to produce fleets that are less varied in technology content. This approach
helps to reduce “noise” (i.e., dispersion) in the plot of vehicle footprints and fuel consumption
levels and to identify a more technology-neutral relationship between footprint and fuel
consumption.

Figure 4-13 and Figure 4-14, below, show the production-weighted light truck curves built from
the MY 2016 fleet using either regression type are slightly shallower than the MY 2021 standard
finalized in the MY 2017-2021 final rule when maximum technology is applied to the fleet. This
suggests that the shape of the sales-weighted relationship between footprint and fuel economy
for a homogenous technology fleet has changed slightly since the curves were developed from
the MY 2008 and MY 2010 fleets.
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Figure 4-15 and Figure 4-16, below, show the model-weighted relationship between footprint
and fuel economy using an OLS and MAD regression, respectively, for light trucks. Both
regression types suggest that the relationship of footprint to fuel economy is shallower for light
trucks than it was in the 2017-2021 final rule.
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Figure 4-15 - Light Truck Curves Fit with an Unweighted OLS Regression from the
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Figure 4-16 - Light Truck Curves Fit with an Unweighted MAD Regression from the
Collapsed Dataset

Figure 4-17 and Figure 4-18, below, shows the production-weighted curves for passenger cars
when maximum technology is applied to make the technology level of the fleet more
homogenous. Both production-weighted curves suggest that the production-weighted
relationship of footprint to fuel economy has become steeper over time. Reasons for this change
are discussed further below.
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Figure 4-17 - Passenger Car Curves Fit with a Sales-weighted OLS Regression from the
Full Dataset
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Figure 4-19 and Figure 4-20 show the model-weighted passenger car curves when maximum
technology is applied. Under both regression types, the passenger car curve appears to have
become steeper over time.
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The statistical methods used above show how the average and median model-weighted and
production-weighted relationship of footprint to fuel consumption change for different model
year fleets. When technology application is not homogenize there is no consistent trend in the
change in the slope of the relationship over time. However, when technology is homogenized, it
appears that the relationship for passenger cars is steeper than the MY 2021 passenger car curve
finalized in the 2017-2021 final rule, and the light truck relationship for the MY 2016 fleet is
shallower than the MY 2021 light truck curve finalized in the 2017-2021 final rule.

The cause of the change in slopes for passenger cars and light trucks is likely due to the increase
of crossovers and SUVs which can be classified as either passenger cars or light trucks
depending on the specific attributes of the vehicle. Consumers expect these vehicles to fulfill a
variety of utilities, and in this way they have some of the characteristics of passenger cars and
some of the characteristics of light trucks. This makes them tend to perform poorer on passenger
car curves and better on light truck curves (given the same technology application), creating an
incentive for OEMs to make more crossovers and SUVs fall on the less stringent light truck
curves. The shallower is either curve, while maintaining the same industry level requirement, the
larger is the incentive to make crossover and SUVs fall on the light truck curve. Given this
potential to game the standards, the agencies have opted not to make the light truck curves
shallower to follow the change in the statistical relationship when technology is homogenized.

Making the passenger car steeper and holding the industry standard constant would require that
the smallest vehicles face a more stringent standard. There are several reasons this may produce
adverse policy effects. First, the smallest vehicles already face the most stringent standards and
there are real limits on the ability of vehicles to meet more stringent targets, particularly as
standards continue to increase. Second, smaller vehicles tend to be less expensive. Increasing the
burden on the smallest vehicles may mean that more consumers are priced out of the market, or
that manufacturers stop production on some of their smaller models altogether, affecting
consumer choice. Given these concerns, and the fact that curve shapes have not changed
consistently or significantly when technology levels are not homogenized (this method captures
any current market limitation to applying technology along the distribution of footprint in either
passenger car or the light truck fleet), the passenger car curves have not been made steeper.

4.4.3 What Other Methodologies did the Agencies Consider?

As noted in the 2012 final rule, numerous manufacturers have confidentially shared what they
described as “physics-based” curves, with each OEM showing significantly different shapes for
the footprint-fuel economy relationships. This variation suggests either that manufacturers face
different curves given the other attributes of the vehicles in their fleets (i.e. performance
characteristics) and/or that their curves reflected different levels of technology application. In
reconsidering the shapes of the proposed MY's 2022-2026 standards, the analysis takes pains to
develop a similar estimation of physics-based curves leveraging third party simulation work form
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Argonne National Laboratories (ANL). Developing estimations of physics-based curve ensures
that technology and performance are held constant for all footprints.

Tractive energy is the amount of energy it will take to move a vehicle. Here tractive energy
effectiveness is defined as the share of the energy content of fuel consumed which is converted
into mechanical energy, and used to move a vehicle—for ICE vehicles this will vary with the
relative efficiency of specific engines. Data from ANL simulations suggest that the limits of
tractive energy effectiveness are approximately 25% for vehicles with internal combustion
engines which do not possess ISG, other hybrid, plug-in, pure electric, or fuel cell technology.

Volpe developed a tractive energy prediction model; given a vehicle’s mass, frontal area,
aerodynamic drag coefficient, and rolling resistance as inputs, the model will predict the amount
of tractive energy required for the vehicle to complete the federal test cycle. This model was

used to predict the tractive energy required for the average vehicle of a given footprint'*? and
“body technology package” to complete the cycle. The body technology packages considered are
defined in Table 4-2, below. Using the absolute tractive energy predicted and tractive energy
effectiveness values spanning possible ICE engines, NHTSA then estimated fuel economy values
for different body technology packages and engine tractive energy effectiveness values.

Table 4-2 - Summary of Body Technology Packages
Considered for Tractive Energy Analysis

Body Tech. Mass Aerodynamics Roll.
Package Reduction Level Resistance
Level Level
1 0% 0% 0%
2 0% 10% 10%
3 10% 10% 10%
4 10% 15% 20%
5 15% 20% 20%

Figure 4-21 through Figure 4-24 show the resultant CAFE levels estimated for the vehicle
classes ANL simulates for Volpe and NHTSA at different footprint values and by vehicle “box.”
Pickups are considered 1-box, hatchbacks and minivans are 2-box, and sedans are 3-box. These
estimates are compared with the MY 2021 standards finalized in the 2012 FRM. Figure 4-21,
below, shows the CAFE for moderate body packages using an advanced ICE engine. As can be
seen, few vehicles with body technology package 2 with an advanced technology package meet
the MY 2021 passenger car standard finalized in 2012, and the majority of 2-box and nearly all
1-box vehicles — the majority of vehicles on the light truck curve — do not meet the MY 2021

192 The mass reduction curves used elsewhere in this analysis were used to predict the mass of a vehicle with a given
footprint, body style box, and mass reduction level. The ‘Body style Box’ is 1 for hatchbacks and minivans, 2 for
pickups, and 3 for sedans — it is an important predictor of aerodynamic drag. Mass is an essential input in the
tractive energy calculation.
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light truck standard finalized in 2012. Technology package 3 with an advanced ICE engine
performs better.
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Figure 4-21 - Estimated CAFE for Moderate Body Technology Packages, Advanced ICE
Engine

Figure 4-22 shows advanced body packages with advanced ICE engines. With technology
package 4 the MY 2021 standards finalized in 2012 look achievable, and nearly all vehicles meet
the standards with technology package 5. It is important to note that the advanced body style
packages may not be feasible for vehicles of all types, particularly for pickups which have a
body style with inherent limits on aerodynamic efficiency improvements. Further, the ANL
simulations do not simulate the full range of vehicle performance characteristics, but instead a
performance and non-performance version of each vehicle body style.
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Figure 4-22 - Estimated CAFE for Advanced Body Technology Packages, Advanced ICE
Engine

Figure 4-23 shows the predicted CAFE for moderate body technology packages and a ‘best-in-
class’ ICE engine. Both appear to meet the MY 2021 standards finalized in 2012. However, it
may not be possible for every manufacturer to use the most efficient ICE technologies where
there are intellectual property rights. Again, as stated above, the ANL simulations may not fully
capture the range of vehicle performance.
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Figure 4-23 - Estimated CAFE for Moderate Body Technology Packages
with ‘Best-in-Class’ ICE Engine
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Figure 4-24, below, shows advanced body technology packages with a ‘best-in-class’ ICE
engine. Most ANL simulated vehicles exceed the MY 2021 standards finalized in 2012.
However, the same caveats listed above also apply here. Not all vehicle body styles can achieve
the body-level improvements of technology packages 4 and 5; not all vehicles/manufacturers
may be able to use the most advanced ICE engines; and the full range of performance values are
not represented in the ANL simulations.
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Figure 4-24 - Estimated CAFE for Advanced Body Technology Packages,
‘Best-in-Class’ ICE Engine
Given the caveats of the analysis above, it should not be taken as any evidence about the
appropriateness of the level of the previous MY 2021 standards. However, notice that the
general trend of the simulated data points follows the pattern of the previous MY 2021 standards
for all technology packages and tractive energy effectiveness values presented here. For
brevity’s sake, all technology packages were not included, nor tractive energy effectiveness
values analyzed. It should be noted that the values not presented here also tracked the curve
shape of the MY 2021 standards finalized in 2012. The above tractive energy curves are
NHTSA and Volpe’s attempt at validating the curve shapes against a physics-based alternative,
and the presented figures suggest that the curve shape track the physical relationship between
fuel economy and tractive energy for different footprint values.

Note - Physical limitations are not the only forces manufacturers face; they must also produce
vehicles that consumers will purchase. For this reason, in setting future standards, NHTSA
should continue to consider information from statistical analyses which do not homogenize
technology applications in addition to statistical analyses which do and a tractive energy analysis
similar to the one presented above. The analysis of curves built without homogenizing
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technology levels suggests that including current market limitations, the relationship of footprint
to fuel economy has not changed over time in a consistent way across considered methodologies,
nor has it changed by a large magnitude under any single methodology that does homogenize
technology levels. This further supports the decision to keep the curve shapes developed for the
2017-2021 final rule.

4.5 Proposed Standards

4.5.1 Passenger car standards

For passenger cars, NHTSA and EPA are proposing CAFE and CO, standards, respectively, for
MY 2021-2026 as defined by the following coefficients:

Table 4-3 - Characteristics of Preferred Alternative — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 48.74 48.74 48.74 48.74 48.74 48.74
b (mpQg) 36.47 36.47 36.47 36.47 36.47 36.47
c (gpm per s.f.) 0.000460 | 0.000460 | 0.000460 | 0.000460 | 0.000460 | 0.000460
d (gpm) 0.00164 0.00164 0.00164 0.00164 0.00164 0.00164
CO, Targets
a (g/mi) 182 182 182 182 182 182
b (g/mi) 244 244 244 244 244 244
¢ (g/mi per s.f.) 4.09 4.09 4.09 4.09 4.09 4.09
d (g/mi) 14.6 14.6 14.6 14.6 14.6 14.6

Section 11.C of the Preamble accompanying this PRIA discusses how coefficients in Table 4-3
were developed for this proposal. The coefficients result in the footprint-dependent targets
shown graphically below for MY's 2021-2026. The MYs 2017-2020 standards are shown for
comparison.
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Figure 4-26 - Passenger Car CO, Targets'®

While we do not know yet with certainty what CAFE and CO levels will be required of
individual manufacturers, because those levels will depend on the mix of vehicles they produce
for sale in future model years, based on the market forecast of future sales NHTSA and EPA
have used to examine today’s proposed standards, we currently estimate the target functions

193 prior to MY 2021, average achieved CO, levels include adjustments reflecting the use of automotive refrigerants
with reduced global warming potential (GWP) and/or the use of technologies that reduce the refrigerant leaks.
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shown above would result in the following average required fuel economy and CO, emissions
levels for individual manufacturers during MYs 2021-2026.1%

Table 4-4 - Average of OEMs’ CAFE and CO;
Requirements for Passenger Cars

Avg. of OEMs’ Requirements
Model Year CAFE (mpg) CO; (g/mi)
2017 39.1 220
2018 40.5 210
2019 42.0 201
2020 43.7 193
2021 43.7 204
2022 43.7 204
2023 43.7 204
2024 43.7 204
2025 43.7 204
2026 43.7 204

We emphasize again that the values in these tables are estimates and not necessarily the ultimate
levels with which each of these manufacturers will have to comply, for reasons described above.

EPA seeks comments on whether to proceed with the proposal to discontinue accounting for A/C
leakage, methane emissions, and nitrous oxide emissions as part of the CO, emissions standards
to provide for better harmony with the CAFE program and in consideration of a more-realistic
proposed standard, or whether to continue to consider these factors toward compliance and retain
that as a feature that differs between the programs. A/C leakage credits, which are accounted for
in the baseline model, have been extensively generated by manufacturers, and make up a portion
of their compliance with EPA’s CO; standards. In the 2016 Model Year, manufacturers averaged
6 grams per mile equivalent in A/C leakage credits, ranging from 3 grams per mile equivalent for
Hyundai and Kia, to 17 grams per mile equivalent for Jaguar Land Rover.*® As related to
methane (CH,) and nitrous oxide (N,O) emissions, manufacturers averaged 0.1 grams per mile
equivalent in deficits for the 2016 Model Year, with deficits ranging from 0.1 grams per mile
equivalent for GM, Mazda, and Toyota, to 0.6 grams per mile equivalent for Nissan.'*

EPA notes that since the 2010 rulemaking on this subject, the agencies have accounted for the
ability to apply A/C leakage credits by increasing EPA’s CO, standard stringency by the average

104 The estimated averages of CAFE requirements reflect the “standard setting” analysis that sets aside the potential
to apply CAFE credits after MY 2020, and that sets aside the potential to build alternative fuel vehicles beyond
those present in the MY 2016 fleet.

1% Other manufacturers’ A/C leakage credit grams per mile equivalent include: BMW, Honda, Mistubishi, Nissan,
Toyota, and Volkswagen at 5 g/mi; Mercedes at 6 g/mi; Ford, GM, and Volvo at 7 g/mi; and FCA at 14 g/mi.

1% Other manufacturers’ methane and nitrous oxide deficit grams per mile equivalent include BMW at 0.2 g/mi, and
Ford at 0.3 g/mi. FCA and Volkswagen numbers are not reported due to an ongoing investigation and/or corrective
actions.
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anticipated amount of credits when compared to the CAFE stringency requirements.’” For
model years 2021-2025, the A/C leakage offset, or equivalent stringency increase compared to
the CAFE standard, is 13.8 g/mi equivalent for passenger cars and 17.2 g/mi equivalent for light
trucks.'®® For those model years, manufacturers are currently allowed to apply A/C leakage
credits capped at 18.8 g/mi equivalent for passenger cars and 24.4 g/mi equivalent for light
trucks.*®

For methane and nitrous oxide emissions, as part of the MY 2012-2016 rulemaking, EPA
finalized standards to cap emissions of N,O at 0.010 g/mile and CH, at 0.030 g/mile for MY
2012 and later vehicles.'® However, EPA also provided an optional CO»-equivalent approach to
address industry concerns about technological feasibility and leadtime for the CH4 and N,O
standards for MY 2012-2016 vehicles. The CO, equivalent standard option allowed
manufacturers to fold all 2-cycle weighted N,O and CH,4 emissions, on a CO,-equivalent basis,
along with CO,, into their CO, emissions fleet average compliance level.'*! EPA estimated that
on a CO; equivalent basis, folding in all N,O and CH,4 emissions could add up to 3-4 g/mile to a
manufacturer’s overall CO, emissions level because the equivalent standard must be used for the
entire fleet, not just for “problem vehicles.”**? To address this added difficulty, EPA amended
the MY 2012-2016 standards to allow manufacturers to use CO; credits, on a CO,-equivalent
basis, to meet the light-duty N,O and CH,4 standards in those model years. EPA subsequently
extended that same credit provision to MY 2017 and later vehicles. EPA seeks comment on
whether to change existing methane and nitrous oxide standards that were finalized in the 2012
rule. Specifically, EPA seeks information from the public on whether the existing standards are
appropriate, or whether they should be revised to be less stringent or more stringent based on any
updated data.

If the agency moves forward with its proposal to eliminate these factors, EPA would consider
whether it is appropriate to initiate a new rulemaking to regulate these programs independently,
which could include an effective date that would result in no lapse in regulation of A/C leakage
or emissions of nitrous oxide and methane. If the agency decides to retain the A/C leakage and
nitrous oxide and methane emissions provisions for CO, compliance, it would likely re-insert the
current A/C leakage offset and increase the stringency levels for CO, compliance by the offset
amounts described above (i.e., 13.8 g/mi equivalent for passenger cars and 17.2 g/mi equivalent
for light trucks), and retain the current caps. (i.e., 18.8 g/mi equivalent for passenger cars and
24.4 g/mi equivalent for light trucks). The agency will publish an analysis of this alternative
approach in a memo to the docket for this rulemaking. The agency seeks comment on whether

19775 FR 25330, May 7, 2010.

1% 77 FR 62805, Oct. 15, 2012.

19977 FR 62649, Oct. 15, 2012.

1075 FR 25421-24, May 7, 2010.

"1 77 FR 62798, Oct. 15, 2012,

121 the final rule for MYs 2012-2016, EPA acknowledged that advanced diesel or lean-burn gasoline vehicles of
the future may face greater challenges meeting the CH, and N,O standards than the rest of the fleet. [See 75 FR
25422, May 7, 2010].
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the current offsets and caps would continue to be appropriate in such circumstances, or whether
changes are warranted.

4.5.1.1 Minimum domestic passenger car standards

EPCA has long required manufacturers to meet the passenger car CAFE standard with their
domestically-manufactured and imported passenger car fleets — that is, domestic and imported
passenger car fleets must comply separately with the passenger car CAFE standard in each
model year.""* In doing so, they may use whatever flexibilities are available to them under the
CAFE program, such as the application of CAFE credits “carried forward” from prior model
years, transferred from other fleets, or acquired from other manufacturers. On top of this
requirement, EISA expressly requires each manufacturer to meet a minimum flat fuel economy
standard for domestically manufactured passenger cars.*** According to the statute, the
minimum standard shall be the greater of (A) 27.5 miles per gallon; or (B) 92% of the average
fuel economy projected by DOT for the combined domestic and nondomestic passenger
automobile fleets manufactured for sale in the United States by all manufacturers in the model
year, which projection shall be published in the Federal Register when the standard for that
model year is promulgated."™> NHTSA discusses this requirement in more detail in Section V.A
of the Preamble.

The following table lists the proposed minimum domestic passenger car standards (which very
likely will be updated for the final rule as the agency updates its overall analysis and resultant
projection), highlighted as “Preferred (Alternative 3),” and also calculates what those standards
would be under the no action alternative (as issued in 2012, and as updated by today’s analysis)
and under the other alternatives discussed below.

Table 4-5 - Minimum Standards for Domestic Passenger Car Fleets

Alternative 2021 | 2022 | 2023 | 2024 | 2025 | 2026
No Action (2012) 42,7 | 44.7 | 46.8 | 49.0 | 51.3

No Action (updated) 419 | 43.8 | 459 | 48.0 | 50.3 | 50.3
Preferred (Alternative 40.2 |40.2 | 40.2 | 40.2 | 40.2 | 40.2
1)

Alternative 2 40.4 | 406 | 40.8 | 410 |41.2 | 414
Alternative 3 40.4 | 406 | 40.8 | 410 |41.2 | 414
Alternative 4 40.6 | 41.0 | 414 | 418 |422 | 427
Alternative 5 41,9 | 423 |42.7 | 43.1 | 43.6 | 44.0
Alternative 6 41.0 | 418 | 427 | 435 | 44.4 | 453
Alternative 7 41.0 | 418 | 42.7 | 435 | 44.4 | 453
Alternative 8 419 | 42.7 | 43.6 | 445 | 454 | 46.3

113 49 U.S.C. 32904(b).

Y Transferred or traded credits may not be used, pursuant to 49 U.S.C. 32903(g)(4) and (f)(2), to meet the
domestically manufactured passenger automobile minimum standard specified in 49 U.S.C. 32902(b)(4) and in 49
CFR 531.5(d).

11549 U.S.C. 32902(b)(4).
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45.2 Light truck standards

For light trucks, NHTSA and EPA are proposing CAFE and CO, standards, respectively,
for MY's 2021-2026 as defined by the following coefficients:

Table 4-6 - Characteristics of Preferred Alternative — Light Trucks

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 39.11 39.11 39.11 39.11 39.11 39.11
b (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
c (gpm per s.f.) 0.000514 | 0.000514 | 0.000514 | 0.000514 | 0.000514 | 0.000514
d (gpm) 0.00449 [ 0.00449 | 0.00449 | 0.00449 | 0.00449 | 0.00449
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 | 0.00960 | 0.00960 | 0.00960 | 0.00960 | 0.00960
CO, Targets
a (g/mi) 227 227 227 227 227 227
b (g/mi) 352 352 352 352 352 352
¢ (g/mi pers.f) 4,57 4.57 4.57 4.57 4.57 4.57
d (g/mi) 39.9 39.9 39.9 39.9 39.9 39.9
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (g/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 85.3 85.3 85.3 85.3 85.3 85.3

Section 11.C and 111 of the Preamble discusses how coefficients in Table 4-6 were developed for
this proposal. The coefficients result in the footprint-dependent targets shown graphically below
for MYs 2021-2026. The MYs 2017-2020 standards are shown for comparison.
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Figure 4-28 - Light Truck CO, Targets''®

118 prior to MY 2021, average achieved CO, levels include adjustments reflecting the use of automotive refrigerants
with reduced global warming potential (GWP) and/or the use of technologies that reduce the refrigerant leaks.
Because EPA is today proposing separate regulations to address air conditioner leakage, CO, targets and resultant
fleet average requirements for model years 2021 and beyond do not reflect these adjustments.

164



While we do not know yet with certainty what CAFE and CO, levels will ultimately be required
of individual manufacturers because those levels will depend on the mix of vehicles they produce
for sale in future model years, based on the market forecast of future sales NHTSA and EPA
have used to examine today’s proposed standards, we currently estimate the target functions
shown above would result in the following average required fuel economy and CO, emissions
levels for individual manufacturers during MYs 2021-2026.*" 118

Table 4-7 - Average of OEMs’ CAFE and CO; Requirements for Light Trucks

Avg. of OEMs’ Requirements
Model Year | CAFE (mpg) CO, (g/mi)
2017 29.5 294
2018 30.1 284
2019 30.6 277
2020 31.3 271
2021 31.3 284
2022 31.3 284
2023 31.3 284
2024 31.3 284
2025 31.3 284
2026 31.3 284

We emphasize again that the values in these tables are estimates and not necessarily the ultimate
levels with which manufacturers will have to comply for reasons described above.

45.3 Alternative Standards Considered

Agencies typically consider regulatory alternatives in proposals as a way of evaluating
comparative effects of different potential ways of accomplishing their desired goal.**
Alternatives analysis begins with a “no-action” alternative, typically described as what would
occur in the absence of any regulatory action. Today’s proposal includes a no-action alternative,
described below, as well as seven “action alternatives” besides the proposal. The proposal may,
in places, be referred to as the “preferred alternative,” which is NEPA parlance, but NHTSA and
EPA intend “proposal,” “proposed action,” and “preferred alternative” to be used
interchangeably for purposes of this rulemaking.

17 The estimated averages of CAFE requirements reflect the “standard setting” analysis that sets aside the potential

to apply CAFE credits after MY 2020 and that sets aside the potential to build alternative fuel vehicles beyond those
present in the MY 2016 fleet.

118 prior to MY 2021, average achieved CO, levels include adjustments reflecting the use of automotive refrigerants
with reduced global warming potential (GWP) and/or the use of technologies that reduce the refrigerant leaks.
Because EPA is today proposing separate regulations to address air conditioner leakage, CO, targets and resultant
fleet average requirements for model years 2021 and beyond do not reflect these adjustments.

19 As Section V.A of the Preamble explains, NEPA requires agencies to compare the potential environmental
impacts of their proposed actions to those of a reasonable range of alternatives. Executive Orders 12866 and 13563
and OMB Circular A-4 also encourage agencies to evaluate regulatory alternatives in their rulemaking analyses.
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Today’s notice also presents the results of analysis estimating effects under a range of other
regulatory alternatives the agencies are considering. Aside from the no-action alternative,
NHTSA and EPA defined the different regulatory alternatives in terms of percent-increases in
CAFE and CO; stringency from year to year. Under some alternatives, the rate of increase is the
same for both passenger cars and light trucks; under others, the rate of increase differs. Two
alternatives involve a gradual discontinuation of CAFE and average CO; adjustments reflecting
the application of technologies that improve air conditioner efficiency or, in other ways, improve
fuel economy under conditions not represented by long-standing fuel economy test procedures.
For increased harmonization with NHTSA CAFE standards, under Alternatives 1-8, EPA would
regulate tailpipe CO, only. Under the no action alternative, EPA would continue to regulate AC
refrigerant leakage, nitrous oxide, and methane emissions under the CO, standard.*?® Like the
baseline no-action alternative, the alternatives are more stringent than the preferred alternative.

The agencies have examined these alternatives because the agencies intend to continue
considering them as options for the final rule. Comment is sought on the analysis presented here.
Review of comments could lead to the selection of one of the other regulatory alternatives for the
final rule. Table 4-8 shows the different alternatives evaluated in this proposal.

120 For the CAFE program, carbon-based tailpipe emissions (including CO,, CH, and CO) are measured and fuel
economy is calculated using a carbon balance equation. EPA uses carbon-based emissions (CO,, CH4 and CO, the
same as for CAFE) to calculate tailpipe CO, for its standards. In addition, under the no action alternative, EPA adds
CO, equivalent (using Global Warming Potential (GWP) adjustment) for AC refrigerant leakage, and optionally
nitrous oxide and methane emissions. The CAFE program does not include AC refrigerant leakage, nitrous oxide,
and methane emissions because they do not affect fuel economy. Under Alternatives 1-8, standards are completely
aligned for gasoline because compliance is based on tailpipe CO,, CH, and CO for both programs. Diesel and
alternative fuel vehicles would continue to be treated differently between the CAFE and CO, programs.
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Table 4-8 - Regulatory Alternatives Currently under Consideration?

Alternative | Change in stringency A/C efficiency | CO,
and off-cycle Equivalent AC
provisions Refrigerant
Leakage,
Nitrous Oxide
and Methane
Emissions
Included for
Compliance?
Baseline/ MY 2021 standards remain in place; MYs No change Yes, for all
No-Action | 2022-2025 augural CAFE standards are MYs 122
finalized and CO, standards remain
unchanged; MY 2026 standards are set at MY
2025 levels
1 Existing standards through MY 2020, then No change No, beginning
(Proposed) | 0%/year increases for both passenger cars and in MY 2021%3
light trucks, for MY's 2021-2026
2 Existing standards through MY 2020, then No change No, beginning
0.5%/year increases for both passenger cars in MY 2021
and light trucks, for MYs 2021-2026
3 Existing standards through MY 2020, then Phase out these | No, beginning
0.5%/year increases for both passenger cars adjustments in MY 2021
and light trucks, for MYs 2021-2026 over MYs 2022-
2026
4 Existing standards through MY 2020, then No change No, beginning
1%/year increases for passenger cars and in MY 2021
2%lyear increases for light trucks, for MY's
2021-2026
5 Existing standards through MY 2021, then No change No, beginning
1%/year increases for passenger cars and in MY 2021
2%lyear increases for light trucks, for MY's
2022-2026
6 Existing standards through MY 2020, then No change No, beginning
2%l/year increases for passenger cars and in MY 2021
3%/year increases for light trucks, for MYs
2021-2026
7 Existing standards through MY 2020, then Phase out these | No, beginning
2%l/year increases for passenger cars and adjustments in MY 2021
3%/year increases for light trucks, for MYs over MY's 2022-

121 These alternatives would apply to CO,.
122 carbon dioxide equivalent of air conditioning refrigerant leakage, nitrous oxide and methane emissions are
included for compliance with the EPA standards for all MY's under the baseline/no action alternative. Carbon
dioxide equivalent is calculated using the Global Warming Potential (GWP) of each of the emissions.

123 Beginning in MY 2021, the proposal provides that the GWP equivalents of air conditioning refrigerant leakage,
nitrous oxide and methane emissions would no longer be able to be included with the tailpipe CO, for compliance
with tailpipe CO, standards.
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2021-2026 2026
Existing standards through MY 2021, then No change No, beginning
2%l/year increases for passenger cars and in MY 2021

3%/year increases for light trucks, for MY's
2022-2026
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4.6 Definition of alternatives

4.6.1 No-Action Alternative

The No-Action Alternative applies the augural CAFE and final GHG targets announced in 2012
for MYs 2021-2025. For MY 2026, this alternative applies the same targets as for MY 2025.
Carbon dioxide equivalent of air conditioning refrigerant leakage, nitrous oxide, and methane
emissions are included for compliance with the EPA standards for all model years under the
baseline/no action alternative.

Table 4-9 - Characteristics of No-Action Alternative — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 50.83 53.21 55.71 58.32 61.07 61.07
b (mpg) 38.02 39.79 41.64 43,58 45.61 45.61
¢ (gpm per s.f.) 0.000442 | 0.000423 | 0.000404 | 0.000387 | 0.000370 | 0.000370
d (gpm) 0.00155 | 0.00146 | 0.00137 | 0.00129 [0.00121 | 0.00121
CO, Targets
a (g/mi) 157 150 143 137 131 131
b (g/mi) 215 205 196 188 179 179
¢ (g/mi pers.f) 3.84 3.69 3.54 3.40 3.26 3.26
d (g/mi) 0.4 1.1 -1.8 2.5 -3.2 -3.2

Table 4-10 - Characteristics of No-Action Alternative — Light Trucks

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 41.80 43.79 45.89 48.09 50.39 50.39
b (mpg) 25.25 26.29 27.53 28.83 30.19 30.19
c (gpm per s.f.) 0.000482 | 0.000461 | 0.000440 | 0.000421 | 0.000402 | 0.000402
d (gpm) 0.00416 0.00394 0.00373 0.00353 0.00334 0.00334
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 0.00960 0.00960 0.00960 0.00960 0.00960
CO, Targets
a (g/mi) 195 186 176 168 159 159
b (g/mi) 335 321 306 291 277 277
¢ (g/mi per s.f) 4.28 4.09 3.91 3.74 3.58 3.58
d (g/mi) 19.8 17.8 16.0 14.2 12.5 12.5
e (g/mi) 318 318 318 318 318 318
f (g/mi) 342 342 342 342 342 342
g (9/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 75.0 75.0 75.0 75.0 75.0 75.0

4.6.2 Alternative 1 (Proposed)
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Alternative 1 holds the stringency of targets constant and MY 2020 levels through MY 2026.
Beginning in MY 2021, air conditioning refrigerant leakage, nitrous oxide, and methane
emissions are no longer included with the tailpipe CO, for compliance with tailpipe CO,
standards. Section 4.5 defines this alternative in greater detail.

4.6.3 Alternative 2

Alternative 2 increases the stringency of targets annually during MY's 2021-2026 (on a gallon per

mile basis, starting from MY 2020) by 0.5% for passenger cars and 0.5% for light trucks.
Beginning in MY 2021, air conditioning refrigerant leakage, nitrous oxide, and methane
emissions are no longer included with the tailpipe CO2 for compliance with tailpipe CO2

standards.

Table 4-11 - Characteristics of Alternative 2 — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 48.99 49.23 49.48 49.73 49.98 50.23
b (mpg) 36.65 36.84 37.02 37.21 37.39 37.58
¢ (gpm per s.f.) 0.000458 | 0.000456 | 0.000453 | 0.000451 | 0.000449 | 0.000447
d (gpm) 0.00163 | 0.00163 | 0.00162 | 0.00161 | 0.00160 | 0.00159
CO, Targets
a (g/mi) 181 181 180 179 178 177
b (g/mi) 242 241 240 239 238 236
¢ (g/mi per s.f) 4.07 4.05 4.03 4.01 3.99 3.97
d (g/mi) 14.5 14.5 14.4 14.3 14.2 14.2
Table 4-12 - Characteristics of Alternative 2 — Light Trucks
| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 39.31 39.51 39.70 39.90 40.10 40.31
b (mpg) 25.37 25.50 25.63 25.76 25.89 26.02
¢ (gpm per s.f.) 0.000511 | 0.000509 | 0.000506 | 0.000504 | 0.000501 | 0.000499
d (gpm) 0.00447 | 0.00445 | 0.00443 | 0.00440 | 0.00438 | 0.00436
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 | 0.00960 | 0.00960 | 0.00960 | 0.00960 | 0.00960
CO, Targets
a (g/mi) 226 225 224 223 222 220
b (g/mi) 350 348 347 345 343 342
¢ (g/mi per s.f.) 4,55 4,52 4,50 4.48 4.45 4.43
d (g/mi) 39.7 39.5 39.3 39.1 38.9 38.8
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (g/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
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| h (g/mi) | 85.3 | 85.3 | 85.3 | 85.3 | 85.3 | 85.3
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4.6.4 Alternative 3

Alternative 3 phases out A/C and off-cycle adjustments and increases the stringency of targets
annually during MY's 2021-2026 (on a gallon per mile basis, starting from MY 2020) by 0.5%
for passenger cars and 0.5% for light trucks. The cap on adjustments for AC efficiency
improvements declines from 6 grams per mile in MY 2021 to 5, 4, 3, 2, and 0 grams per mile in
MYs 2022, 2023, 2024, 2025, and 2026, respectively. The cap on adjustments for off-cycle
improvements declines from 10 grams per mile in MY 2021 to 8, 6, 4, 2, and 0 grams per mile in
MYs 2022, 2023, 2024, 2025, and 2026, respectively. Beginning in MY 2021, air conditioning

refrigerant leakage, nitrous oxide, and methane emissions are no longer included with the
tailpipe CO, for compliance with tailpipe CO, standards.

Table 4-13 - Characteristics of Alternative 3 — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 48.99 49.23 49.48 49.73 49.98 50.23
b (mpg) 36.65 36.84 37.02 37.21 37.39 37.58
¢ (gpm per s.f) 0.000458 | 0.000456 | 0.000453 | 0.000451 | 0.000449 | 0.000447
d (gpm) 0.00163 0.00163 0.00162 0.00161 0.00160 0.00159
CO, Targets
a (g/mi) 181 181 180 179 178 177
b (g/mi) 242 241 240 239 238 236
¢ (g/mi per s.f.) 4.07 4.05 4.03 4.01 3.99 3.97
d (g/mi) 14.5 145 14.4 14.3 14.2 14.2
Table 4-14 - Characteristics of Alternative 3 — Light Trucks
| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 39.31 39.51 39.70 39.90 40.10 40.31
b (mpg) 25.37 25.50 25.63 25.76 25.89 26.02
¢ (gpm per s.f) 0.000511 | 0.000509 | 0.000506 | 0.000504 | 0.000501 | 0.000499
d (gpm) 0.00447 0.00445 0.00443 0.00440 0.00438 0.00436
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 0.00960 0.00960 0.00960 0.00960 0.00960
CO, Targets
a (g/mi) 226 225 224 223 222 220
b (g/mi) 350 348 347 345 343 342
c (g/mi per s.f.) 4.55 4.52 4.50 4.48 4.45 4.43
d (g/mi) 39.7 39.5 39.3 39.1 38.9 38.8
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (9/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 85.3 85.3 85.3 85.3 85.3 85.3
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4.6.5 Alternative 4

Alternative 4 increases the stringency of targets annually during MY's 2021-2026 (on a gallon per

mile basis, starting from MY 2020) by 1.0% for passenger cars and 2.0% for light trucks.
Beginning in MY 2021, air conditioning refrigerant leakage, nitrous oxide, and methane
emissions are no longer included with the tailpipe CO2 for compliance with tailpipe CO2

standards.

Table 4-15 - Characteristics of Alternative 4 — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 49.23 49.73 50.23 50.74 51.25 51.77
b (mpg) 36.84 37.21 37.58 37.96 38.35 38.73
¢ (gpm per s.f) 0.000456 | 0.000451 | 0.000447 | 0.000442 | 0.000438 | 0.000433
d (gpm) 0.00163 0.00161 0.00159 0.00158 0.00156 0.00155
CO, Targets
a (g/mi) 181 179 177 175 173 172
b (g/mi) 241 239 236 234 232 229
¢ (g/mi per s.f.) 4.05 4.01 3.97 3.93 3.89 3.85
d (g/mi) 14.5 14.3 14.2 14.0 13.9 13.7
Table 4-16 - Characteristics of Alternative 4 — Light Trucks
| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 39.91 40.72 41.56 42.40 43.27 4415
b (mpg) 25.76 26.29 26.82 27.37 27.93 28.50
¢ (gpm per s.f) 0.000504 | 0.000494 | 0.000484 | 0.000474 | 0.000465 | 0.000455
d (gpm) 0.00440 0.00432 0.00423 0.00415 0.00406 0.00398
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 0.00960 0.00960 0.00960 0.00960 0.00960
CO, Targets
a (g/mi) 223 218 214 210 205 201
b (g/mi) 345 338 331 325 318 312
¢ (g/mi per s.f) 4.48 4.39 4.30 4.21 413 4.05
d (g/mi) 39.1 38.4 37.6 36.8 36.1 35.4
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (g/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 85.3 85.3 85.3 85.3 85.3 85.3
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4.6.6 Alternative 5

Alternative 5 increases the stringency of targets annually during MY's 2022-2026 (on a gallon per

mile basis, starting from MY 2021) by 1.0% for passenger cars and 2.0% for light trucks.
Beginning in MY 2021, air conditioning refrigerant leakage, nitrous oxide, and methane

emissions are no longer included with the tailpipe CO, for compliance with tailpipe CO,
standards, and MY 2021 CO, targets are adjusted accordingly.

Table 4-17 - Characteristics of Alternative 5 — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 50.83 51.34 51.86 52.39 52.92 53.45
b (mpg) 38.02 38.40 38.79 39.18 39.58 39.98
¢ (gpm per s.f) 0.000442 | 0.000437 | 0.000433 | 0.000429 | 0.000425 | 0.000420
d (gpm) 0.00155 0.00154 0.00152 0.00151 0.00149 0.00148
CO, Targets
a (g/mi) 175 173 171 170 168 166
b (g/mi) 234 231 229 227 225 222
¢ (g/mi per s.f.) 3.93 3.89 3.85 3.81 3.77 3.73
d (g/mi) 13.8 13.7 135 13.4 13.3 13.1
Table 4-18 - Characteristics of Alternative 5 — Light Trucks
| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 41.80 42.65 43.52 44.41 45.32 46.24
b (mpg) 25.25 25.76 26.29 26.82 27.37 27.93
¢ (gpm per s.f.) 0.000482 | 0.000472 | 0.000463 | 0.000454 | 0.000445 | 0.000436
d (gpm) 0.00416 0.00408 0.00400 0.00392 0.00384 0.00376
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 0.00960 0.00960 0.00960 0.00960 0.00960
CO, Targets
a (g/mi) 213 208 204 200 196 192
b (g/mi) 352 345 338 331 325 318
¢ (g/mi per s.f.) 4.28 4.20 4.11 4.03 3.95 3.87
d (g/mi) 37.0 36.3 35.5 34.8 34.1 33.4
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (g/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 85.3 85.3 85.3 85.3 85.3 85.3
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4.6.7 Alternative 6

Alternative 6 increases the stringency of targets annually during MY's 2021-2026 (on a gallon per

mile basis, starting from MY 2020) by 2.0% for passenger cars and 3.0% for light trucks.
Beginning in MY 2021, air conditioning refrigerant leakage, nitrous oxide, and methane
emissions are no longer included with the tailpipe CO2 for compliance with tailpipe CO2

standards.

Table 4-19 - Characteristics of Alternative 7 — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 49.74 50.75 51.79 52.84 53.92 55.02
b (mpg) 37.21 37.97 38.75 39.54 40.34 41.17
¢ (gpm per s.f) 0.000451 | 0.000442 | 0.000433 | 0.000425 | 0.000416 | 0.000408
d (gpm) 0.00161 0.00158 0.00155 0.00152 0.00149 0.00146
CO, Targets
a (g/mi) 179 175 172 168 165 162
b (g/mi) 239 234 229 225 220 216
¢ (g/mi per s.f.) 4.01 3.93 3.85 3.77 3.70 3.62
d (g/mi) 14.3 14.0 13.7 135 13.2 12.9
Table 4-20 - Characteristics of Alternative 6 — Light Trucks
| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 40.32 41.57 42.85 44.18 45.55 46.95
b (mpg) 26.03 26.83 27.66 28.52 29.40 30.31
¢ (gpm per s.f) 0.000499 | 0.000484 | 0.000469 | 0.000455 | 0.000441 | 0.000428
d (gpm) 0.00436 0.00423 0.00410 0.00398 0.00386 0.00374
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 0.00960 0.00960 0.00960 0.00960 0.00960
CO, Targets
a (g/mi) 220 214 207 201 195 189
b (g/mi) 341 331 321 312 302 293
¢ (g/mi per s.f.) 4.43 4.30 4.17 4.04 3.92 3.80
d (g/mi) 38.7 37.6 36.5 35.4 34.3 33.3
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (g/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 85.3 85.3 85.3 85.3 85.3 85.3
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4.6.8 Alternative 7

Alternative 7 phases out A/C and off-cycle adjustments and increases the stringency of targets
annually during MY's 2021-2026 (on a gallon per mile basis, starting from MY 2020) by 1.0%
for passenger cars and 2.0% for light trucks. The cap on adjustments for AC efficiency
improvements declines from 6 grams per mile in MY 2021 to 5, 4, 3, 2, and 0 grams per mile in
MYs 2022, 2023, 2024, 2025, and 2026, respectively. The cap on adjustments for off-cycle
improvements declines from 10 grams per mile in MY 2021 to 8, 6, 4, 2, and 0 grams per mile in
MYs 2022, 2023, 2024, 2025, and 2026, respectively. Beginning in MY 2021, air conditioning
refrigerant leakage, nitrous oxide, and methane emissions are no longer included with the
tailpipe CO, for compliance with tailpipe CO, standards.

Table 4-21 - Characteristics of Alternative 7 — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 49.74 50.75 51.79 52.84 53.92 55.02
b (mpg) 37.21 37.97 38.75 39.54 40.34 41.17
¢ (gpm per s.f) 0.000451 | 0.000442 | 0.000433 | 0.000425 | 0.000416 | 0.000408
d (gpm) 0.00161 0.00158 0.00155 0.00152 0.00149 0.00146
CO, Targets
a (g/mi) 179 175 172 168 165 162
b (g/mi) 239 234 229 225 220 216
¢ (g/mi per s.f.) 4.01 3.93 3.85 3.77 3.70 3.62
d (g/mi) 14.3 14.0 13.7 135 13.2 12.9
Table 4-22 - Characteristics of Alternative 7 — Light Trucks
| 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Fuel Economy Targets
a (mpg) 40.32 41.57 42.85 44.18 4555 46.95
b (mpg) 26.03 26.83 27.66 28.52 29.40 30.31
¢ (gpm per s.f) 0.000499 | 0.000484 | 0.000469 | 0.000455 | 0.000441 | 0.000428
d (gpm) 0.00436 0.00423 0.00410 0.00398 0.00386 0.00374
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 0.00960 0.00960 0.00960 0.00960 0.00960
CO, Targets
a (g/mi) 220 214 207 201 195 189
b (g/mi) 341 331 321 312 302 293
c (g/mi per s.f.) 4.43 4.30 4.17 4.04 3.92 3.80
d (g/mi) 38.7 37.6 36.5 35.4 343 333
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (9/mi per s.f.) 4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 85.3 85.3 85.3 85.3 85.3 85.3
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4.6.9 Alternative 8

Alternative 8 increases the stringency of targets annually during MY's 2022-2026 (on a gallon per
mile basis, starting from MY 2021) by 2.0% for passenger cars and 3.0% for light trucks.
Beginning in MY 2021, air conditioning refrigerant leakage, nitrous oxide, and methane
emissions are no longer included with the tailpipe CO, for compliance with tailpipe CO,
standards, and MY 2021 CO, targets are adjusted accordingly.

Table 4-23 - Characteristics of Alternative 8 — Passenger Cars

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026

Fuel Economy Targets

a (mpg) 50.83 51.87 52.93 54.01 55.11 56.23

b (mpg) 38.02 38.80 39.59 40.40 41.22 42.06

¢ (gpm per s.f) 0.000442 | 0.000433 | 0.000424 | 0.000416 | 0.000408 | 0.000399

d (gpm) 0.00155 0.00152 0.00149 0.00146 0.00143 0.00141

CO, Targets

a (g/mi) 175 171 168 165 161 158

b (g/mi) 234 229 224 220 216 211

¢ (g/mi per s.f.) 3.93 3.85 3.77 3.70 3.62 3.55

d (g/mi) 13.8 135 13.3 13.0 12.7 12.5

Table 4-24 - Characteristics of Alternative 8 — Light Trucks
| 2021 | | 2022 | 2023 | 2024 | 2025 | 2026

Fuel Economy Targets
a (mpg) 41.80 43.09 44.42 45.80 47.21 48.67
b (mpg) 25.25 26.03 26.83 27.66 28.52 29.40
¢ (gpm per s.f.) 0.000482 0.000468 | 0.000453 | 0.000440 | 0.000427 | 0.000414
d (gpm) 0.00416 0.00404 0.00392 0.00380 0.00369 0.00358
e (mpg) 35.41 35.41 35.41 35.41 35.41 35.41
f (mpg) 25.25 25.25 25.25 25.25 25.25 25.25
g (gpm per s.f.) 0.000455 0.000455 | 0.000455 | 0.000455 | 0.000455 | 0.000455
h (gpm) 0.00960 0.00960 0.00960 0.00960 0.00960 0.00960
CO, Targets
a (g/mi) 213 206 200 194 188 183
b (g/mi) 352 341 331 321 312 302
c (g/mi persf) |4.28 4.15 4.03 3.01 3.79 3.68
d (g/mi) 37.0 35.9 34.8 33.8 32.8 31.8
e (g/mi) 251 251 251 251 251 251
f (g/mi) 352 352 352 352 352 352
g (o/mipersf) |4.04 4.04 4.04 4.04 4.04 4.04
h (g/mi) 85.3 85.3 85.3 85.3 85.3 85.3
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5 Effect of Other Governmental Vehicle Standards On Fuel Economy
5.1 Introduction

The Energy Policy and Conservation Act (EPCA or the Act) requires fuel economy standards for
passenger cars and light trucks be set at the maximum feasible level after considering the
following criteria: (1) technological feasibility, (2) economic practicability, (3) the effect of other
government standards on fuel economy, and (4) the need of the nation to conserve energy. This
chapter discusses effects of other government regulations on model year (MY) 2021-2026
passenger cars and light trucks in terms of added vehicle weight, using MY 2016 as the baseline
(or the model year to be compared with). The analysis includes the cost for offsetting the vehicle
weight increase caused by other government regulations as part of the application of mass
reduction technology. For mass reduction technology, the net amount of mass reduction includes
the mass reduction associated with material substitution and redesign and the increase in mass
associated with meeting requirements imposed by finalized safety regulations and voluntary
National Highway Traffic Safety Administration (NHTSA) and 1IHS guidelines. For other safety
technology, this analysis assumes manufacturers choosing to add those safety features will
remove enough weight from vehicles to offset the added weight of those technologies. This
analysis notes this assumption was made in the analysis for the 2012 final regulatory impact
analysis (FRIA) for the MY 2017 and later CAFE rule.

5.2 The Effect on Weight of Safety Standards and Voluntary Safety Improvements

Safety improvements affect a manufacturer’s ability to improve fuel economy to the extent
technologies that improve fuel economy increase vehicle weight, therefore, reducing fuel
economy. The agency’s estimates of how much weight various safety improvements might add
are based on NHTSA-sponsored cost and weight tear-down studies. The studies are conducted on
vehicles representing an average application of safety technology, so the weight and costs are
representative of average applications.

Regarding safety standards, this analysis has broken down into two parts - First, those NHTSA
final rules with known effective dates between MY 2016 and MY 2026; second, proposed rules or
potential rules that could become effective before MY 2026 but do not currently have effective
dates.

5.2.1 Weight Effects of Required Safety Standards (Final Rules with Known Effective
Dates)

NHTSA has issued two safety standards becoming effective for passenger cars and light trucks
between MY 2016 and MY 2025. This analysis examined the potential effect of these final rules
on the vehicle weight of passenger cars and light trucks using MY 2016 as the baseline. The safety
standards with effective dates are summarized in Table 5-1.
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Table 5-1 - Safety Standards and Effective Dates Using MY 2016 Vehicles as Baseline Fleet

Safety Standard Effective Date
FMVSS No.141, Minimum Sound Requirements for . . . 125
Hybrid and Electric Vehicles, final rule'?* This rule is effective September 1, 2020.
FMVSS No. 111, Rear Visibility This rule became effective June 6, 2016.1%°

5.2.2 FMVSS 141, Minimum Sound Requirements for Hybrid and Electric Vehicles

To reduce the risk of pedestrian crashes, especially for the blind and visually-impaired, and to
satisfy the mandate in the Pedestrian Safety Enhancement Act (PSEA) of 2010, NHTSA issued a
new Federal Motor Vehicle Safety Standard (FMVSS) setting minimum sound requirements for
hybrid and electric vehicles. The new standard requires hybrid and electric passenger cars, light
trucks and vans (LTVs), and low speed vehicles (LSVs) to produce sounds meeting the
requirements of this standard. This final rule applies to electric vehicles (EVs) and to hybrid
vehicles (HVs) capable of propulsion in any forward or reverse gear without the vehicle’s
internal combustion engine (ICE) operating. This standard will help ensure blind, visually
impaired, and other pedestrians are able to detect and recognize nearby hybrid and electric
vehicles, as required by the PSEA.

The addition of wiring and a speaker will add weight to vehicles, which would consequently
increase their lifetime use of fuel. The average weight gain for a light vehicle is estimated to be
1.5 pounds (based upon a similar waterproof speaker used for marine purposes).*?’

5.2.3 FMVSS 111, Rear Visibility

To reduce the risk of backover crashes involving vulnerable populations (including young
children) and to satisfy the mandate of the Cameron Gulbransen Kids Transportation Safety Act
of 2007, NHTSA issued a final rule expanding the required field of view for all passenger cars,

124 Docket No. NHTSA-2016-0125, RIN 2127-AK93.

125 Compliance date - Compliance with FMVSS No. 141 and related regulations, is required for all hybrid and
electric vehicles to which the regulations are applicable beginning September 1, 2020. (The initial compliance date
for newly manufactured vehicles under the 50-percent phase-in as specified in FMVSS No. 141 is delayed by one
year to September 1, 2019.) A 50-percent phase-in must be achieved by September 1, 2019, and the deadline date
for full compliance of all vehicles subject to requirements of the safety standard is September 1, 2020.
https://www.federalregister.gov/documents/2018/02/26/2018-03721/federal-motor-vehicle-safety-standard-no-141-
minimum-sound-requirements-for-hybrid-and-electric

126 Compliance Date - Compliance is required, in accordance with the phase-in schedule, beginning May 1, 2016.
Full compliance is required May 1, 2018. The phase-in - 0% of vehicles manufactured before May 1, 2016;

10% of the vehicles manufactured on or after May 1, 2016, and before May 1, 2017; 40% of vehicles manufactured
on or after May 1, 2017, and before May 1, 2018; and 100% of vehicles manufactured on or after May 1, 2018.
https://www.federalregister.gov/documents/2014/04/07/2014-07469/federal-motor-vehicle-safety-standards-rear-
visibility

127 For the final regulatory analysis (FRIA), see - https://www.regulations.gov/document?D=NHTSA-2016-0125-
0011.
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trucks, multipurpose passenger vehicles, buses, and low speed vehicles with a gross vehicle
weight of less than 10,000 pounds.*?® The agency anticipates the final rule will significantly
reduce backover crashes involving children, persons with disabilities, the elderly, and other
pedestrians, who currently have the highest risk associated with backover crashes. Specifically,
the rule specifies an area behind the vehicle must be visible to the driver when the vehicle is
placed into reverse and other related performance requirements. The agency anticipates, in the
near term, vehicle manufacturers will use rearview video systems and in-vehicle visual displays
to meet requirements.

As part of the rear visibility rulemaking effort, NHTSA performed a teardown study. The
objective of the study was to provide cost estimates for 3 ultrasonic sensor systems and 3 camera
systems.'?® The weight of the ultrasonic sensor systems ranges from 0.8683 Ib. to 1.4803 Ib.; the
weight of the radar systems ranges from 1.3882 Ib. (with camera and display in the mirror) to
7.2209 Ib. (camera and navigational display system).

5.2.4 Weight Effects of Proposed Rules or VVoluntary Safety Improvements Potentially
Affecting MY 2021 and Later Vehicles

NHTSA has proposed 31 motor vehicle-related safety rules during the last 7 years, September 1,
2012, to February 8, 2018. Among the 31 proposed rules, only two proposed rules, V2V
Communications (V2V) and Event Data Recorders (EDR, Part 563), could affect the weight of
MY 2021 and later model year vehicles. For these two proposed rules, only V2V is considered
for the CAFE rulemaking because any weight added to meet the prosed EDR rule would be
insignificant.

FMVSS No. 150 would mandate vehicle-to-vehicle (V2V) communications for new light
vehicles and standardization of the message and format of V2V transmissions. This would create
an information environment where vehicle and device manufacturers could create and implement
applications to improve safety, mobility, and the environment.

The agency estimated V2V requirements would add 3.06 Ibs. to 3.38 Ibs., for each vehicle,*® as
shown in Table 5-2.

128 49 CFR Part 571, Docket No. NHTSA-2010-0162, RIN 2127-AK43, Federal Motor Vehicle Safety, Standards;
Rear Visibility. The final rule became effective June 6, 2014. Compliance Date - Compliance was required, in
accordance with the phase-in schedule, beginning on May 1, 2016. Full compliance is required May 1, 2018.

129 For the FRIA, see - https://www.regulations.gov/document?D=NHTSA-2010-0162-0255.

'3 49 CFR Part 571, Docket No. NHTSA-2016-0126, RIN 2127-AL55.
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5.25

Table 5-2 - Summary of V2V Component Consumer Costs Per Affected Vehicle

Items Weight (lbs.)
One radio system Two radio system
Parts 291 3.23
Installation hardware 0.26 0.26
Total 3.17 3.49

Voluntary measures that could affect weight

There are other voluntary measures some manufacturers identified as potentially increasing
weight substantially. These include:

Voluntary Safety Improvements - On September 12, 2017, NHTSA released Automated
Driving Systems 2.0 - A Vision for Safety (ADS 2.0) and requested public comment.
NHTSA issued ADS 2.0 as the next step on the path forward for the safe testing and
deployment of automated driving systems (ADSs).*! ADS 2.0 provides voluntary
guidance to support the automotive industry and other key stakeholders as they consider
and design best practices for the testing and deployment of ADSs, best practices for
legislatures, as well as a framework for states to develop procedures and considerations
for the safe operation of ADSs on public roadways. However, we note ADS 2.0 is non-
binding guidance that will be revised over time. Nevertheless, we included estimates of
additional weight that might be because of these ADSs to be conservative as to the
potential effects of these ADSs on fuel economy. However, these additional weight
estimates were not included in the passenger car or light duty truck cost curve, or these
weights added to the resulting curb weight after mass reduction in the Autonomie drive
cycle simulations to estimate increase in fuel consumption.

New Car Assessment Program (NCAP) - NHTSA issued a request for comments (RFC) in
December 2015 to seek comments on NHTSA’s proposed plan to advance capabilities
and safety outcomes of NCAP. These have yet to be proposed, so their effect is
unknown.**?

IIHS Testing of a Narrow Frontal Overlap Test - The test is to improve occupant
protections in frontal crashes when the front left corner of a vehicle collides with another
vehicle or an object like a tree or utility pole. NHTSA used the MY 2011 Honda

B Department of Transportation National Highway Traffic Safety Administration, Docket No. NHTSA-2017—
0082, Automated Driving Systems 2.0 - A Vision for Safety; Listening Session.

132 NHTSA’s NCAP provides comparative information on the safety of new vehicles to assist consumers with
vehicle purchasing decisions and encourage motor vehicle manufacturers to make vehicle safety improvements. To
keep pace with advancements in occupant protection and the introduction of advanced technologies, NHTSA has
periodically updated the program. For additional information, see
https://www.federalregister.gov/documents/2015/12/16/2015-31323/new-car-assessment-program.
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Accord™ to estimate the countermeasure mass addition to meet 11HS narrow frontal
overlap test (also known as small overlap test). This study estimated the mass addition of
6.6kg to passenger car vehicles. The cost curves developed for passenger cars and full-size
light duty trucks™* includes the mass addition from the countermeasure to meet the 11HS
narrow frontal overlap test, light-weighting technology applied to the countermeasure and

cost associated with light-weighting.

e Pedestrian Protection - The agency may propose the Global Technical Regulation on
pedestrian protection. Effective dates are undetermined. Potential weight increases for
pedestrian head and leg protection have not yet been identified, but the leg protection part
of the standard has the potential to add weight to the front of the vehicle by changing the
material used on front end to a softer material.

There are several advanced driver assistance systems being developed or implemented, as
partially listed below:

. Forward Collision Warning and Automated Braking,
. Lane Departure Warning, and
. Intelligent Headlamps.

Forward Collision Warning and Automated Braking - As a NHTSA research project, we examined
forward collision warning (FCW) and automated braking (AEB). As part of the effort, the agency
conducted a cost teardown study of a variety of these systems. The cost teardown study shows
these technologies would add less than one pound (0.694Ibs., FCW only) to 0.64 pounds, as shown in
Table 5-3.1%

138 DOT HS 812 237.
13 DOT HS 812 487.
135 Docket no. - NHTSA-2011-0066-0011. www.requlations.gov.
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Table 5-3 - Weight of FCW and Automated Brakes

System Features Weight
Vehicle Camera | Radar | FCw Dynamic Brake Crash Imminent (Ibg)
Support (DBS)** Braking (CIB) '
2012 Chevy
Equinox LTZ Yes No Yes No No 0.694
2010 Ford
Taurus No Yes Yes Yes No 3.598
2010 Lexus ES No Yes Yes yes No 2.610
2010 Audi A6 Yes Yes Yes Yes Yes 4.762
égéo Volvo Yes Yes Yes Yes Yes 6.449

Lane Departure Warning - This is another research project that led to the conclusion lane departure
warning systems could add 0.31 (0.3081) pounds to 3.00 (2.9708) pounds to each vehicle, on
average of 1.22 (1.2226) pounds. It could use the same camera behind the mirror that might be
used for a forward collision warning system, discussed above.**’

Intelligent Headlamps - There are several different types of intelligent headlamps being
developed by vehicle manufactures. In general, these intelligent headlight systems automatically
adjust depending on traffic conditions and environment. Although these technologies would add
a certain amount of weight to the front of a vehicle, weight data is unavailable.

5.3 Summary — Overview of Anticipated Weight Increases

Table 5-4 through Table 5-6 summarizes estimates made by NHTSA regarding the weight added
by the above discussed standards or potential voluntary safety improvements with the MY 2016
baseline, which would have weight effects on MY 2021 and later MY vehicles. NHTSA
estimates weight additions required by final rules will add 2.37-8.72 pounds for light vehicles
(passenger cars and light trucks). Additionally, the proposed FMVSS No. 150 and the ADSs
considered would add 3.17-3.49 pounds and 1.92-7.68 pounds, respectively.

138 |f the driver brakes, but not hard enough to avoid the crash, DBS automatically supplements the driver’s braking
in an effort to avoid the crash. If the driver does not take any action to avoid the crash, CIB automatically applies the
vehicle’s brakes to slow or stop the car, avoiding the crash or reducing its severity. In 2015, 33.4% of all police-
reported crashes involved a rear-end collision with another vehicle as the first harmful event in the crash. NHTSA
believes advanced crash avoidance and mitigation technologies like DIB and CBS systems could help in this area.
NHTSA'’s extensive research on this technology and on relevant performance measures showed a number of AEB
systems available in the marketplace are capable of avoiding or reducing the severity of rear-end crashes in certain
situations.

3" Docket - NHTSA-2011-0066  https://www.regulations.gov/document?D=NHTSA-2011-0066-0033.
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Table 5-4 - Summary Weight Additions Because of Final Rules

Comparing MY 2021 to MY 2016 Baseline fleet

Final Rules by

Passenger Cars

Passenger Cars

Light Trucks

Light Trucks

EMVSS No Added Weight Added Weight Added Weight Added Weight
' (pounds)* (kilograms) (pounds) (kilograms)
FMVSS 141 1.50 0.68 1.50 0.68
FMVSS 111 4.60™ 2.09 4.60 2.09
Final Rules Subtotal 6.1 2.77 6.1 2.77

* The numbers were rounded to two decimal points.

Table 5-5 - Summary Weight Additions Because of Proposed Rules
Comparing MY 2021 to MY 2016 Baseline Fleet

Einal Rules b Passenger Cars Passenger Cars Light Trucks Light Trucks
y Added Weight Added Weight Added Weight Added Weight
FMVSS No. . .
(pounds) (kilograms) (pounds) (kilograms)
FMVSS 150 3.17-3.49 1.44-1.58 3.17-3.49 1.44-1.58

Table 5-6 - Summary Weight Additions Because of Voluntary Safety

Improvements Comparing MY 2021 to MY 2016 Baseline fleet

Passenger Cars Passenger Cars Light Trucks Light Trucks
Technology Added Weight Added Weight Added Weight Added Weight
(pounds) (kilograms) (pounds) (kilograms)
FCW/AEB 0.69-6.45 0.31-2.93 0.69-6.45 0.31-2.93
Lane Departure 1.226 0.55 1.226 0.55
Warning

138 DOT HS 812 354.
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6 Corporate Average Fuel Economy Compliance Simulation Modeling in
Response to Regulatory Alternatives

This analysis made significant use of results produced by the CAFE Compliance and Effects
Model (commonly referred to as the “CAFE model”’), which DOT’s Volpe National
Transportation Systems Center developed specifically to support NHTSA’s CAFE rulemakings,
and has since updated to account for EPA’s regulatory CO, compliance provisions. Further
discussion of the decision to jointly rely on the CAFE model for compliance simulation is
located in Preamble Section I1.A.

The CAFE model is designed to simulate compliance with a given set of CAFE or CO, standards
for each manufacturer that sells vehicles in the United States. The model begins with a
representation of the MY 2016 vehicle model offerings for each manufacturer that includes the
specific engines and transmissions on each model variant, observed sales volumes, and all fuel
economy improvement technology that is already present on those vehicles. From there it adds
technology, in response to the standards being considered, in a way that minimizes the cost of
compliance and reflects many real-world constraints faced by automobile manufacturers. The
model addresses fleet year-by-year compliance, taking into consideration vehicle refresh and
redesign schedules and shared platforms, engines and transmissions among vehicles.

This analysis evaluated a wide array of technologies that manufacturers could use to improve the
fuel economy of new vehicles, in both the near future and the timeframe of this proposed
rulemaking, to meet the fuel economy and CO, standards proposed in this rulemaking. The
analysis evaluated costs for these technologies, and examined how these costs may change over
time. How fuel-saving technologies may be used on many types of vehicles (ranging from small
cars to trucks) was also considered, and how the technologies may perform in improving fuel
economy and CO; in combination with other technologies was considered as well. With cost and
effectiveness estimates for technologies, the analysis forecasts how manufacturers may respond
to potential standards and can estimate the associated costs and benefits related to technology
and equipment changes. This assists the assessment of technological feasibility and is a building
block for the consideration of economic practicability of potential standards.

An updated version of the Autonomie model was also used for this analysis - an improved
version of what NHTSA presented in the 2016 Draft TAR - to assess technology effectiveness of
technologies and combinations of technologies. The Department of Energy’s Argonne National
Laboratory (ANL) developed Autonomie, and the underpinning model assumptions leveraged
research from the DOE’s Vehicle Technologies Office and feedback from the public.

Autonomie is commercially available and widely used; third parties such as suppliers,
automakers, and academic researchers (who publish findings in peer reviewed academic
journals) commonly use the Autonomie simulation software.
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This analysis also uses an updated, peer-reviewed model developed by Argonne National
Laboratory for the Department of Energy to provide an updated estimate for battery costs. The
new battery model estimates future battery costs for hybrids, plug-in hybrids and electric
vehicles, taking into account the different battery design characteristics, and taking into account
the size of the battery for different applications.

The following chapter discusses in detail the approach to compliance simulation modeling for
this proposed rulemaking, including an overview of Autonomie’s full vehicle simulation
modeling to support vehicle simulation modeling with the CAFE model. The chapter also
discusses in detail assumptions related to fuel-economy improving technology cost and
effectiveness.

6.1 Technology Effectiveness based on Full Vehicle Simulation and Modeling

Many of today’s automotive control-system simulation tools are suitable for modeling, but they
provide rather limited support for model building and management. Setting up a simulation
model requires more than writing down state equations** and running them on a computer. With
the introduction of hybrid and electric vehicles the number of components populating a vehicle
has increased considerably, and more components translate into more possible drivetrain
configurations and powertrain control options. Additionally, building hardware is expensive.
Traditional design paradigms in the automotive industry often delay control-system design until
late in the process — in some cases requiring several costly hardware iterations. To reduce costs
and improve time to market, placing greater emphasis on modeling and simulation is imperative.
This becomes truer as time goes on because of the increasing complexity of vehicles and number
of vehicle configurations.

With the large number of possible advanced vehicle architectures as well as time and cost
constraints, it is impossible to manually build every powertrain configuration model. As a result,
portions of the fleet-wide analysis were automated.

Autonomie is a MATLAB®-based software environment and framework for automotive control-
system design, simulation, and analysis.**° The tool is designed for rapid and easy integration of
models with varying levels of detail (low to high fidelity) and abstraction (from subsystems to
systems and entire architectures), as well as processes (e.g., calibration, validation). Developed
by Argonne National Laboratory (ANL) in collaboration with General Motors, Autonomie was
designed to serve as a single tool to meet requirements of automotive engineering throughout the

139 In engineering, a state equation or state-space representation is a mathematical model of a physical system as a
set of input, output, and state variables related by first order differential equations or difference equations.

10 Halbach, S. Sharer, P. Pagerit, P., Folkerts, C. & Rousseau, A. “Model Architecture, Methods, and Interfaces for
Efficient Math-Based design and Simulation of Automotive Control Systems,” SAE 2010-01-0241, SAE World
Congress, Detroit, April, 2010.

186



development process from modeling to control. Autonomie was built to accomplish the
following -

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

e Integrate math-based engineering activities through development, from feasibility studies
to production release;

e Promote re-use and exchange of model’s industry-wide through its modeling architecture
and framework;

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

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

e Link with commercial off-the-shelf software applications, including GT-Power®©,
AMESIm®©, and CarSim®©, for detailed, physically-based models;

e Provide configuration and database management.

By building models automatically, Autonomie allows the quick simulation of a large number of
component technologies and powertrain configurations. Autonomie -

e Simulates subsystems, systems, or entire vehicles;

e Predicts and analyzes fuel efficiency and performance;

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

e Supports system hardware and software requirements;

e Links to optimization algorithms; and

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

Autonomie is used to assess the energy consumption of advanced powertrain technologies.
Autonomie has been validated for several powertrain configurations and vehicle classes using
Argonne’s Advanced Powertrain Research Facility (APRF) vehicle test data.***

With more than 400 pre-defined powertrain configurations, Autonomie is an ideal tool for
analyzing advantages and drawbacks of different options within each family, including

Y1 Kim, N, Jeong, J. Rousseau, A. & Lohse-Busch, H. “Control Analysis and Thermal Model Development of
PHEV,” SAE 2015-01-1157, SAE World Congress, Detroit, April1l5; Kim, N., Rousseau, A. & Lohse-Busch, H.
“Advanced Automatic Transmission Model Validation Using Dynamometer Test Data,” SAE 2014-01-1778, SAE
World Congress, Detroit, Aprl4.; Lee, D. Rousseau, A. & Rask, E. “Development and Validation of the Ford Focus
BEV Vehicle Model,” 2014-01-1809, SAE World Congress, Detroit, Apr14; Kim, N., Kim, N., Rousseau, A., &
Duoba, M. “Validating Volt PHEV Model with Dynamometer Test Data using Autonomie,” SAE 2013-01-1458,
SAE World Congress, Detroit, Aprl3.; Kim, N., Rousseau, A., & Rask, E. “Autonomie Model Validation with Test
Data for 2010 Toyota Prius,” SAE 2012-01-1040, SAE World Congress, Detroit, Aprl2; Karbowski, D., Rousseau,
A, Pagerit, S., & Sharer, P. “Plug-in Vehicle Control Strategy - From Global Optimization to Real Time
Application,” 22th International Electric Vehicle Symposium (EVS22), Yokohama, (October 2006).
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conventional, parallel, series, and power-split Hybrid Electric Vehicles (HEVS). Various
approaches have been used in previous studies to compare options ranging from global
optimization to rule-based control. *?

Autonomie also allows users to evaluate the effect of component sizing on fuel consumption for
different powertrain technologies as well as to define component requirements (e.g., power,
energy) to maximize fuel displacement for a specific application.**® To properly evaluate any
powertrain-configuration or component-sizing influence, the vehicle-level control is critical,
especially for EDVs. Argonne has extensive expertise in developing vehicle-level controls based
on different approaches, from global optimization to instantaneous optimization, rule-based
optimization, and heuristic optimization. ***

The ability to simulate a large number of powertrain configurations, component technologies,
and vehicle-level controls over numerous drive cycles has been used to support many DOE and
manufacturer studies. These studies focused on fuel efficiency, cost-benefit analysis, or
greenhouse gases.'*> Developments performed in simulation can be implemented in hardware to
account for non-modeled parameters, such as emissions and temperature.*°

142 Karbowski, D., Kwon, J., Kim, N., & Rousseau, A. “Instantaneously Optimized Controller for a Multimode
Hybrid Electric Vehicle,” SAE paper 2010-01-0816, SAE World Congress, Detroit, April 2010. 607. Nelson, P.,
Amine, K. Rousseau, A., & Yomoto, H. (EnerDel Corp.), “Advanced lithium-ion batteries for plug-in hybrid-
electric vehicles,” 23rd International Electric Vehicle Symposium (EVS23), Anaheim, CA, (Dec. 2007); Karbowski,
D., Haliburton, C., & Rousseau, A. “Impact of Component Size on Plug-in Hybrid Vehicles Energy Consumption
using Global Optimization,” 23rd International Electric Vehicle Symposium (EVS23), Anaheim, CA, (Dec. 2007).
143 Nelson, P., Amine, K., Rousseau, A., & Yomoto, H. (EnerDel Corp.), “Advanced Lithium-ion Batteries for Plug-
in Hybrid-electric Vehicles,” 23rd International Electric Vehicle Symposium (EVS23), Anaheim, CA, (Dec. 2007);
Karbowski, D., Haliburton, C., & Rousseau, A. “Impact of Component Size on Plug-in Hybrid Vehicles Energy
Consumption using Global Optimization,” 23rd International Electric Vehicle Symposium (EVS23), Anaheim, CA,
(Dec. 2007).

144 Karbowski, D., Kwon, J., Kim, N., & Rousseau, A., “Instantaneously Optimized Controller for a Multimode
Hybrid Electric Vehicle,” SAE paper 2010-01-0816, SAE World Congress, Detroit, April 2010; Sharer, P.,
Rousseau, A., Karbowski, D., & Pagerit, S. “Plug-in Hybrid Electric Vehicle Control Strategy - Comparison
between EV and Charge-Depleting Options,” SAE paper 2008-01-0460, SAE World Congress, Detroit (April 2008);
and Rousseau, A., Shidore, N., Carlson, R., & Karbowski, D. “Impact of Battery Characteristics on PHEV Fuel
Economy,” AABCOS.

15 Delorme et al. 2008, Rousseau, A, Sharer, P, Pagerit, S., & Das, S. “Trade-off between Fuel Economy and Cost
for Advanced Vehicle Configurations,” 20th International Electric VVehicle Symposium (EVS20), Monaco (April
2005); Elgowainy, A., Burnham, A., Wang, M., Molburg, J., & Rousseau, A. “Well-To-Wheels Energy Use and
Greenhouse Gas Emissions of Plug-in Hybrid Electric Vehicles,” SAE 2009-01-1309, SAE World Congress,
Detroit, April 2009.

146 vvijayagopal, R., Kwon, J., Rousseau, A., & Maloney, P. “Maximizing Net Present Value of a Series PHEV by
Optimizing Battery Size and Vehicle Control Parameters,” SAE 2010-01-2310, SAE Convergence Conference,
Detroit (October 2010).
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Autonomie is the primary vehicle simulation tool selected by DOE to support its U.S. DRIVE
Program and Vehicle Technologies Office (VTO). Autonomie has been used for numerous
studies to provide the U.S. government with guidance for future research.™*’

The vehicle models in Autonomie are developed in Matlab/Simulink/Stateflow and are open for
users to view and modify equations or algorithms. Several hundred powertrain configurations
and more than 100 full vehicle models, including controls are available in the tool.

6.2 Autonomie Full Vehicle Simulation for the MY 2021-2026 rulemaking

6.2.1 Overview

In the analysis supporting the 2012 final rule for MY's 2017 and beyond, the agencies applied
technology effectiveness estimates to the DOT’s CAFE model and EPA’s OMEGA using EPA’s
lumped parameter model. To support its analysis, EPA updated its lumped parameter model and
calibrated it with updated vehicle simulation work performed by Ricardo, PLC. As in the MY's
2012-2016 rulemaking, DOT calibrated inputs, including synergy factors, to the CAFE model to
as fully as practical align with estimates produced by EPA’s lumped parameter model.**®

NHTSA structured its analysis in the final rule for MY's 2017 and beyond so that each successive
technology was added to the preceding technology and the fuel consumption reduction
effectiveness values were dependent on and incremental to each of the previous technologies that
have already been applied. In many cases, this means accounting for synergies among
technologies.*® For the 2015 National Academies of Sciences (NAS) study on the cost,
effectiveness, and deployment of fuel economy technologies for light-duty vehicles, the NAS
committee overseeing the study contracted with experts at the University of Michigan’s
Department of Mechanical Engineering (U of M) to use full system simulation modeling to
analyze the effects of technologies and further understand fuel consumption benefits.**® The
committee recognized that as more technologies are added to vehicles that are aimed at reducing
the same type of losses, the possibility of overestimating fuel consumption reduction becomes
greater. Based on U of M’s findings, the NAS committee recommended that both agencies use
full vehicle simulation to improve the analysis method of estimating effectiveness technologies.
The committee acknowledged that developing and executing tens or hundreds of thousands of

17°U.S. Department of Energy Argonne National Laboratory, Autonomie, www.autonomie.net.

148 <2012 Joint TSD - Final Rulemaking for 2017-2025 Light-Duty Vehicle Greenhouse Gas Emission Standards
and Corporate Average Fuel Economy Standards” (August 2012).

19 Two or more technologies applied together might be negatively synergistic, meaning that the sum of their effects
is less than the effect of the individual technologies. Or, they might be positively synergistic, meaning that the sum
of the technologies’ affects are greater than the influence of individual technologies (in this case, contributes more to
reducing fuel consumption).

150 National Research Council. 2015. Cost, Effectiveness, and Deployment of Fuel Economy Technologies for
Light-Duty Vehicles. Washington, DC - The National Academies Press. https://doi.org/10.17226/21744. p. 263.
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constantly changing vehicle packages models in real-time is extremely challenging, but
important for analysis of a heterogeneous fleet.

While initially this approach was not considered practical to implement, the process developed
by Argonne in collaboration with NHTSA and the DOT Volpe Center does exactly that. This
approach offers multiple advantages, including the ability to apply varying levels of technologies
across the vehicle fleet to account for the full range of vehicle attributes and performance
requirements. Today’s analysis uses Autonomie full vehicle simulations to estimate technology
effectiveness values and to assess complex interactions between fuel saving technologies.

The objective of the modeling described in this section is to determine the effectiveness of all
possible combinations of technologies that are available to improve fuel economy, and make that
data available for use as an input to the CAFE model, which identifies pathways manufacturers
could use to comply with potential CAFE and CO, standards. To achieve this objective,
individual vehicles were simulated to represent every combination of vehicle, powertrain, and
component technologies considered for the assessment. The sequential addition of these
technologies to the ten vehicle classes currently considered generates more than 140,000 unique
vehicle combinations. In addition, simulation modeling was conducted to determine the
appropriate amount of engine downsizing needed to maintain overall vehicle performance when
vehicle mass reduction was applied. Running the Autonomie powertrain sizing algorithms
increased the total number of simulation runs to more than one million. The result of this work
is a useful dataset identifying the impacts of combinations of vehicle technologies on energy
consumption that can be referenced as an input to the CAFE model for assessing regulatory
compliance alternatives.

The impact of engine technologies on fuel consumption, torque and other metrics was
characterized using GT-POWER® simulation modeling conducted by IAV Automotive
Engineering, Inc. (IAV). GT-Power is a commercially available engine simulation tool with
detailed cylinder model and combustion analysis. GT-POWER is used to characterize and
provide data on engine metrics including power, torque, airflow, volumetric efficiency, fuel
consumption, turbocharger performance and matching and pumping losses, and other
parameters. ANL used the engine maps resulting from this analysis as inputs for the Autonomie
full vehicle simulation modeling.

For this analysis, vehicle system simulations include:

e 10 vehicle classes
o Standard - Compact, Midsize, Small SUV, Midsize SUV, Pickup
o Performance - Compact, Midsize, Small SUV, Midsize SUV, Pickup
17 engine technologies
11 electrification levels
18 transmission technologies
6 light weighting levels
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e 3rolling resistance levels
e 5 aerodynamic levels

This analysis reflects a number of updates to modeling inputs based on the detailed assessment
of comments received to the Draft TAR and new work. The agencies continue to research new
technologies through vehicle benchmarking, review new studies and data as they become
available, and consider stakeholder comments as they are received.

The process used for this analysis includes the following steps:

Select technology performance and component assumptions;

Build the vehicle models;

Size the reference vehicles to all meet the given technical specifications;

Inherit corresponding vehicles to represent the sized vehicle;

Run each vehicle model on the UDDS and HWFET driving cycles;

Create a database with all the required inputs for the CAFE model; and

Create a post-processing tool to validate the database content and the modeling
results.

NookrwnpE

Distributed computing was used to complete the modeling of more than 1 million combinations
on a timely basis.

The remaining subsections of this chapter describe each step of the analysis method. Further
details on the Autonomie simulation methods can be found in the ANL documentation report;
further details on the CAFE model functionalities are discussed in 6.4.3 of this chapter, and can
also be found in the CAFE model documentation.™2

151

6.2.1.1 Plant Model Overview

Autonomie was designed for full plug-and-play support. Models in the standard format create
building blocks, which are assembled at run time into a simulation model of a vehicle, system, or
subsystem. All parts of the user interface are designed to be flexible to support architectures,
systems, subsystems, and processes not yet envisioned. The software can be molded to individual
uses, so it can grow as requirements increase and technical knowledge expands. This flexibility
also allows for implementation of legacy models, including plant and controls.

6.2.1.2 Internal Combustion Engine Model

All Autonomie engine models use performance maps to predict fuel rate, operating temperature
and, in some cases when maps are available, emissions. The output torque of the engine is

51 Islam S. Ehsan. Moawad, Ayman. Kim, Namdoo. Rousseau, Aymeric. “A Detailed Vehicle Simulation
Process to Support CAFE Standards.” ANL/ESD-18/6. Energy Systems Division, Argonne National Laboratory.
2018 Docket NHTSA 2018-0067

152 Tinsert CAFE Model documentation DOT HS xxx-xxx docket ID].
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computed from the engine controller command, which takes a percentage of the spread between
the maximum engine torque map and the minimum engine torque map. These maps are based
primarily on two sources - test data that are measured from engines running at steady state points
on an engine dynamometer (dyno), or from high fidelity engine models such as GT-POWER®.
These GT-POWER engine maps can incorporate technologies such as gasoline direct injection
(GDI), variable valve lift (VVL), variable valve timing (VVT), camless internal combustion
engine and other engine technologies. In addition to these performance maps, engine models
include a single time constant to represent the transient response of the engine output torque to
the engine command.

However, some engine models use specific logic to represent specific technology or fuels. For
example, Autonomie uses a specific model for spark ignition engine with a turbo charger. The
maps for turbo technologies were developed using GT-POWER. With turbo engines, there is a
‘lag’ in torque delivery due to the operation of the turbo charger. This affects vehicle
performance, as well as the vehicle’s ability to shift during aggressive cycles. Turbo lag has been
modelled for turbo systems based on principles of a first order delay, where the turbo lag kicks in
after the naturally aspirated torque limit of turbo engines has been reached. The model also
accounts for the change in an internal combustion engine’s turbo response with engine speed
(i.e., at higher speeds, the turbo response is faster because of higher exhaust flow rates).

Autonomie also uses a specific engine model for cylinder deactivation, as this model has a more
advanced fuel calculation subsystem, including different maps. Because of noise, vibration, and
harshness (NVH) considerations in production vehicles, cylinder deactivation operation is not
performed during several vehicle operation modes, like vehicle warm-up, lower gear operation,
idle, and low engine speed. To provide a realistic evaluation of benefits of cylinder deactivation
technology, cylinder deactivation is not used under the following vehicle and engine conditions:

e Cylinder deactivation is disabled if the engine is at idle or any speed below 1,000 RPM or
above 3,000 RPM.

e Cylinder deactivation is disabled if the vehicle is in 1st or the 2nd gear.

e Cylinder deactivation is disabled if the engine load is above half the max BMEP of the
engine (and a certain hysteresis is maintained to prevent constant activation and
deactivation).

Typically, cylinder deactivation is not performed during the vehicle warm up phase, i.e. initially
following a cold start. Because simulations considered in this study assume a ‘hot start’, wherein
the engine coolant temperature is steady around 95 degrees Celsius (C), the cold start condition
was not a factor for simulations. The impact of cold engine friction and operation is address

through a cold start adjustment, which is discussed in the Autonomie model documentation.™* In

153 Islam S. Ehsan. Moawad, Ayman. Kim, Namdoo. Rousseau, Aymeric. “A Detailed Vehicle Simulation
Process to Support CAFE Standards.” ANL/ESD-18/6. Energy Systems Division, Argonne National Laboratory.
2018.
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addition, changes in the transmission shifting calibration (like lugging speed limits) and
additional torque converter slippage during cylinder deactivation have also been disregarded.

Autonomie also has a separate engine model for the spark ignition engine with fuel cut off. This
engine model has a specific torque calculation to simulate engine torque loss when the engine
fuel is cut off during deceleration events. In general, engine models in Autonomie are of two
types, throttled engines and un-throttled engines. As shown in the figure below, both types of
models provide motoring torque when fuel is cut to the engine (e.g. fuel cut off during
deceleration). With throttled engines, the motoring torque is a function of throttle position.
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Figure 6-1 - Engine Operating Regions for Throttled Engines
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Figure 6-2 - Engine Operating Region for Un-throttled Engines
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6.2.1.2.1 Component Sizing Algorithm

Components must be properly sized to achieve the greatest improvements in energy consumption
and effectiveness. On this basis, several automated sizing algorithms were developed to assure
all technologies are sized consistently for efficiency while also maintaining vehicle performance,
utility and functionality. Algorithms have been defined depending on the powertrain (e.g.,
conventional, power split, series, electric) and application (e.g., HEV, PHEV).

All algorithms are based on the same concept - the vehicle is built from the bottom up, meaning
each component assumption (e.g., specific power, efficiency) is taken into account to define the
entire set of vehicle attributes (e.g., weight). This process is iterative as the main component
characteristics (e.g., maximum power, vehicle weight) are modified until all vehicle technical
specifications are met. The transmission gear span or ratios are currently not modified to be
optimized with specific engine technologies. On average, the algorithm takes between five and
10 iterations to converge.

6.2.1.2.2 Engine Displacement & Determining the Number of Engine Cylinders

This analysis limited engine displacement and downsizing in full vehicle simulation results to
mimic powertrain portfolio complexity of full line vehicle manufacturers. Analytical and
empirical data were used to develop engine displacement and downsizing assumptions. For each
vehicle class, each engine has eight power values, with four dedicated for conventional vehicles
and four for pre-transmission HEVs. Analytically, the engine power was defined using
performance tests such as acceleration and gradeability, which represent max rate engine power.
Empirically, the analysis defined all number of cylinders as a function of engine displacement
based on the data from light duty vehicle population. Figure 6-3 below shows the distribution of
all possible engine displacement developed for this analysis.
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Figure 6-3 - Engine Displacement vs. Number of Engine Cylinders Relationship

The flowchart below shows the method to calculate the engine displacement and number of
cylinders. Figure 6-4 shows the relationship of number of engine cylinders with respect to
engine displacement from the existing vehicles in the U.S. market. Sizing of the engine is only
dependent on four levels of mass reduction; MRO to MR2 received one power level, while MR3,
MR4, and MR5 each receive one power level. Once these engine power levels are defined, they
are not changed due to change in transmission, aero, or tire technologies.

—

Figure 6-4 -Engine Displacement / Number of Engine Cylinder Relationship

Using the relationship, certain thresholds are created to define the number (and type) of engine
cylinders with respect to engine displacement. The thresholds are defined in table below:

Table 6-1 - Engine Displacement vs. Number of Engine Cylinders Threshold

| (Type and) Number of engine cylinders | Engine displacement (L) |
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4-cylinder inline (14)

1.2
14
1.6
1.8
2.0
2.2

6 cylinder (V6)

2.5
2.7
2.9
3.1
3.3
3.5
3.7

8 cylinder (V8)

4.0
4.5
5.0
5.5
6.0
6.5
7.0

Finally, Figure 6-5 below shows the engine displacement versus number of cylinders from all the
simulation results across the different vehicle classes.
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Figure 6-5 - Engine Displacement vs. Engine # of Cylinders from Simulation Results
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6.2.1.3 Transmission Models

6.2.1.3.1 Automatic Gearbox Model (AT)

The gearbox model allows for torque multiplication and speed division based on the gear number
command from the powertrain controller. As for other models, losses are taken into account
using torque losses to address regenerative conditions. Figure 6-6 shows the main input/output of
the automatic gearbox model in Autonomie.

Gear # command —_— » Information

Torque in, Inertia s Torque out, Inertia

Rotational speed out == # Rotational speedin

Figure 6-6 - Automatic Gearbox Model Input/Output

The drivetrain is considered rigidly attached to the wheels. Because the wheel speed and
acceleration are calculated in the wheel model and propagated backward throughout the rest of
the drivetrain model, the gearbox unit is modeled as a sequence of mechanical torque gains. The
torque and speed are multiplied and divided, respectively, by the current ratio for the selected
gear. Furthermore, torque losses corresponding to the torque/speed operating point are subtracted
from the torque input. Torque losses are defined on the basis of a three-dimensional efficiency
lookup table that has shaft rotational speed, shaft torque, and gear number as inputs.

When a gear is selected, the input inertia is fed to the next component after being reflected to the
output shaft using the square of the gear ratio. When the neutral gear is engaged, the input
gearbox rotational speed is calculated on the basis of the input shaft inertia.

Because this is an automatic gearbox model, it can be shifted in sequence from one gear to
another without having to pass through neutral and without a complete torque interruption at its
output. The torque passing through the transmission during shifting is reduced, but does not go to
zero as it does for a manual gearbox. Also, the torque converter model is separate from the
automatic gearbox model.

6.2.1.3.2 Dual Clutch Transmission (DCT)

Dynamic models of the dual-clutch transmission (DCT) are obtained including the clutch and
gear-train, but no synchronizer dynamics. Figure 6-7 illustrates an example of a DCT system that
can be considered as a combination of two manual transmissions, with one providing odd gears
connected to clutchl, and the other providing even gears connected to clutch2. With alternating
control of the two clutches, the oncoming clutch engages, and the off-going clutch releases to
complete the shift process without torque interruption. Preselecting gears is necessary to realize
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the benefits of the DCT system. The various DCT plant models and controls have been validated
using vehicle test data.
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Figure 6-7 - Dual Clutch Gearbox Model Input/Output

The pre-selection of gears can be implemented by considering operating conditions of the DCT
system. For example, if the first synchronizer is at the first-gear position, and the third through
fifth synchronizers are at the neutral position (as they must be), then the gear ratio between
shaftl and the output shaft is first gear. At the same time, the gear ratio between shaft2 and the
output shaft can be selected in the same manner for the pre-selection mode. To achieve a desired
input-output gear ratio, the corresponding synchronizer and clutch must be applied.

6.2.1.3.3 Continuously Variable Transmission (CVT)

The metal V-belt Continuously Variable Transmission (CVT) model considers hydraulic and
mechanical loss. Hydraulic loss constitutes the majority of the total loss at low vehicle speed,
whereas mechanical loss is the main source of inefficiency at high speed. Operating conditions
of the metal V-belt CVT system can be described by the following parameters.

Generally, with the primary and secondary pulleys, the belt is clamped by forces produced by
hydraulic pressures in cylinders. These two clamping forces, Fp and Fs, counteract each other.
Therefore, when the pulley ratio is constant, there is a balance between Fp and Fs. A ratio change
occurs when balance is lost:

1) Primary clamping force (Fp) or primary pressure (Pp);

2) Secondary clamping force (Fs) or secondary pressure (Ps);
3) Primary revolution speed (wp);

4) Input torque (T\\); and

5) Pulley ratio (i).

The CVT ratio control and clamping force control strategies, including the CVT shift dynamics,
focus in the following:
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e The demanded CVT ratio is determined from the engine best efficient line;
e The secondary pressure is determined for the given input torque and CVT ratio; and
e The primary pressure is controlled to meet the required CVT ratio.

Figure 6-8 shows a block diagram of the model-based ratio control and plant block.
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Figure 6-8 - CVT Model Block Diagram

6.2.1.3.4 Torque Converter

The torque converter is modeled as two separate rigid bodies when the coupling is unlocked and
as one rigid body when the coupling is locked. The downstream portion of the torque converter
unit is treated as being rigidly connected to the drivetrain. Therefore, there is only one degree of
dynamic freedom, and the model has only one integrator. Figure 6-9 shows the main
input/output of the torque converter model.

Lock command + Information

Torque in, Inertia Torque out, Inertia

Rotational speed out - # Rotational speed in

Figure 6-9 - Autonomie Torque Converter Model Input/Output

The effective inertias are propagated downstream until the point where integration takes place.
When the coupling is unlocked, the engine inertia is propagated up to the coupling input, where
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it is used for calculating the rate of change of the input speed of the coupling. When the coupling
is locked, the engine inertia is propagated to the wheels.

The torque converter model is based on a lookup table, which determines the output torque
depending on the lockup command. The upstream acceleration during slip and the downstream
acceleration are taken into account in calculating the output speed.

6.2.1.3.5 Torque Converter and Lock-up Assumptions

A torque converter is a hydrodynamic fluid coupling used to transfer rotating power from a
prime mover, such as an internal combustion engine, to a rotating driven load. It is composed of
an impeller (drive element); a turbine (driven component); and a stator, which assist the torque
converter function. The torque converter is filled with oil and transmits the engine torque by
means of the flowing force of the oil. The device compensates for speed differences between the
engine and the other drivetrain components and is therefore ideally suited for start-up function.

The torque converter is modeled as two separate rigid bodies when the coupling is unlocked and
as one rigid body when the coupling is locked. The downstream portion of the torque converter
unit is treated as being rigidly connected to the drivetrain. Therefore, there is only one degree of
dynamic freedom, and the model has only one integrator. This integrator is reset when the
coupling is locked, which corresponds to the loss of the degree of dynamic freedom. Figure 6-10
shows the efficiency of the torque converter used for the study.

The effective inertias are propagated downstream until the point where actual integration takes
place. When the coupling is unlocked, the engine inertia is propagated up to the coupling input,
where it is used for calculating the rate of change of the input speed of the coupling. When the

coupling is locked, the engine inertia is propagated to the wheels.
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Figure 6-10 - Torque Converter Efficiency Example

Figure 6-10 describes conditions under which the torque converter will be locked. The same
algorithm is used to represent current torque converter lockup logic, as well as future aggressive
lockup logic. The torque converter is used as a start-up device in the first gear, with low slip
(torque ratio of 0.95) at higher speeds, in the first gear. Recent trends in torque converter
technology suggest operation in locked or controlled slip mode, in the 2nd and higher gears. In
general, the torque converter is in controlled slip or mechanically locked based on vehicle speed
and pedal position, for each gear apart from the 1st. To suggest advances in torque converter
technology, it was assumed the torque converter would be in a mechanically locked state for the
2nd and higher gears. This approach was applied to transmissions with 6 or more gears.

Vehicle Speed

If the shifting is not in progress, the torque

Pedal Position Lockup Signal

converter is locked (1) at a specific gear number
Gear Number and (2) pedal position for a given vehicle speed.

Figure 6-11 - Torque Converter Lockup Control Algorithm
6.2.1.4 Electric Machine Models

Electric machine plant models in Autonomie can take in torque or power as the command and
produce a torque output. Operating speed of the motor is determined by components connected
to the motor. In a vehicle, the vehicle speed and gear ratios determine the operating speed of the
motor. The lookup table used in a motor model estimates operational losses over the entire
operating region of the motor. This map is typically derived from the efficiency map provided in
the initialization file. Figure 6-12 shows the main input/output of the electric machine model in
Autonomie.

Command signal INEE)
Voltage inputd
Speed output I

Torqueoutput
Current input

Inertia output

Figure 6-12 - Autonomie Electric Machine Model Input/Output
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Typically, every motor has a continuous operating region, and a transient region where the motor
can operate for a short period of time (peak torque capability of a motor is defined for a specific
duration, e.g. 30 seconds). The maximum torque output gets de-rated to continuous torque levels
when the electric machine temperature increases. The electric machine model in Autonomie has
this general logic built into it. Autonomie provides a logic to scale an existing motor to a
different power rating; the shape of the efficiency map is the same, but the torque axis is scaled
to meet the desired power rating.

6.2.1.5 Energy Storage Models

Autonomie includes several energy storage models depending on the application (i.e. high
power, high energy). The default battery model is a charge reservoir and an equivalent circuit
whose parameters are a function of the remaining charge in the reservoir, also known as the state
of charge (SOC). The equivalent circuit accounts for circuit parameters of the battery pack as if it
were a perfect open circuit voltage source in series with an internal resistance. Another battery
model in Autonomie is the one used for high energy batteries. The equations and schematic of
this type of battery is shown in Figure 6-13. This model uses two time constants to represent the
polarization behavior of the battery pack. This lumped parameter model can represent many
different battery chemistries for internal resistances, capacitances, and open circuit voltage,
which are all maps based on SOC and, in some cases, temperature.
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Figure 6-13 - High Energy Battery Model Schematic

Another important aspect to consider for sizing is the pulse power limits of the battery pack.
There are several different options to represent the maximum power of the battery in Autonomie.
The most basic represents maximum power as a function of SOC. Other models introduce a time
constraint for the maximum power. These battery packs have different power limits for 10
second, 2 second, and continuous power. The Autonomie model accounts for the duration of the
pulse and limits power accordingly. This aspect is not necessarily a feature of the plant, but is
handled by the low-level control and is dependent on the battery chemistry and plant’s
performance characteristics.

6.2.1.6 Chassis Models

The chassis plant model in Autonomie translates the force from wheel to vehicle acceleration and
linear speed. Losses related to moving the vehicle are estimated in this model. Two types of
initialization data can be used for estimating this behavior.

e Coefficients derived from a coast down test data. Losses estimated from these
coefficients will cover both rolling resistance and aerodynamic losses. Dyno set values
for nearly every vehicle are available from EPA.

e Values for coefficient of drag, frontal area, rolling resistance of tires etc.
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Coast down testing is conducted on vehicles, so that modeling method is used for validation
purposes, while values for aerodynamic drag, frontal area and rolling resistance are used for
modeling to predict the impact of combinations of technologies on vehicles that do not currently
exist.

6.2.1.7 Wheel Models

Just as there are two chassis models, there are two wheel models corresponding to the chassis
models. The initialization data for the wheel rolling resistance can be provided by the user in
many ways. Wheel radius can be provided by the user, or this could be computed by Autonomie
from a sidewall label of the tire (e.g. P225/50/R17). The tire losses model uses a constant and a
speed term to represent the losses.

6.2.1.8 Electrical Accessories Model

Most powertrains in Autonomie have two accessory models - mechanical accessories driven by
the engine through a belt and electrical accessories connected to the lower voltage bus.

The main electrical accessory model in Autonomie is a constant power draw. If the vehicle has a
high voltage bus, a step down power conditioner is connected between the high voltage bus and
low voltage bus to supply electrical accessories. When a vehicle contains thermal models, a
current draw is added to represent the electrical power draw of the cooling fans.

Keyon Information
Voltage in Voltage out
Current out Current in

Figure 6-14 - Autonomie Electrical Accessories Model

6.2.1.9 Driver Models

Autonomie uses a look-ahead driver to better approximate the behavior of a real driver. Forward
looking models are especially sensitive to how well the driver follows the trace and how
aggressively the driver does so. Both factors can noticeably affect fuel economy results when
simulating advanced vehicles. For example, a driver who is too aggressive can add additional
engine on events for a hybrid or delay transmission shifts for a conventional engine; both of
these events lower fuel economy. For this reason, Autonomie employs a look-ahead driver,
which at its core, is a Pl controller with a feedforward part that uses time advanced copies of the
trace to replicate the ability of a human driver to look a few seconds ahead on the driver’s aid to
anticipate accelerations and decelerations. The result is a smoothing of the pedal demand from
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the driver, which leads to a more representative fuel economy. The added complexity yields
several additional dimensions of tuning to the model because relative weightings of the time
advanced copies have to be optimized.

The driver model also uses an additional layer of logic to manage the accelerator pedal demand,
specifically, during shift events when the engine is disconnected from the wheels. On a manual
transmission, during the shift through neutral, the driver must be capable of expecting a decrease
in vehicle speed and not aggressively stomp on the accelerator pedal in an attempt to compensate
for the decrease in vehicle speed.

Look-ahead model

+ Accelerator pedal

Actual vehicle speed

Reference vehicle speed Brake pedal

Torque demand

Figure 6-15 - Autonomie Driver Model

6.2.1.10 Environment Models

The environment model in Autonomie outputs relative information about the operating
environment of a vehicle during a simulation such as ambient temperature, ambient pressure,
relative humidity, air density, and grade. There are two versions of the environment model in
Autonomie, one for which the grade is a function of time, such as would be encountered on a
chassis dynamometer test, which follows a preset grade schedule, and the other for which the
grade is a function of distance as when following a mapped route.

6.2.1.11 Control Overview

All the vehicle-level control algorithms used in the study were developed based on vehicle test
data collected at Argonne’s Advanced Powertrain Research Facility D3 database, lists some of
the vehicles tested.™ It is important to note that while the logic for the vehicle-level control
algorithms were developed based on test data, only the logic has been used for the present study
because the calibration parameters have been adapted for each vehicle to ensure energy
consumption minimization with acceptable drive quality (i.e., number of engine on/off
conditions, and shifting events).

>4 Downloadable Dynamometer Databse. https://www.anl.gov/energy-systems/group/downloadable-dynamometer-
database
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6.2.1.12 Shift busyness - Total number of shifting events

The total number of shifting events (up-shift and down-shift) and the frequency of shift events
can impact drive quality and consumer satisfaction. Acceptance criteria were established based
on measuring the number of shifts observed on production vehicles. All of the modeling runs
were compared to those criteria to assure the number of shifts did not exceed the criteria and thus
the modeling reflects maintaining drive quality and consumer satisfaction.

6.2.1.12.1 Automatic Transmission Shifting

Figure 6-16 shows the total number of shifting events that occurred in the simulation modeling
for each of the automatic transmission configurations that were modeled for the following
vehicle configuration. The values reflect the combined total number of shifts over the UDDS.

e Vehicle class - Midsize
e Performance category - Non-performance
e Engine - Engine 01
e Mass Reduction - MR Level 0 (MRO)
e Aerodynamic Reduction - AERO Level 0 (AEROOQ)
e Rolling resistance reduction - ROLL Level 0 (ROLLO)
Transmission Type / Transmission Max Gear Number Mass Reduction Step
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Figure 6-16 - Total number of shifting events for automatic transmissions
6.2.1.12.2 Manual Transmission Shifting

Figure 6-17 shows the total number of shifting events for each of the manual transmission (DM)
configurations that were modeled.

206



Transmission Type / Transmission Max Gear Number Mass Reduction Step

= MRO
DM # MR1
o MR2
126 # MR3
124 124.00 B MR4
MRS
- 122
f=4
120
:
2 18
=
£ 116
S
y 114
2
E 112
=
< 110
—
108
- 106,00
104
5 G

Figure 6-17 - Total Number of shifting events for manual (DM) transmissions

6.2.1.12.3 DCT Transmission Shifting

Figure 6-18 shows the total number of shifting events for each of the DCT transmission
configurations that were modeled.

Transmission Type [/ Transmission Max Gear Number Mass Reduction Step
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Figure 6-18 - Total Number of shifting events for dual clutch transmissions
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6.2.1.13 Fuel Cut-off Algorithm

Engine fuel cut-off control algorithms used in the study were developed on the basis of vehicle
test data collected at Argonne’s Advanced Powertrain Research Facility. The fuel cut-off
controller was implemented for gasoline and diesel engines through analysis as shown in Figure
6-19. In Autonomie, engine control and plant blocks are organized for idle fuel rate and fuel off
conditions. Engine fuel is cut off under the following conditions:

e Vehicle is actively braking, for a certain minimum time.
e Engine speed is above a minimum threshold (e.g. 1000 RPM).

&0 ~ a5 45
] —Drive_Trace_Schedule[MPH)
50 M Fuel flow { “ '_‘40
l —Engine speed /100 35 g 35
Pa i . 1 d
0 ‘ Pedal Position *10 [V] 0 E?)o
| ==—throttle pasition (angle) —
" % 9%
20 32
L)
20 15 [ 15
|\ 10 310
10 e
0 Vi 0
2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 35005 0 500 1000 1500 2000 2500 3000 3500
-10 10 Engine speed [RPM]

Figure 6-19 - Engine Fuel Cut-off Analysis Based on Test Data (data source APRF)
6.2.1.14 Vehicle-Level Control for Electrified Powertrains

Achieving fuel savings with a hybrid architecture depends on the vehicle performance
requirements and the type of powertrain selected, as well as the component sizes and technology,
the vehicle control strategy, and the driving cycle. The overall vehicle-level control strategy is
critical to minimize energy consumption while maintaining acceptable drive quality. During
small accelerations, only the energy storage power is used (EV mode) and during braking, some
of the energy is absorbed and stored. The engine does not start to operate during low power
demands, owing to its poor efficiency compared to the electrical system. The engine is only used
during medium and high power demands, where its efficiency is higher.

While different vehicle-level control strategy approaches have been studied for electric drive
vehicles (e.g., rule-based, dynamic programming, instantaneous optimization), the vast majority
of current and future electric drive vehicles are using, and are expected to use, rule-based control
strategies. The vehicle-level control strategies logics used in the analysis are described below.

It is important to note that while the control algorithms have been developed based on extensive
vehicle test data, the calibration parameters used for the Autonomie modeling were adapted to
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the component technologies and performance characteristics (i.e., power, energy, and efficiency)
of each individual vehicle modeled.

6.2.1.14.1 Micro and Mild HEV

The vehicle-level control strategies of the micro- and mild (i.e., BISG and CISG) HEVs are
similar in many aspects due to the low peak power and energy available from the energy storage
system.

For the micro HEV case, the engine is turned off as soon as the vehicle is fully stopped and
restarted as soon as the brake pedal is released. No regenerative braking is considered.

For the mild HEV cases, the engine is turned off as soon as the vehicle is fully stopped.
However, because some regenerative braking energy is recovered, the vehicle is propelled by the
electric machine during vehicle launch, allowing the engine to be restarted later. The electric
machine also provides some limited assist during propelling to improve engine efficiency.

6.2.1.14.2 Single-mode Power-Split HEV

As shown in Figure 6-20, power split hybrids combine many components to create an extremely
efficient system. The most common configuration, called an input split, is composed of a power
split device (planetary gear transmission), two electric machines and an engine. Within this
architecture, all these elements can operate differently. Indeed, the engine is not always on and
the electricity from the generator may go directly to the wheels to help propel the vehicle, or go
through an inverter to be stored in the battery. The operational phases for an input split
configuration are the following:

During vehicle launch, when driving, or when the state of charge (SOC) of the battery is high
enough, the ICE is not as efficient as electric drive, so the ICE is turned off and the electric
machine alone propels the vehicle.

During normal operation, the ICE output power is split, with part going to drive the vehicle and
part used to generate electricity. The electricity goes either to the electric machine, which assists
in propelling the vehicle, or to charge the energy storage system. The generator also acts as a
starter for the engine.

During full-throttle acceleration, the ICE and electric machine both power the vehicle, with the
energy storage device (e.g., battery) providing extra energy.

During deceleration or braking, the electric machine acts as a generator, transforming the kinetic
energy of the wheels into electricity to charge the energy storage system.
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Figure 6-20 - Power Split Hybrid Electric Vehicle

6.2.1.14.3 Single-mode power split PHEV

The vehicle-level control strategy algorithm of a single-mode power split PHEV was based on
the Toyota Prius Prime. The control logic implemented can be divided into three areas - engine-
on condition, battery SOC control, and engine operating condition. Each algorithm is described
below.

6.2.1.14.3.1Engine-On Condition

The operation of the engine determines the mode, such as pure electric vehicle (PEV) mode or
HEV mode. The engine is simply turned on when the driver’s power demand exceeds a
predefined threshold. As shown in Figure 6-21, the engine is on only when the battery SOC is
under 17%. It means that only the electric energy is used in more than 17% of battery SOC
called charge sustaining (CS) mode. Once the operating mode by SOC is determined, the engine
is turned on early if the driver’s torque demand exceeds a predefined threshold, which means that
the system is changed from PEV mode to HEV mode to meet the power demand.
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Figure 6-21 - Engine-On Condition — 2017 Prius Prime Example Based on 25 Test Cycles

6.2.1.14.3.2SOC Control

The desired output power of the battery is highly related to the energy management strategy.
When the vehicle is in HEV mode, the battery power is determined by the current SOC, as
shown in Figure 6-22. The overall trend shows that the energy management strategy tries to
bring the SOC back to a regular value close to 14%. When the battery SOC decreases under
13.5%, the battery is charged 10kW to sustain battery SOC. As battery SOC is increasing, the
charging power is decreasing and the battery is discharged when the battery SOC is more than
14.5%. If the battery output power is determined, engine output power can be calculated.
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Figure 6-22 - SOC Regulation Algorithm - 2017 Prius Prime Example Based On 25 Test
Cycles

6.2.1.14.3.3Engine Operation

The two previously described control concepts determine the power split ratio. The concepts do
not, however, generate the target speed or torque of the engine because the power split system
could have infinite control targets that produce the same power. Therefore, an additional
algorithm is needed to determine the engine torque operating points according to the engine
speed, as shown in Figure 6-23. An engine operating line is defined on the basis of the best
efficiency curve to select the optimum engine speed for a specific engine power demand.
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Figure 6-23 - Example of Engine Operating Target — 2017 Prius Prime Example Based on
25 Test Cycles

In summary, the engine is turned on based on the power demand at the wheel along with the
battery SOC. If the engine is turned on, the desired output power of the battery is determined on
the basis of the current SOC and the engine should provide appropriate power to drive the
vehicle. The engine operating targets are determined by a predefined line, so the controller can
produce required torque values for the electric machine and the generator on the basis of the
engine speed and torque target.

6.2.1.14.3.4Pre-transmission HEV

The vehicle-level control strategy logic of a pre-transmission HEV is based on the VVolkswagen
Jetta HEV APREF test data analysis. In the pre-transmission HEV, the engine is a main power
source and the electric machine assists the engine according to the vehicle operating conditions
and the driver request. Three driving modes are used - EV mode, engine mode, and HEV mode.
When the vehicle is driving at low speed or the demanded power is low, the vehicle is operated
only by the electric machine in EV mode. During high-speed operation, start-up, or aggressive
acceleration, the vehicle is operated by the engine in engine mode or HEV mode.

The driving mode control strategy is determined by the engine on/off state. When the vehicle
drives at low speed, the system is operated only by the electric machine, without engine
operation. Figure 6-24 (left panel) shows the vehicle speed and wheel demand torque when the
engine is turned on. The right figure shows the operating area of pure electric driving in the same
index.
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(data source APRF)

In HEV and engine mode, the engine is operated to manage the demanded power at high speed
or acceleration. In these modes, the engine is controlled to operate at higher engine thermal
efficiency. However, because the range of the multi-gear transmission gear ratio is limited, the
electric machine is used to provide additional control of the engine operating points.

6.2.1.14.3.5Plug-in Hybrid Electric Vehicle - Range Extender PHEV

The 2nd generation of Voltec™ consists of one engine, two motor-generators (MG), and one
battery. The two electric machines are connected to a main transmission shaft using an individual
planetary gear set, as shown in Figure 6-25. By activating the brake (BK) and clutches, the
vehicle can be driven in various modes. Normally, MGL1 drives the vehicle only by holding the
BK. When the BK and one-way clutch (OWC) are locked, both electric machines can provide
the maximum torque, called two-motor electric vehicle (EV) mode. An additional planetary gear
set is used for a compound power-split mode in extended-range operation. According to the
clutches or the BK activation status, the input split or the compound split mode is determined.
The input-split mode is activated by the BK by holding the ring gear of the second planetary gear
set. The compound-split mode is activated by the clutch (CL) when it connects the sun gear of
the first planetary gear set to the ring gear of the second gear set.

155 Voltec is General Motors’ driveline for the Cheverolt Volt, and other plug-in hybrid vehicles. The system is one
of highest production volume plug-in hybrid systems sold in the United States. ANL considered the Voltec system
and 2" generation Voltec system operation to model PHEV’s with Autonomie.
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Figure 6-25 - Configuration of the Chevrolet VVolt 2016 Powertrain System

Although a number of sophisticated control concepts were necessarily added to the supervisory
control concepts, the main control flow of the vehicle based on test data can be summarized as
shown in Figure 6-26. First, the engine on/off control is determined by the battery SOC and the
driver’s demand power. During EV driving, the use of two electric machines allows for two EV
driving modes to provide maximum output torque or increased efficiency by torque distribution.
If the engine is on after most of the battery energy has been depleted by EV driving, the
operational state of the clutch or brakes is defined to select the extended-range mode. Energy
management between the engine and the battery is controlled depending on the powertrain
operation mode. Once the operation mode is chosen, the battery power demand is determined by
the proportional control power, which also determines the engine power demand by subtracting
the battery power demand from the driver power demand. Then, each component operates
according to an optimal target based on engine target and battery power demand. Finally, the
entire powertrain model, including the vehicle-level controller was implemented into Autonomie.
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Figure 6-26 - Summary of Control Analysis for The 2nd Generation of Voltec System

6.2.1.14.3.6Fuel Cell Hybrid Electric Vehicle

Unlike the other vehicle-level controls previously discussed, the algorithm for the fuel cell HEVs
was not derived from test data, due to the lack of test vehicles at that time. Instead, dynamic
programming was used to define the optimum vehicle-level control algorithms for a fuel cell
vehicle. A rule-based control was then implemented to represent the rules issued from the
dynamic programming. Overall, owing to the high efficiency of the fuel cell system, energy
storage only recuperates energy during deceleration and propels the vehicle under low-load
operations; the fuel cell system does not necessarily recharge the battery because it depends on
the configuration. Unlike electric drive powertrains with an engine, the battery does not smooth
the transient demands. An example of fuel cell hybrid operations is shown in Figure 6-27.
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Figure 6-27 - Component Operating Conditions of a FCV on the Urban EDC using
Dynamic Programming

6.2.1.14.3.7Vehicle Model Validation

Benchmarking is commonly used by vehicle manufacturers, automotive suppliers, national
laboratories, and universities in order to gain a better understanding of how vehicles are
engineered and to create large datasets that can be applied in modeling and other analyses. This
analysis has leveraged extensive existing vehicle test data collected by Argonne National
Laboratory under funding from the U.S. DOE Vehicle Technologies Office.'*® Specific
instrumentation lists and test procedures have been developed over the past 20 years to collect
sufficient information to be able to develop and validate full vehicle models. Additional vehicles

156 A list of the vehicles that have been tested at the APRF can be found under http://www.anl.gov/energy-

systems/group/downloadable-dynamometer-database. http://www.anl.gov/energy-systems/group/downloadable-
dynamometer-database.
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are likely to be benchmarked at DOE’s Advanced Powertrain Research Facility (APRF) to
inform the final rule.

Since its inception in the nineties, the APRF has been focused on technology assessment of
advanced technology vehicles for the U.S. Department of Energy and its partners through the
generation and analysis of laboratory data. The staff also supports the development of
automotive standards through its expertise and public data. The team has tested a large number
of vehicles of different types, such as advanced technology conventional vehicles, hybrid electric
vehicles, plug-in hybrid electric vehicles, battery electric vehicles, and alternative fuel vehicles.

The researchers at the APRF have developed a broad and fundamental expertise in the testing of
the next generation of energy-efficient vehicles. Over the last twenty years, many methods of
vehicle instrumentation and evaluation have continuously been refined. The instrumentation
intends to capture component level information while the powertrain is in the vehicle. This “in-
situ” instrumentation and testing approach enables the APRF to capture vehicle level and
component level data over dynamic drive cycles as well as specific powertrain mapping tests.

6.2.2 Defining the base vehicles

For the full-vehicle simulations, Argonne National Labs worked to define reference vehicles
(with vehicle attributes) that could be used to approximately model many production vehicles,
spanning a range of equipment configurations. With reasonable baseline vehicle assumptions,
ANL added combinations of technologies to estimate technology effectiveness values with full
vehicle simulations, and the analysis used these simulation results to project effectiveness values
for additional fuel savings technologies on production vehicles in the CAFE model.

6.2.2.1 Summary table of baseline assumptions for vehicle classes

For this NPRM analysis, vehicle classes were expanded to reflect a wider range of the vehicle
performance levels. The analysis was also updated the performance values to better reflect the
characteristics of the MY 2016 fleet. Table 6-2 and Table 6-3 below show the assumptions for
the ten vehicle classes used in ANL Autonomie simulation modeling for the NPRM. The
analysis suggests these specifications are more representative of the array of vehicles in the MY
2016 analysis fleet. This analysis does not have specifications for several of the parameters for
the vehicles in the analysis fleet, for example, the electrical base accessories load, and estimates
are based on vehicle testing by Argonne’s APRF.

Table 6-2 ANL - Reference Vehicle Assumptions for non-performance vehicle classes

Compact Midsize | Small Midsize

Car Car SUV SUV Pickup
Wheel mass (kg) 85 85 90 95 95
Wheel radius (m) 0.31725 | 0.31725 | 0.35925 0.3677 | 0.38165
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Glider mass (kg) 943 1155 1157 1200 1282
Frontal Area (m2) 2.3 2.35 2.65 2.85 3.25
Drag Coefficient (Cy) 0.31 0.3 0.36 0.38 0.42
Rolling resistance (Cy) 0.009 0.009 0.009 0.009 0.009
Electrical Base Acc Load (W) 240 240 240 240 240
EXTRA - Electrical Acc Load for cooling

for EV & PHEV 30&40 (W) 220 220 220 220 220
Fuel Tank Size for Conventional (gal) 12 17 17 22 26
Fuel Tank Size for HEV/PHEVs (gal) 10 13 13 17 20

320 320 320

Fuel Tank size for Fuel Cell 320 miles miles miles 320 miles | miles
Payload (kg) 0 0 0 0 900
Towing Mass (kg) 0 0 0 0 3000

Table 6-3 - ANL - Reference Vehicle Assumptions for Performance Vehicle Classes

Compact Midsize | Small Midsize

Car Car SUV SUV Pickup
Wheel mass (kg) 85 85 90 95 95
Wheel radius (m) 0.31725 | 0.31725 | 0.35925 0.3677 | 0.38165
Glider mass (kg) 1002 1188 1222 1377 1527
Frontal Area (m2) 2.3 2.35 2.65 2.85 3.25
Drag Coefficient (Cy) 0.31 0.3 0.36 0.38 0.42
Rolling resistance (Cy) 0.009 0.009 0.009 0.009 0.009
Electrical Base Acc Load (W) 240 240 240 240 240
EXTRA - Electrical Acc Load for
cooling for EV & PHEV 30&40 (W) 220 220 220 220 220
Fuel Tank Size for Conventional (gal) 12 17 17 22 26
Fuel Tank Size for HEV/PHEVs (gal) 10 13 13 17 20

320 320 320

Fuel Tank size for Fuel Cell 320 miles miles miles 320 miles | miles
Payload (kg) 0 0 0 0 900
Towing Mass (kg) 0 0 0 0 4350

Autonomie has multiple driver and chassis models that can either use vehicle dynamometer
coefficients or aerodynamic equations. The first option is usually only selected when performing
vehicle validation. The road load equation, leveraging Cq4, Frontal Area, and C;, were used to

perform all simulations.
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6.2.2.2 Vehicle classes and Attribute Selection
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Figure 6-30 - Example of vehicle attribute analysis for final drive ratio of 6AU transmission
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6.2.2.3 Vehicle Weights in Autonomie Analysis

In this this NPRM analysis, autonomie uses two set of weights in full vehicle simulation. The
first weight is the test weight or loaded vehicle weight which defined by curb weight™’ plus 136
kilograms.®®® The test weight is reflective of the certification testing and it is used for the drive
cycle simulations. The second weight is the gross vehicle weight rating (GVWR) and this is
metric is used for drivability analysis. The relationship between curb weight and gross vehicle
weight rating (GVWR) for current technology-configuration-powertrain combinations is
modeled from the existing vehicles in the market and it forms the basis for estimating the
GVWRs of future vehicle scenarios. For this analysis, the 2015 Model Year was utilized for
conducting the regression and this is shown in the Figure 6-32 below.

GVWR vs Curb Weight
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Figure 6-32 shows the relation of GVWR

Equation 6-1 - Equation used to define GVWR or test weight for autonomie simulation
GVWR = 1.224 X CurbWeight + 279.59

57 Curb weight means the actual or the manufacturer's estimated weight of the vehicle in operational status with all
standard equipment, and weight of fuel at nominal tank capacity, and the weight of optional equipment computed in
accordance with § 86.1832-01; incomplete light-duty trucks shall have the curb weight specified by the
manufacturer.

1% 40 CFR 86.1803-01 - Definitions
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6.2.2.4 Observed baseline curb weight, observed performance

For the 2016 Draft TAR, NHTSA defined and utilized the performance metrics in Autonomie
shown below for all five vehicle classes:

e 0-60 mph time, by class (~9 seconds)
e 50— 80 mph time, by class (~9 seconds)
e Hold speed at 6% grade at 65 mph at GVWR.

These criteria were used as a reference for determining the amount of engine downsizing that
could be applied to maintain performance and capability similar to baseline vehicles, and to
improve fuel economy. Although this method was simple and would work for some vehicle
classes, the majority of the MY 2015 fleet had higher performance. Only 17% of the MY 2015
fleet were reasonably approximated by the performance criteria used for the Draft TAR analysis.
The Alliance and Global Automakers commented that these criteria did not adequately represent
the overall fleet, and a fuller representation was important to showing the impact of technologies
on fuel economy. Similarly, other stakeholders commented that Draft TAR ANL simulations
allowed for too much performance improvement as technologies were added. Based on these
comments, this analysis expanded the simulation set (by adding more vehicle classes with
diverse, but representative performance specifications similar to many production vehicles), and
updated baseline vehicle performance assumptions for each class.

6.2.3 Technology groups in the Autonomie simulations and CAFE model

The CAFE model currently relies on six decision trees to represent component technology
options, including:

. Powertrain Electrification
. Engine

. Transmission

. Light-weighting

. Aerodynamics

. Rolling resistance

In addition to the decision trees, the CAFE model accounts for synergies among technologies,
recognizing that multiple technologies can address the same physical inefficiencies and some
technology combinations can have greater impact that the sum of the technologies
independently. For example, if an engine technology provides a 5% fuel consumption
improvement and an advanced transmission provides a 4% improvement, the combination of
both technologies may not provide 9% improvement — the actual improvement could be lower
(negative synergy) or higher (positive synergy). Developing the relationships between multiple
component technologies is challenging, but quantifying it is even more difficult, especially when
more than one technology is involved. As the number of technologies increases, the number of
technology combinations increases exponentially. Thus, a large number of simulations may be
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required in order to calculate the complete set of synergy values for a modest number of

technologies.
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Figure 6-33 - Technology combination to represent the current technologies and future

options

159

159 Not all of the technologies in the CAFE model decision tree were evaluated by Argonne. Compressed natural gas,
liquid natural gas, liquid propane gas, and LGDI were not modeled by Argonne and are not included in this tree.

223



6.2.3.1 Simulating performance neutrality
6.2.3.2 Towing capacity for trucks

For this NPRM analysis, the pickup and premium pickup class payload and towing capacity were
updated. In the Ford F-150 that was tested for NHTSA,**° three separate modes can be selected -
Normal (default), Tow/Haul, and Sport. Specific testing was performed in order to determine
vehicle operation and fuel consumption impact in each mode. The increased payload test was
performed for a UDDS drive cycle and included three different cases - (1) standard vehicle
weight of 5250Ib with transmission in normal shift mode, (2) 10,000 Ibs. vehicle weight with
transmission in normal shift mode, and (3) 10,000 Ibs. vehicle weight with transmission in tow
mode.

The fuel economy results and transmission gear histogram for the three test cases are shown in
Figure 6-34. The additional pay load of 4,750 Ibs. reduced the fuel economy by 29% in normal
shift mode and by 36% in the tow shift mode. With the additional payload, the fuel economy is
higher in normal shift mode compared to the tow mode. The reason for this can be seen in the
transmission gear histogram in Figure 6-34. In the test with the 10,000 Ibs. vehicle weight and
normal shift mode, the transmission operates in significantly higher gears which results in lower
engine speed and higher torque with increased powertrain efficiency. Conversely, the lower
gears selected in the tow mode result in higher engine speeds and lower engine loads, thus
reducing the powertrain efficiency. The lower gear selection in tow mode reduces the
mechanical and thermal loads on the powertrain due to lower torque output necessary from the
engine.

tush. .

Figure 6-34 - Fuel economy results and transmission gear histogram for different payloads
and shift modes on UDDS

10 NHTSA Benchmarking, “Laboratory Testing of a 2017 Ford F-150 3.5 V6 EcoBoost with a 10 speed
transmission.” DOT HS 812 520
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The engine usage shifts dramatically between the three test cases as shown in Figure 6-35. Ata
normal vehicle weight of 5,250 Ibs., the engine operates in a narrow region with a mean engine
speed around 1,200 rpm and absolute engine load between 10% to 30%. Maximum absolute
engine load is less than 100% and maximum engine speed is around 2,000 rpm on the UDDS
drive cycle with no payload. With the additional 4,750 Ibs. payload and the transmission in
normal shift mode, the engine operational region increases significantly, with maximum absolute
engine load more than 160% and maximum engine speed faster than 2,500 rpm. Finally, with
the additional payload and the transmission in tow mode, the engine operation region shifts to
significantly higher engine speed at lower loads where the maximum absolute engine load is
approximately 110% and the maximum engine speed is 3,000 rpm. Additionally, when tow
mode is selected, the engine idle stop function is disabled so that the powertrain is ready to pull a
heavy load from a stop.

Normal - 5,2501b o Normalz 10000k - Tow -10,000lb

c
= 100

Absolute Engine Load [%]

Absolute Engine

. r 0 . :
500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
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0 ' : : :
o 500 1000 1500 2000 2500 3000 3500

Figure 6-35 - Engine operation for the different payload conditions on UDDS cycle

6.3 Simulating technology effectiveness and application on a vehicle fleet

The objective of the modeling described in this section is to estimate the effectiveness of
possible combinations of technologies that are currently available, or will be in the rulemaking
timeframe, that could improve the fuel economy of light-duty vehicles in the US fleet. The
modeling process is time-intensive, consists of many steps, a combination of tools, and employs
the best data available at the time of this proposed rulemaking. The end result is a rich dataset
that is utilized by the CAFE (“Volpe”) model to identify potential pathways manufacturers could
use to comply with potential CAFE standards. Figure 6-36 shows the potential technology
pathways modeled in this NPRM analysis.

The technology simulation for this proposed rulemaking evaluated:
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e 17 engine technologies

e 11 electrification levels (conventional is equivalent to no electrification level)

e 18 transmission technologies (applied to low electrification level vehicles only)
e 6 light weighting levels

e 3rolling resistance levels
e 5 aerodynamic levels
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Figure 6-36 - Overview of the CAFE Model Technology Potential Pathway

The potential effectiveness of these technologies across 10 vehicle classes intended to represent

the model types sold in the US light-duty market were modeled in this analysis. These 10 vehicle
classes are:

Compact and Performance Compact

Midsize and Performance Midsize

Small SUV and Performance Small SUV
Midsize SUV and Performance Midsize SUV
Pickup and Performance Pickup
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The sequential addition of these technologies to the ten vehicle classes considered generated
more than 140,000 unique vehicle combinations resulting in a large dataset identifying the
potential impacts of vehicle technologies on energy consumption.*®*

6.3.1 Technology effectiveness simulation

Full-scale physics-based vehicle simulation modeling is considered a thorough approach for
estimating potential benefits of a package of new technologies. This technique is used
throughout the vehicle development community and is employed by a myriad commercially
available and “in-house” developed toolsets. Simulation offers multiple advantages, including -
the ability to apply varying levels of technologies for a range of vehicle attributes and
performance levels, a mechanism for estimating the effectiveness of technologies that do not
currently exist in the fleet or as prototypes, and a way to quantify the efficiency of individual
technologies and their synergy with other technologies, all while foregoing the need to physically
construct and test the various combinations (something that is often not feasible).

For this proposed rulemaking, IAV Automotive Engineering, Inc. (IAV) simulated the effect of
potential engine technologies on fuel consumption using the GT-POWER®© simulation modeling
tool*®® GT-POWER is a commercially available engine simulation tool with detailed cylinder
model and combustion analysis. GT-POWER is used to characterize and provide data on engine
metrics including power, torque, airflow, volumetric efficiency, fuel consumption, turbocharger
performance, and matching and pumping losses, among other parameters. The primary outputs
of GT-POWER for this analysis are engine maps for each engine combination evaluated in
Autonomie and in the CAFE model. The engine maps provide estimated operating
characteristics of engines equipped with specific technologies. The engine maps are then used as
an input to the established and widely used for Autonomie, a software simulation tool developed
by Argonne National Laboratory for full vehicle simulation modeling.'®®

Finally, it is important to note that the analysis conducted for the proposed rulemaking reflects a
number of updates to modeling inputs based on the detailed assessment of comments received to
the Draft TAR. In addition, the analysis also incorporates learnings from new work conducted to
support of this proposal. In an effort to ensure the analysis is using the best possible data and
methods, research is continuing to be conducted through vehicle benchmarking, and new studies

181 Simulation modeling was also conducted to determine the appropriate amount of engine downsizing needed to
maintain overall vehicle performance when vehicle mass reduction was applied, further increasing the total number
of simulation runs to over one million

162 GT-POWER® is the industry standard engine performance simulation and is used to predict engine performance
quantities such as power, torque, airflow, volumetric efficiency, fuel consumption, turbocharger performance and
matching, and pumping losses

163 Autonomie is a system simulation tool for vehicle energy consumption and performance analysis. For further
discussion of Autonomie, see sections 5.1 and 5.2, above.
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and any new data are reviewed as they become available. Stakeholder comments submitted to
this proposal will also be fully considered.

6.3.2 Engine Technology Effectiveness

According to the 2017 Highlights of CO, and Fuel Economy Trends released by the EPA, the
gasoline-fueled, spark ignition (SI) engine is the predominant powertrain in the U.S. While
manufacturers have adapted and improved aspects of internal combustion engine technology
over time, nearly all vehicles sold in MY 2016 still rely on some type of internal combustion

engine as part of the powertrain.
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Figure 6-37 - Engine Technology Production Share, 1980-2017%

184 U.S. Environmental Protection Agency “Highlights of CO, and Fuel Economy Trends”
https://www.epa.gov/fuel-economy-trends/download-report-co2-and-fuel-economy-trends, Accessed Jan 12, 2017.
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The brake thermal efficiency (BTE) of gasoline fueled, spark-ignition (SI) engines has
historically been approximately 25%. Some researchers and manufacturers have suggested that
there could be an opportunity to improve peak efficiency to 37% or above, for internal
combustion engines.'®® Many manufacturers continue to improve internal engine technology
with efficiency improvements such as gasoline direct injection (GDI), turbo-charging smaller
displacement engines, incorporating Atkinson and Miller Cycle valve timing strategies,
integrating exhaust manifolds into cylinder heads, additional friction reduction, and cooled
exhaust gas recirculation (EGR).'®°

6.3.2.1 Overview

Since the 2012 FRM, the agencies have continued to meet with automobile manufacturers, Tier 1
automotive suppliers, and automotive engineering services firms to review publicly available
information, confidential business information and data on development of their products and
applications of advanced internal combustion technologies. The agencies have also sponsored
and conducted new studies to better understand emerging technologies. This new information
and data has been considered and used to help inform this proposed rulemaking.

Several engine benchmarking programs that have produced detailed engine operating maps have
been completed. In this analysis, some of the best performing engines in production, and
representative engine maps have been used at inputs to the Autonomie toolset to estimate the
effectiveness of modern powertrain technology along a wide spectrum of vehicle applications.
In addition, industry and academia have published information'®’, 1°® on recently launched
engines now available to the public. The internal simulation results were often compared as a
form of validation for this analysis’ effectiveness estimations. Additionally, continued use of
computer-aided engineering tools and the development and analysis of advanced engine
technologies to verify the validity of proof-of-concept and applied research for potential for
further engine improvements. Further details of some of these cases are provided in later
sections.

In the meetings with automobile manufacturers and Tier 1 suppliers, the agencies learned about
the following engine technologies trends:

In the near-term, many stakeholders discussed -

185 «“Mazda pitches Skyactiv-3 engine tech to rival EVs,”

http://www.autonews.com/article/20180128/OEMO06/180129795/mazda-pitches-skyactiv-3-engine-tech-to-rival-evs,
(last accessed - March 23, 2018).

186 «2016 Pentastar V6 adds new VVT, cooled EGR, " http://articles.sae.org/14322/, (last accessed march 23, 2018)
167 «“The New Toyota Inline 4-Cylinder 2.5L Gasoline Engine”, SAE 2017-01-1021. March 28, 2017.

168 «“Mazda 2.5L SKYACTIV-G Engine with New Boosting Technology.” 2016 Internationales Wiener
Mtorensymposium
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e Reducing engine friction and parasitic accessory loads on next generation engines,
especially as manufacturers adopt Turbo systems and high compression ratio engine
architectures.

e Considerable diversity of engine technologies in development for smaller light duty
vehicles:

o including turbocharged GDI engines, dual direct and port injected (dual GDI/PFI)
enginesleg, 170, 171

o both turbocharged and naturally aspirated GDI engines with external cooled EGR,
and engines that combine GDI with operation over the Atkinson Cycle and use of
Atkinson Cycle outside of HEV applications

e Considerable diversity of engine technologies in development for larger, heavier vehicles,
including full-size SUVs and pickup trucks with significant towing utility:

o some manufacturers will rely on naturally aspirated GDI engines with cylinder
deactivation

o some will rely turbocharged-downsized engines,

o and others will be use a variety of engine technologies, including light-duty
diesels.

And in the longer view, vehicle manufacturers indicated they are at advanced stages of research
with respect to -

e multi-mode combustion approaches'’?
o homogenous charge, compression ignition, lean-burn operation at light loads
o stratified-charge, lean-burn spark ignition at moderate loads
o stoichiometric homogenous charge, spark ignition at high loads

e variable-compression ratio (VCR) engines*"

e variable displacement engines

The 2012 final rule did not project diesel powertrains would be widely used to improve fuel
economy and reduce CO, emissions, however, because then a number of new light-duty vehicles
have been introduced to the U.S. market with diesel engines. These include the Ram 1500 full-
size pickup truck, the Chevrolet Colorado mid-size pickup truck, the Jeep Grand Cherokee SUV,
and the Chevrolet Cruze, with at least one more expected application in the Ford F-150.

169 «“Toyota Advances D4s with self-cleaning feature on Tacoma,” Aug. 27, 2015.
http://wardsauto.com/technology/toyota-advances-d4s-self-cleaning-feature-tacoma

170 “Ford F-150 and Expedition’s New Advanced Engines Maximize Lightweight Materials for Greater
Performance, Efficiency” https://media.ford.com/content/fordmedia/fna/us/en/news/2017/06/16/ford-f150-and-
expedition-new-advanced-engines-maximize-lightweight-materials-greater-performance.pdf

X Don Sherman, Explained - Why Some Engines Have Both Port and Direct Injection, Car and Driver (May 2,
127(217) https://blog.caranddriver.com/explained-why-some-engines-have-both-port-and-direct-injection/.

173 Nissan Motor Corporation recently introduced a variable compression ratio engine to the US market, “VC-Turbo
— The world’s first production-ready variable compression ratio engine,” 2017/12/13. https://newsroom.nissan-
global.com/releases/release-917079ch4af478a2d26bf8e5ac00ae49-ve-turbo-the-worlds-first-production-ready-
variable-compression-ratio-engine
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Diesel engines are continuing to evolve by using technologies similar to those being introduced
in new light-duty gasoline engines and heavy-duty diesel truck engines. This includes:

the use of advanced friction reduction measures

increased turbocharger boost pressures that enable smaller displacements

engine “downspeeding,” or 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% and thus is approaching that of heavy-duty diesel truck engines.'’”* Despite recent
compliance actions with respect to light-duty diesel NO, emissions,'” diesel engines are still
considered to be a viable technology to improve fuel economy and reduce CO, emissions from
light-duty vehicles.

Finally, this analysis re-evaluated all technology cost and effectiveness values considered in the
2012 final rule and 2016 Draft TAR for this proposed rulemaking. This re-assessment included
evaluations of technologies where substantial new information has emerged, such as the potential
application of cylinder deactivation and the potential application and effectiveness of Atkinson
cycle engines, specifically what was modeled in the Draft TAR as HCR2.

6.3.2.2 Technologies modeled for the proposed rulemaking

6.3.2.2.1 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. When the
valves are kept closed and no fuel is injected, 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 operate at higher loads to compensate for the deactivated cylinders. Pumping
losses are significantly reduced as when the engine is operated in this “part-cylinder” mode.

Cylinder deactivation control strategy may use a maximum manifold absolute pressure or
predicted torque threshold for enabling cylinder deactivation. Noise, vibration and harshness
(NVH) issues (i.e., customer satisfaction considerations) reduce the operating range in which

17 Stanton, D.W. “Light Duty Efficient, Clean Combustion.” Final Report by Cummins, Inc., to the U.S.
Department of Energy, Report No. DE-FC26-07NT43279, June 3, 2011.
http://www.osti.gov/scitech/servlets/purl/1038535/.

175 Advances in NOx and PM emissions control technology are bringing light-duty diesels fully into compliance with
Federal Tier 3 and California LEV 11l emissions 5-15 standards at a cost that is competitive with the cost-
effectiveness other high efficiency, advanced engine technologies.

231



cylinder deactivation is enabled, although manufacturers continue exploring vehicle changes that
enable increasing the amount of time that cylinder deactivation might be acceptable. Some
manufacturers have adopted active engine mounts and/or active noise cancellations systems to
address NVH concerns and to allow a greater operating range of activation.

6.3.2.2.2 Advanced Cylinder Deactivation (ADEAC)

Rolling or dynamic cylinder deactivation systems allow a further degree of cylinder deactivation
which can vary the percentage of cylinders deactivated and the sequence in which cylinders are
deactivated, which was not possible with previous cylinder deactivation system designs. This
allows for additional fuel economy improvements by increasing the amount of time an engine
can operate with lower pumping losses. The sequence of engine firing varies with ADEAC, and
requires more sophisticated control algorithms and additional hardware to achieve acceptable
NVH targets.

6.3.2.2.3 Application of DEAC and ADEAC

NHTSA has historically limited its analysis of cylinder deactivation to engines with six or more
cylinders. There were concerns that application of cylinder deactivation to 3 or 4-cylinder
engines would result in unacceptable NVH and there were no known sub-6 cylinder US market
applications of cylinder deactivation.

In MY 2013, Volkswagen introduced their 1.4L TSI EA 211 turbocharged GDI engine with
“active cylinder management” in Europe.'”® 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, providing indication the system has been accepted in the
European marketplace, thus far, and will continue to be offered.’’

Additionally, a system developed by Schaeffler employs a dynamic cylinder deactivation for 13
and I5 engines. The system alternates or “rolls” the deactivated cylinders allowing 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 (for example, a 3-cylinder engine
could drop down 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% or

176 \/olkswagen. 2015. http://www.volkswagen.co.uk/technology/petrol/active-cylinder-technology-act, last accessed
January 19, 2018.

Y7 Eichler, F., Demmelbauer-Ebner, W., Theobald, J., Stiebels, B., Hoffmeyer, H., Kreft, M. “The New EA211 TSI®
evo from Volkswagen.” 37. Internationales Wiener Motorensymposium 2016.
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greater improvement in both real-world and EU drive cycle fuel economy.*”® Finally, Tula
Technology has demonstrated a system, termed “Dynamic Skip Fire”, with the capability of
deactivating any cylinder.”® ¥ That system may see production implementation during the
timeframe of this proposed rulemaking.

In light of these new, production-feasible developments, DEAC and ADEAC may be applied on
engines with less than six cylinders in the NPRM analysis, though the modeling for ADEAC
technology remains speculative at this time and will improve with additional benchmarking of
production technologies.

6.3.2.2.4 Variable Valve Timing (VVT) Systems

Variable valve timing (VVT) is a family of valve-train designs that dynamically alter the opening
and closing of the intake valve, exhaust valve, or both, in relation to piston travel. VVT uses a
cam phaser to adjust the camshaft angular position relative to the crankshaft position, and is
more generically referred to as “camshaft phasing.” 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.

VVT reduces pumping losses, increases specific power, increases control of the level of residual
gases in the cylinder, and improves volumetric efficiency at higher engine speeds and load over
the engine operating range and loading. Additionally, VVT can be used to alter (and optimize)
the effective compression ratio where it is advantageous for certain engine operating modes.

VVT has now become a widely adopted technology in the U.S. fleet. In MY 2015, more than
98% of light-duty vehicles sold in the U.S. used some form of VVT.

6.3.2.2.5 Intake Cam Phasing (ICP)
Valvetrains with ICP modify the timing of the opening and closing of cylinder inlet valves.

6.3.2.2.6 Coupled Cam Phasing (CCP)

Coupled cam phasing results from applying cam phasing to an engine architecture that has only
one camshaft actuating both intake and exhaust valves. Coupled cam phasing dynamically
adjusts the angular position of the camshaft in relation to the crankshaft which affects the timing
of both the intake exhaust valve timing equally. CCP is the only VVT implementation option
available and requires only one cam phaser, and can be more cost effective than two cam phasers

178 Schamel, A., Scheidt, M., Weber, C. & Faust, H. “Is Cylinder Deactivation a Viable Option for a Downsized 3-
Cylinder Engine?” Vienna Motor Symposium, 2015.

1 Wilcutts, M., Switkes, J., Shost, M. & Tripathi, A. “Design and Benefits of Dynamic Skip Fire Strategies for
Cylinder Deactivated Engines,” SAE Int. J. Engines 6(1):2013, doi - 10.4271/2013-01-0359.

180 Eisazadeh-Far, K. & Younkins, M., “Fuel Economy Gains through Dynamic-Skip-Fire in Spark Ignition
Engines,” SAE Technical Paper 2016-01-0672, 2016, https://doi.org/10.4271/2016-01-0672.
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depending on the application. However, its limited availability could outweigh its reduced cost
and complexity.

6.3.2.2.7 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. Increased
internal EGR also results in lower engine-out NO, 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 low valve overlap could result in improved combustion stability,
potentially reducing idle fuel consumption.

6.3.2.2.8 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 of their fleets (Toyota, Honda, GM, and FCA),
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, also known as cam
profile switching, or CPS) 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.
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
a mature technology with low technical risk.

In CVVL systems, valve lift is varied by means of a mechanical linkage or hydraulic actuators,
driven by an actuator controlled by the engine control unit. The valve opening and phasing vary
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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, because 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; for example, FCA’s Multiair
electrohydraulic system is implemented on the intake valves only. CVVL is only applicable to
double overhead cam (DOHC) engines.

6.3.2.2.9 Stoichiometric Gasoline Direct Injection, SGDI or GDI

Stoichiometric gasoline direction injection (SGDI) engines inject fuel directly into the
combustion chamber of the intake port, as in many current engines with port fuel injections.
From MY 2012 to MY 2016, the penetration rate of SGDI has increased from 23% to 48% in
both car and truck segments. 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).7

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).'#? 8% 184 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.

BLyy, C., Park, K., Han, S., & Kim, W. “Development of Theta Il 2.4L GDI Engine for High Power & Low
Emission,” SAE Technical Paper 2009-01-1486, 2009, doi - 10.4271/2009-01-1486.

182 Saeki, T., Tsuchiya, T, Iwahashi, K., Abe, S. “Development of V6 3.5-Liter 2GR-FSE Engine.” Toyota Technical
Review, Volume 55, No. 1, pp 94-99, November 2006.

183 Ikoma, T., Abe, S., Sonoda, Y., Suzuki, H. et al., “Development of V-6 3.5-liter Engine Adopting New Direct
Injection System,” SAE Technical Paper 2006-01-1259, 2006, doi - 10.4271/2006-01-1259.

8% Yamaguchi, J. “Lexus Gives V6 Dual Injection.” SAE Automotive Engineering International, January 2006, pp
17-20. 7
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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. In MY 2015, 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 CY 2015.*% Figure 6-38 below shows NHTSA’s test
data for the operation of dual fuel injection system of 2017 Ford F150 3.5L EcoboostTM on
UDDS, HWFET, and US06 test cycles. The figure shows the split of operation of DI and PFI
system on the 2017 Ford F150 3.5L engine with outline of varies test cycles. It shows that
combination of PFI and DI are required in standard federal 2-cycle tests. The PFI system
provides the fuel to the engine when the absolute engine load is below 40%. The DI system is
quickly blended in above 40% absolute engine load. Between 60% to 140% absolute load, 70%
to 80% of the fuel is delivered through the DI system. At absolute engine loads above 140% the
PFI system provides an increase proportion of the fuel up to 40%.
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Figure 6-38 - DI and PFI usage map as function of engine speed and load for a 2017 Ford
F150 3.5L Ecoboost'®

185 Ford Motor Company. 2016. “More Torque and Better Boost - 2017 Ford F-150 to Debut with All-New 3.5-Liter
Ecoboost Engine and 10-Speed Transmission.”
https://media.ford.com/content/fordmedia/fna/us/en/news/2016/05/03/2017-ford-f150-more-torque-better-boost.pdf,
last accessed July 5, 2016.

18 Ford Motor Company. 2015. “Ford Marks Production Milestone as 5-Millionth EcoBoost-Equipped Vehicle
Rolls Off Assembly Line.” https://media.ford.com/content/fordmedia/fna/us/en/news/2015/03/17/ford-marks-
production-milestone-as-5-millionth-ecoboost-equipped.pdf, last accessed July 5, 2016.

" NHTSA Benchmarking, “Laboratory Testing of a 2017 Ford F-150 3.5 V6 EcoBoost with a 10-speed
transmission.” DOT HS 812 520
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6.3.2.2.10 Turbocharging and Downsizing

Turbocharging increases the engine airflow and specific power output, allowing engine
displacement reductions while maintaining a desired level of performance. As a result, friction
and pumping losses are reduced at lighter loads relative to a larger, naturally aspirated engine.
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.

Turbochargers with variable nozzle turbines (VNT) or variable geometry turbocharger (VGT)
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 (See sections 6.3.2.2.11 ) 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 to Miller cycle operating engines,
where increased low-speed torque, improved torque response are possible.'®®

A comparison of the same 2.4L PFI engine with a more recent, MY 2017 Honda 1.5L
Turbocharged GDI engine with IEM.*®°*% The torque characteristics of the Honda engine are a
closer match to the 2.4L PFI engine and the Honda engine represents approximately 37%
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 2.4l ENGINE). The BTE of the Honda 1.5L
turbocharged engine showed an incremental effectiveness of 6% to 30% across this entire range
of operation. The difference was more pronounced at lighter loads. Incremental effectiveness
was 16% to 30% below 6-bar BMEP relative to the 2.4L engine.

188 Eichler, F., Demmelbauer-Ebner, W., Theobald, J., Stiebels, B., Hoffmeyer, H., Kreft, M. “The New EA211 TSI®
evo from Volkswagen.” 37. Internationales Wiener Motorensymposium 2016.

189 \Wada, Y., Nakano, K., Mochizuki, K., and Hata, R. “Development of a New 1.5L 14 Turbocharged Gasoline
Direct Injection Engine,” SAE Technical Paper 2016-01-1020, 2016, doi - 10.4271/2016-01-1020.

1% Nakano, K., Wada, Y., Jono, M., Narihiro, S. “New In-Line 4-Cylinder Gasoline Direct Injection Turbocharged
Downsizing Engine.” Honda R&D Technical Review, April 2016, pp 139-146.
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6.3.2.2.11 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 NOy formation. The use of cooled EGR (CEGR) 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,
S0 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. 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 NO, emission
control system. Some diesel applications also use relatively large amounts (>25%) of cEGR at
light- to part-load conditions to enable dilute low-temperature combustion (see Section
6.3.2.2.18.5 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™

The use of cEGR technology was analyzed 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 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 Section 6.3.2.2.13 for a more detailed description of Miller-Cycle). The MY 2016
Mazda CX-9 2.5L SKYACTIV Turbo engine similarly combines the use of Miller Cycle with

91 Sellnau, M. “Advancement of Gasoline Direct Injection Compression Ignition (GDCI) for US 2025 CAFE and
Tier 3 Emissions,” SAE 2017 High Efficiency IC Engine Symposium. April3, 2017.
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CEGR.™ In another variant, Chrysler has implemented liquid-cooled cEGR on the 2016 3.6L
Pentastar V-6 with natural aspiration and PF1.***Atkinson Cycle

Conventional 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 6-39
and Figure 6-40)

This approach allows a reduction in top-dead-center (TDC) clearance ratio (e.g., increase in
“mechanical” 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.’®* 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
control without use of the standard throttle, resulting in additional pumping loss reductions.

) Otto-cycle and LIVC Atkinson/Miller Cycle Valve Events
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Figure 6-39 - 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).

92 NHTSA Benchmarking, “Laboratory Testing of a 2016 Mazda CX9 2.5 14 with a 6 Speed Transmission.” DOT
HS 812 519.

193.«2016 Pentastar V6 adds new VVT, cooled EGR,” 01-Sept-2015. http:/articles.sae.org/14322/

1% BMEP is defined as torque normalized by cylinder displacement. It allows for emissions and efficiency
comparisons between engines of different displacement.
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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, the 2012 FRM analyses did not include the
use of Atkinson Cycle engines 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 Volt. 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%. 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%.'%°

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 GDI (e.g.,
Mazda SKYACTIV-G 1.5L, 2.0L and 2.5L engines) or a combination of PFI with cooled EGR
(Toyota INR-FKE and 2NR-FKE engines). The effective compression ratio can be varied using

1% Takahashi, D., Nakata, K., Yoshihara, Y., Ohta, Y. et al. “Combustion Development to Achieve Engine Thermal
Efficiency of 40% for Hybrid Vehicles,” SAE Technical Paper 2015-01-1254, 2015, doi - 10.4271/2015-01-1254.
1% Yamada, T., Adachi, S., Nakata, K., Kurauchi, T. et al. “Economy with Superior Thermal Efficient Combustion
(ESTEC),” SAE Technical Paper 2014-01-1192 doi - 10.4271/2014-01-1192.
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camshaft phasing to increase BMEP and the use of 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 13 and 2NR-FKE 1.5L 14 engines achieve a peak BTE of 38%, 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% while
using 92 AKI (96 RON) fuel. Note that on the UDDS and HWFET test cycles, the engine
operates within the best BTE island a relatively small portion of the time, as shown in Figure
6-41 and Figure 6-42. 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 INR-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 6-41 - BTE for a Representative MY 2010 2.4L NA PFI tested by EPA.'% 1%

19 Takahashi, D., Nakata, K., Yoshihara, Y., Ohta, Y. et al. “Combustion Development to Achieve Engine Thermal
Efficiency of 40% for Hybrid Vehicles,” SAE Technical Paper 2015-01-1254, 2015, doi - 10.4271/2015-01-1254.
9" Yamada, T., Adachi, S., Nakata, K., Kurauchi, T. et al. “Economy with Superior Thermal Efficient Combustion
(ESTEC),” SAE Technical Paper 2014-01-1192 doi - 10.4271/2014-01-1192.

1% | ee, S., Schenk, C., & McDonald, J. “Air Flow Optimization and Calibration in High-Compression-Ratio
Naturally Aspirated SI Engines with Cooled-EGR,” SAE Technical Paper 2016-01-0565, 2016, doi - 10.4271/2016-
01-0565.

% Derived from EPA engine dynamometer data first presented by Lee et al. 2016.

241



UDDS Highway Usos6

400 400 400k . \[/\W”
;)
350 5 ILE 360} Lunks 20t s} I« - TR
Oistacd /425 Dan 15064 Cumt o5 19000

300} EO#.1% z : i 300} - EOSION 00} £ORI% {
-Eq ESae E ESA2 .E. ESde &
Z 260 Z = 20 b
: 3 : '
- - g
£ 8 s
° 20 -~ . 200
¢ s >

3

g

8

0

A L 13 [ A
Jooo 4000 0 1000 2000 3000 4000
Engine speed [rpm] Engine speed [rpm) Engine speed frpm)

Figure 6-42 - Engine operating Area on certification cycles of 2016 Mazda CX-9
benchmarked by NHTSA*®

In the Mazda SkyActiv powertrain design, Mazda noted that with the increase of compression
ratio, the temperature at compression top dead center (TDC) also rises, increasing the probability
of knocking. In order to lower the temperature at compression TDC, reducing the amount of hot
exhaust gas remaining inside the combustion chamber is effective. Mazda introduced a 4-2-1
exhaust system to mitigate the high temperature that leads to knocking. Figure 6-43 shows the
difference between the tradition exhaust system and Mazda’s exhaust system designed to reduce
high temperature exhaust residual. However, this long runner exhaust system could pose
packaging issues for 14 vehicles with limited engine compartment space and for V6 or V8
engines. One major challenge with the 4-2-1 exhaust system is that the long distance cools the
exhaust gas before it reaches the catalyst, delaying the catalyst light-off, particularly considering
Tier 3 emission requirements.

20 NHTSA Benchmarking, “Laboratory Testing of a 2016 Mazda CX9 2.5 14 with a 6 Speed Transmission.” DOT
HS 512 519
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Figure 6-43 - Mazda SkyActiv 4-2-1 exhaust system to mitigate knocking by reducing
residual gas.?*

EPA’s recent benchmarking analysis of a 2014 Mazda SKYACTIV-G naturally aspirated (NA)
gasoline direct injection (GDI) engine showed a peak BTE of approximately 37%, relatively high
for SI engines.?°2?% This was in part due to an ability to use late-intake-valve-closing (LIVC)
Atkinson-cycle operation to decouple the knock-limited effective CR from the expansion ratio
available from a very high 14:1 geometric CR. The max BTE of approximately 37% was
achieved using high-octane fuel in the European configuration of this SkyActiv engine (but note,
Mazda uses a lower compression ratio engine in the US due to difference in fuel octane). 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
more than a decade. PFI/Atkinson-cycle engines have demonstrated peak BTE of approximately
39% in the 2015 Honda Accord HEV and 40% in the 2016 Toyota Prius HEV.

With a thermal efficiency of 409%,%** the 2.5L, 13.5:1 compression ratio, SGDI in the 2018
Toyota Camry?® is currently the highest thermal efficiency gasoline engine in the U.S. market.

201 Mazda SkyActiv Tehcnology for SkyActiv-G.
http://www.mazda.com/en/innovation/technology/skyactiv/skyactiv-g/

22 Derived from EPA engine dynamometer data first presented by Lee et al. 2016.

203 | ee, S., Schenk, C., & McDonald, J. “Air Flow Optimization and Calibration in High-Compression-Ratio
Naturally Aspirated SI Engines with Cooled-EGR,” SAE Technical Paper 2016-01-0565, 2016, doi - 10.4271/2016-
01-0565.

24«Camry’s Engine Tech will Spread across Toyota,”
http://www.autonews.com/article/20170801/OEMO01/170809949/camrys-engine-tech-will-spread-across-toyota .
Accessed January 30, 2018.

205«A||-New Toyota Camry Ignites the Senses,”
http://pressroom.toyota.com/releases/all+new+toyota+camry+ignites+senses.htm. Accessed January 30, 2018.
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Notably, this engine used advanced manufacturing methods in the valves and engine head to
produce a design with improved airflow and combustion.?® The vehicle utilizes a number of
technologies including a high compression ratio engine to provide high thermal efficiency, and
an 8-speed automatic transmission.

6.3.2.2.12 Compression ignition gasoline engines

For many years, engine developers, researchers, manufacturers have explored ways to achieve
the inherent efficiency of a diesel engine while maintaining the operating characteristics of a
gasoline engine. A potential pathway for striking this balance is utilizing compression ignition
for gasoline fueled engines, more commonly referred to as Homogeneous Charge Compression
Ignition (HCCI).

Gasoline powered engines have used an electric spark to ignite a fuel and air mixture to produce
power since their invention. A fuel and air mixture is drawn into an engine cylinder and ignited
at a defined, precise moment releasing energy as a controlled explosion.?’” The energy released
during this explosion is translated to the engine crankshaft and then out of the engine to perform
whatever work the engine is tasked to do.

Diesel fueled engines ignite the fuel and air mixture without an electric spark. They rely on the
heat generated by squeezing the fuel and air mixture until it ignites; this is commonly referred to
auto-ignition. Diesel engines utilize very high compression ratios to achieve auto- ignition and,
therefore, produce more power per unit of energy. Aside from efficiency, however, gasoline and
diesel fueled engines maintain very distinct characteristics such as the rates (time) power is
achieved, emissions, component weight, and more.

In ongoing, periodic discussions with manufacturers on future fuel saving technologies and
powertrain, manufacturers’ plans have, generally, included HCCI as part of a long-term strategy.
The technology appears to always be a strong consideration as, in theory, it provides the “best of
both worlds” — meaning a way to provide diesel engine efficiency with gasoline engine
performance and emissions levels.

Developments in both the research and the potential production implementation of HCCI for the
U.S. market are continually being monitored. In 2017, Mazda announced a significant
production breakthrough regarding a gasoline-fueled engine employing HCCI for a portion of it

206 “New 2.5-liter Direct-injection, Inline 4-cylinder Gasoline Engine”
https://newsroom.toyota.co.jp/en/powertrain/engine/ Published December 6, 2016.

27 A spark is required because the air to fuel mixture contains too much gasoline (“rich”) to ignite without it but
cannot be made lean enough to reliably, precisely and controllably ignite on its own.
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normal operation.?®® Soon after, Mazda publicly stated they plan to introduce this engine as part
of the Skyactiv family of engines in 2019.%%

However, HCCI has not been included in simulation and vehicle fleet modeling for past
rulemakings and has not been included HCCI in this rulemaking as well; this is primarily due to
the fact that manufacturers were not manufacturing HCCI engines at the time of the 2012
rulemaking, and accordingly there was a lack of conclusive and independently verifiable
effectiveness, cost, and mass market implementation data available.

The NPRM requests comment on the potential use of HCCI technology in the analysis for the
timeframe proposed for this rulemaking. More specifically, should HCCI be included in the final
rulemaking analysis for this proposed rulemaking? Why or why not? Please provide supporting
data, including effectiveness values, costs in relation varying engine types and applications, and
production timing that supports the timeframe of this rulemaking.

6.3.2.2.13 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 this analysis, Miller Cycle is a
variant of Atkinson cycle with intake manifold pressure boosted by either a turbocharger and/or a
mechanically or electrically driven supercharger. More simply, it is an extension of Atkinson
Cycle to boosted engines. 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 SI engines were
in mass production after 2003, and Miller Cycle was not evaluated as a potential gasoline engine
technology as part of the rulemaking for MYs 2017-2025.

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 aftercooler
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
recently launched in Europe, N. Africa and S. America in the MY 2014 Peugeot 308.210 In

208 «“Mazda Next-Generation Technology-Press Information,” October 24, 2017,
https://insidemazda.mazdausa.com/press-release/mazda-next-generation-technology-press-information/ (last
accessed - April 13, 2018)

209 «“Magzda Introduces Updated 2019 CX-3 at 2018 New York International Auto Show,,” March 28, 2018,
https://insidemazda.mazdausa.com/press-release/mazda-introduces-2019-cx-3-2018-new-york-auto-show/ (last
accessed - April 13, 2018).

219 5oyhaite, P., Mokhtari, S. “Combustion System Design of the New PSA Peugeot Citroén EB TURBO PURE
TECH Engine,” Proceedings - Internationaler Motorenkongress 2014, DOI - 10.1007/978-3-658-05016-0_5.
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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% BTE.

In MY 2016, VW launched 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 EIVVC version of Miller
Cycle.211,212 The peak BTE of 37% is higher than that of the PSA Miller cycle engine, in part
due to a higher expansion ratio (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% BTE.
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 NO control, requiring either a NOy 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 NO, 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 2012 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 the
regulatory drive cycles for the MSC EASY5 diesel simulations on top of the diesel engine maps
showed that there was significant potential for improvement in the choice of selected gear. These
issues were addressed for the Draft TAR CAFE analysis, and for the CO, and CAFE analyses for
this NPRM through the use of the Autonomie shift schedules and control models described in
this chapter.

211 ydack, R., Kuhn, M., Wurms, R., Heiduk, T. “Optimization of the Combustion Process as Demonstrated on the
New Audi 2.0l TFSI,” 24th Aachen Colloquium Automobile and Engine Technology 2015.

22 \Wurms, R., Budack, R., Grigo, M., Mendl, G., Heiduk, T., Knirsch, S. “The New Audi 2.0l Engine with
Innovative Rightsizing,” 36. Internationales Wiener Motorensymposium 2015.
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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:

1) Engine downsizing (increased peak BMEP)

2) Engine down-speeding

3) Advanced friction reduction measures

4) Reduced parasitic

5) Improved thermal management

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

7) Advanced turbocharging, including the use of VNT and sequential turbocharging

8) Incorporation of highly-integrated exhaust catalyst systems with high NOy and PM
removal efficiencies

9) 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. MY 2016-2017 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.213, 214, 215 The light-duty diesel technology
packages used in the 2012 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 2012 FRM for advanced
light-duty diesel vehicles assumed use of using a DOC+DPF+SCR system for meeting emissions
standards for criteria pollutants.

This NPRM analysis utilizes two diesel technology levels. The first technology level represents
the modern diesel engines as offered in the current MY 2016 LD vehicles. The second level of
diesel would incorporate combination of low pressure and high pressure EGR, reduced parasitic
loss, advanced friction reduction, incorporation of highly-integrated exhaust catalyst with low
temp light off temperatures, and closed loop combustion control. In both of these packages, the
analysis includes the cost of the after-treatment systems to meet the emissions standards for
criteria pollutants.?*®

13 Hatano, J., Fukushima, H., Sasaki, Y., Nishimori, K., Tabuchi, T., Ishihara, Y. “The New 1.6L 2-Stage Turbo
Diesel Engine for HONDA CR-V.” 24th Aachen Colloguium - Automobile and Engine Technology 2015.

2 Steinparzer, F., Nefischer, P., Hiemesch, D., Kaufmann, M., Steinmayr, T. “The New Six-Cylinder Diesel
Engines from the BMW In-Line Engine Module.” 24th Aachen Colloguium - Automobile and Engine Technology
2015.

25 Eder, T., Weller, R., Spengel, C., Bohm, J., Herwig, H., Sass, H. Tiessen, J., Knauel, P. “Launch of the New
Engine Family at Mercedes-Benz.” 24th Aachen Colloquium - Automobile and Engine Technology 2015.

218 National Research Council. 2015. Cost, Effectiveness, and Deployment of Fuel Economy Technologies for
Light-Duty Vehicles. Washington, DC - The National Academies Press. https://doi.org/10.17226/21744. pg. 104.
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6.3.2.2.14 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). 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 EAB888 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 2012 final rule 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
o Enable additional engine “down-speeding” without encountering enrichment
e Improved control of turbine inlet temperature (turbocharged engines only)
o Enable use of lower-cost materials turbine and turbine housing materials
o 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
o Improved durability (fewer gaskets to fail)
e Reduced weight (savings of approximately 1 kg/cylinder)

This analysis has not defined technology for thermal management in Autonomie, as available
data varies significantly. The NPRM requests comment on data and cost of thermal management
systems, in addition to how they could be incorporated with current technology offerings.

6.3.2.2.15 Low Friction Lubrications and Engine Friction reductions (LUBEFR)

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
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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.

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 8%
of the fuel 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 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, !9 220.221.222

6.3.2.2.16 Sources of Engine Effectiveness Data

This analysis used engine data from a wide range of sources to update engine effectiveness for
this assessment -

= Newly available public data (e.g., peer-reviewed journals, peer-reviewed technical
papers, conference proceedings);

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

= Benchmarking and simulation modeling of current and future engine configurations;

2172018 Toyota Camry 2.5L 4-cylinder (A25A-FKS engine) recommended engine oil selection. Page 543.
https://www.toyota.com/t3Portal/document/om-s/OM06122U/pdf/OM06122U.pdf

218 National Research Council. 2015. Cost, Effectiveness, and Deployment of Fuel Economy Technologies for
Light-Duty Vehicles. Washington, DC - The National Academies Press. https://doi.org/10.17226/21744.

219 «polyalkylene Glycol (PAG) Based Lubricant for Light- & Medium-Duty Axles,” 2017 DOE Annual Merit
Review. Ford Motor Company, Gangopadhyay, A., Ved, C., Jost, N.
https://energy.gov/sites/prod/files/2017/06/f34/ft023_gangopadhyay 2017_o.pdf

220 «“power-Cylinder Friction Reduction through Coatings, Surface Finish, and Design,” 2017 DOE Annual Merit
Review. Ford Motor Company. Gangopadhay, A. Erdemir, A.
https://energy.gov/sites/prod/files/2017/06/f34/ft050_gangopadhyay 2017_o.pdf

221 «Niissan licenses energy-efficient engine technology to HELLER, " https://newsroom.nissan-
global.com/releases/170914-01-e?lang=en-US&rss&la=1&downloadUrI=%2Freleases%2F170914-01-
e%2Fdownload. Last accessed April 2018

222 “Infiniti’s Brilliantly Downsized V-6 Turbo Shines, ” http://wardsauto.com/engines/infiniti-s-brilliantly-
downsized-v-6-turbo-shines. Last Accessed April 2018.
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= EPA’s benchmarking and simulation modeling of current transmission configuration;

= Confidential data from OEMs, Tier 1 suppliers, and major automotive engineering
services firms;

= NHTSA benchmarking of production vehicles with advanced engine and transmission
technologies;

= Data from the U.S. Department of Energy Vehicle Technologies Program; and

= Sources of engine effectiveness data used in the analysis supporting the light-duty CAFE
and CO;, rule covering MYs 2017 and beyond

Data gleaned from each source is discussed in turn, below.

6.3.2.2.16.1Publicly available literature

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 2012 final
rule. 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 an indication of which technologies to
investigate in more detail and offer the opportunity to correlate testing and simulation results
against currently available and future designs.

Literature is referenced throughout this RIA and Preamble. Additionally, CAFE model
documentation and Autonomie model documentation also provide individual references for
individual technologies. Many of these papers are published and publicly available from
organization like Society of Automotive Engineers (SAE), American Society of Mechanical
Engineers (ASME), International Wiener Motor Symposium, and others.

6.3.2.2.16.1.1 Engine and Chassis Dynamometer Testing

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) wiring tether and simulated
vehicle feedback signals in order to allow use of the vehicle manufacturer’s engine management
system and trained control parameters.
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NHTSA conducted engine dynamometer testing of light-duty truck engines at Southwest
Research Institute and vehicle testing at ANL Advanced Powertrain Research Facility (APRF).
In addition to measuring 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
simulation of drive cycles so that vehicle packages with varying transmission configurations and
road-loads could be evaluated.

6.3.2.2.16.2Confidential business information

While the confidential data provided by vehicle manufacturers, suppliers, and engineering firms
cannot be published in the NPRM, these sources of data were important as they allowed the
agency to perform quality and rationality checks against the data that we are making publicly
available. In each case where a specific technology was benchmarked, the agencies met with the
vehicle manufacturers.

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 Computer Aided Engineering (CAE) simulations
were used to determine drive cycle effectiveness.

6.3.2.2.16.3Benchmark data

NHTSA worked with ANL and 1AV to develop the engine maps used for this NPRM analysis.
IAV is one the world’s leading engineering services partners to the global automotive industry
and has extensive experience in testing and modeling engines and combustion. NHTSA updated
the list of engine technologies included in the NPRM analysis based on consultations with EPA,
CARB, ANL and IAV. The technology list builds on the technologies that were considered in the
2012 final rule and includes new technologies that are being implemented or that are under
development and to be feasible in that timeframe.

IAV used benchmark production engine test data to develop a 1-D GT-POWER engine model
for the baseline engine technology configuration. Technologies were incrementally added to the
baseline model to assess the impacts of the various technologies on fuel consumption.
Assumptions and inputs to the modeling and validation of results leveraged IAV’s global engine
database that included benchmarking data, engine test data, single cylinder test data and prior
modeling studies, and also technical publications and information presented in conferences.

The rulemaking analysis uses the incremental impact of technologies on fuel economy and CO,
emissions and applies those incremental impacts to the fuel economy and emissions of each
model in the MY 2016 analysis fleet. Using a single engine model as the reference for engine
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technologies provides a common base for all of the incremental technologies and anchors the
incremental effectiveness values to a common reference.

The potential future MY fuel economy of each individual vehicle model is based on the vehicle
model’s MY 2016 actual fuel economy and the incremental effectiveness of the combination of
technologies that the CAFE model applies. Because each vehicle model in the analysis fleet has a
unique technology configuration and fuel economy value, applying the same incremental set of
technologies to two different vehicle models produces different fuel economy impacts results
between the vehicles modeled.

6.3.2.2.16.41AV Process to Develop Engine Maps

For the Draft TAR analysis, all NHTSA engine models were derived from a single parent
naturally aspirated engine and from a single parent turbocharged engine. The naturally aspirated
and turbocharged engines were trained using engine test data in fixed ambient conditions of 25
degrees Celsius and 990 millibar.?* In the original modeling of the turbocharged engines, IAV
had utilized 93 octane fuel to develop the fuel maps. As discussed above, for this NPRM the fuel
maps have been updated for 87 AKI fuel to reflect the fuel that manufacturers specify for the
majority of vehicles. Figure 6-44 shows the overview of the engine models utilized by IAV to
develop engine maps for the Draft TAR and this NPRM analysis. In addition of use of GT-
POWER, many other hardware models and computational fluid dynamic models were utilized to
convert test data for use in the submodels shown below.

Heat Release Kinetic fit Knock model
Predictive combustion model Sensitive 1o AFR and Diluent (EGR)
5 4 r
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e
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Figure 6-44 - Overview of the engine model development

223 Within this PRIA, the term “normal-temperature operating conditions™ refers to conditions specified in 40 CFR
Part 86 control of emissions from new and in-use highway vehicles and engines, which specifies operation with
fixed ambient conditions of 25 degrees Celsius and 990 millibar.
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Figure 6-45 below shows the first step in setup and calibration of the engine model. The first
steps of the modeling involve defining the different characteristics of the geometries of an engine
and correlating the model results with test data for gas exchange. This process has been
automated in IAV’s analysis for this NPRM to minimize development time of each individual
engine configuration. With the definition of geometries of any engine defined, the friction model
is also trained based on combination of physics and empirical data.

Fully automated gas exchange model adjustment

0 3D - CAD - geometries (ProE / Catia) | k;\
l A -

| 1D - Elementes / GEM 3D |
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Optimization of simulated indicated data to match test data

;

Pintake = Result ol Pexhaust
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Figure 6-45 shows the gas exchange setup and calibration

The predictive combustion model is then used to calculate the premixed combustion in gasoline
engines. This step involves modeling turbulence and flame propagation of the combustion based
on the consideration of the geometrical characteristics of the combustion chamber.

The final and most important part of the engine modeling is the knock model. GT Kinetics Fit
knock model, a modification of the Arrhenius function, was used to develop the maps based on
the fuel properties defined in section 6.3.2.2.17 . The model is further developed with test data to
predict knocking behavior due to lean combustion process and cooled EGR. Knock modeling
remains an important step in understanding the performance constraints of an engine, especially
if the engine is aggressively down-sized in vehicle application or in simulation.
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Figure 6-46 - Example of advanced calculation of knock tendency due to cylinder
deactivation.

6.3.2.2.17 Fuel Octane
6.3.2.2.17.1What is fuel octane level?

Gasoline octane levels are an integral part of potential engine performance. According the
United States Energy Information Administration (EIA), octane ratings are measures of fuel
stability. These ratings are based on the pressure at which a fuel will spontaneously combust
(auto-ignite) in a testing engine.?** Spontaneous combustion is an undesired condition that will
lead to serious engine damage and costly repairs for consumers if not properly managed. The
higher an octane number, the more stable the fuel, mitigating the potential for spontaneous
combustion, also commonly known as “knock.” Modern engine control systems are
sophisticated and allow manufacturers to detect when “knock™ occurs during engine operation.
These control systems are designed to adjust operating parameters to reduce or eliminate
“knock” once detected.

In the United States, consumers are typically able to select from three distinct grades of fuel,
each of which provides a different octane rating. The octane levels can vary from region to
region, but on the majority, the octane levels offered are regular (the lowest octane fuel—
generally 87 Anti-Knock Index (AKI) also expressed as (the average of Research Octane +
Motor Octane), midgrade (the middle range octane fuel-generally 89-90 AKI), and premium
(the highest octane fuel-generally 91-94 AKI1).?> At higher elevations, the lowest octane rating
available can drop to 85 AKI.?%°

224 “What is Octane?” United States Energy Information Administration

https://www.eia.gov/energyexplained/index.cfm?page=gasoline _home#tab2 (last accessed - March 19, 2018).
225
Id.

226 85 octane fuel is available in high-elevation regions where the barometric pressure is lower causing naturally
aspirated engines to operate with less air and therefore at lower torque and power. This creates less benefit and need
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Currently, throughout the United States, pump fuel is a blend of 90% gasoline and 10% ethanol.
It is standard practice for refiners to manufacture gasoline and ship it, usually via pipelines, to
bulk fuel terminals across the country. In many cases, refiners supply lower octane fuels than the
minimum 87-octane required by law to these terminals. The terminals then perform blending
operations to bring the fuel octane level up to the minimum required by law, and higher. In some
cases, typically to lowest fuel grade, the “base fuel” is blended with ethanol, which has a typical
octane rating of approximately 113. For example, in 2013, the State of Nebraska Ethanol Board
defined requirements for refiners to 84-octane gas for blending to achieve 87-octane prior to final
dispensing to consumers.**’

6.3.2.2.17.2Fuel octane level and engine performance

A typical, overarching goal of optimal spark-ignited engine design and operation is to maximize
the greatest amount of energy from the fuel available, without manifesting detrimental impacts to
the engine over its expected operating conditions. Design factors, such as compression ratio,
intake and exhaust value control specifications, combustion chamber and piston characteristics,
among others, all are impacted by octane (stability) of the fuel consumers are anticipated to
USG.228

Vehicle manufacturers typically develop their engines and engine control system calibrations
based on the fuel available to consumers. In many cases, manufacturers may recommend a fuel
grade for best performance and to prevent potential damage. In some cases, manufacturers may
require a specific fuel grade for best performance and/or to prevent potential engine damage.

Consumers, though, may or may not choose to follow the recommendation or requirement for a
specific fuel grade. Additionally, regional fuel availability could also limit consumer choice or,
in the case of higher elevation regions, present an opportunity for consumers to use a fuel grade
that is below the minimum recommended. As such, vehicle manufacturers employ strategies for
scenarios where a lower than recommended, or required, fuel grade is used, mitigating engine
damage over the life of a vehicle.

When knock (also referred to as detonation) is encountered during engine operation, at the most
basic level, non-turbo charged engines can reduce or eliminate knock by adjusting the timing of
the spark that ignites the fuel, as well as the amounts of fuel injected at each intake stroke
(“fueling”). In turbo-charged applications, boost levels are typically reduced along with spark
timing and fueling adjustments. Past CAFE rulemakings have also discussed other techniques

for higher octane fuels as compared to at lower elevations where engine airflow, torque and power levels are
higher..,, “What is 85 octane, and is it safe to use in my vehicle?”
https://www.fueleconomy.gov/feg/octane.shtml#85 (last accessed - March 19, 2018)

2270l Refiners Change Nebraska Fuel Components, ” http://ethanol.nebraska.gov/wordpress/oil-refiners-change-
nebraska-fuel-components/ (last accessed - March 19, 2018).

228 Additionally, Section 6.3.2.2.17.4contains a brief discussion of fuel properties, octane levels used for engine
simulation and in real-world testing, and how octane levels can impact performance under these test conditions.
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that may be employed to allow higher compression ratios, more optimal spark timing to be used
without knock, such as the addition of cooled exhaust gas recirculation (EGR). Regardless of the
type of spark-ignition engine or technology employed, reducing or preventing knock results in
the loss of potential power output, creating a “knock-limited” constraint on performance and
efficiency.

In spite of the limits imposed by available fuel grades, manufacturers continue to make progress
in extracting more power and efficiency from spark-ignited engines. Production engines are
safely operating with regular 87 AKI fuel with compression ratios and boost levels once viewed
as only possible with premium fuel. According to the Department of Energy, the average
gasoline octane level has remained fundamentally flat starting in the early 1980°s and decreased
slightly starting in the early 2000°s. During this time, however, the average compression ratio
for the U.S. fleet has increased from 8.4 to 10.52, a more than 20% increase, yielding the
statement that, “There is some concern that in the future, auto manufacturers will reach the limit
of technological increases in compression ratios without further increases in the octane of the
fuel.”??

As such, manufacturers are still limited by the available fuel grades to consumers and the need to
safeguard their products for all of the available fuels, thus, the potential improvement in the
design of spark-ignition engines continues to be overshadowed by the fuel grades available to
consumers.

6.3.2.2.17.3Potential of higher octane fuels

Automakers and advocacy groups have expressed support for increases to fuel octane levels for
the US market and are actively participating in Department of Energy research programs on the
potential of higher octane fuel usage.?*#*! Some positions for potential future octane levels
include advocacy for today’s premium grade becoming the base grade of fuel available, which
could enable low cost design changes that would improve fuel economy and CO,. Challenges
associated with this approach include the increased fuel cost to consumers who drive vehicles
designed for current regular octane grade fuel that would not benefit from the use of the higher
cost higher octane fuel. The net costs for a shift to higher octane fuel would persist well into the
future. Net benefits for the transition would not be achieved until current regular octane fuel is
not available in the North American market, and manufacturers then redesign all engines to

229 «Fact #940 - August 29, 2016 Diverging Trends of Engine Compression Ratio and Gasoline Octane Rating”
Department of Energy Fact of the Week. https://www.energy.gov/eere/vehicles/fact-940-august-29-2016-diverging-
trends-engine-compression-ratio-and-gasoline-octane, (last accessed - March 21, 2018)

20 «migh Octane Gas Coming — But You'll Pay More for I¢” Detroit Free Press, April 25, 2017,
https://www.freep.com/story/money/cars/mark-phelan/2017/04/25/new-gasoline-promises-lower-emissions-higher-
mpg-and-cost-octane-society-of-automotive-engineers/100716174/, (last accessed - March 21, 2018)

31 «The Octane Game - Auto Industry Lobbies for 95 as New Regular,” Automotive News, April 17, 2018,
http://www.autonews.com/article/20180417/BLOG06/180419780/the-octane-game-auto-industry-lobbies-for-95-as-
new-regular (last accessed - April 18, 2018).

256


https://www.energy.gov/eere/vehicles/fact-940-august-29-2016-diverging-trends-engine-compression-ratio-and-gasoline-octane
https://www.energy.gov/eere/vehicles/fact-940-august-29-2016-diverging-trends-engine-compression-ratio-and-gasoline-octane
https://www.freep.com/story/money/cars/mark-phelan/2017/04/25/new-gasoline-promises-lower-emissions-higher-mpg-and-cost-octane-society-of-automotive-engineers/100716174/
https://www.freep.com/story/money/cars/mark-phelan/2017/04/25/new-gasoline-promises-lower-emissions-higher-mpg-and-cost-octane-society-of-automotive-engineers/100716174/

operate the higher octane fuel, and then after those vehicles have been in production a sufficient
number of model years to largely replace the current on-road vehicle fleet. The transition to net
positive benefits could take many years.

In anticipation of this proposed rulemaking, organizations such as the High Octane Low Carbon
Alliance (HOLC) and the Fuel Freedom Foundation, have met with the agencies to share their
positions on the potential for making higher octane fuels available for the U.S. market. Other
stakeholders also commented to past CAFE/GHG rulemakings and/or the Draft TAR regarding
the potential for increasing octane levels for the U.S. market.

The NPRM seeks comment on the potential benefits, or dis-benefits, of considering the impacts
of increased fuel octane levels available to consumers for purposes of the model. More
specifically, comments are invited on how increasing fuel octane levels would play a role in
product offerings and engine technologies. Are there potential improvements to fuel economy
and CO; reductions from higher octane fuels? Why or why not? What is an ideal octane level for
mass-market consumption balanced against cost and potential benefits? What are the negatives
associated with increasing the available octane levels and, potentially, eliminating today’s lower
octane fuel blends? Please provide supporting data for your position(s).

6.3.2.2.17.4Fuel property comments to Draft TAR

The agencies received comments to the Draft TAR from the Alliance and Global Automakers
that the engine maps used for the analysis over-estimated potential fuel economy improvements
because they assumed engine specifications and calibrations would be developed for high octane
Tier 2 certification fuel. The commenters stated engine maps should reflect engines that are
specified and trained for regular octane pump fuel (87AKI) to assure they account for real world
engine constraints that impact durability, drivability and noise, vibration and harshness. For
rulemaking analyses, technology pathways were modeled that can improve fuel economy while
maintaining vehicle performance, capability and other attributes. This includes assuming there
would be no change in the fuel octane required to operate the vehicle. It is important to reflect
these constraints, and for the NPRM analysis updated engine maps to reflect engine
specifications and calibrations capable of operating on 87 AKI Tier 3 certification fuel. Using the
updated criteria assures the NPRM analysis reflects the real world constraints and addresses the
over-estimation of potential fuel economy improvements in the Draft TAR.

Table 6-4 shows the fuel specifications used for engine specification, calibration and for the
development of engine maps. The impact of this change will be described in the later sections.

Table 6-4 - Fuel Properties for the IAV modeled Engines

Type of fluid Composition Molecular Formula Density Lower Heating value
Mass Fraction C H Q Kg/M3 MJikg

Hydrocarbon 0.903712493 8| 14.851265 0 7419 4319

Ethanal 0.094801493 2 6 1 785 269

Water 0.001486014 0 2 1 1002.5 1]
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Because there is a difference in the energy content of 87 AKI Tier 3 used for engine maps and
Tier 2 certification fuel which is the reference fuel for CAFE and CO, standards, compliance,
and MY 2016 analysis fleet fuel economy values, it is necessary to adjust the modeling data to
reflect Tier 2 certification fuel. This adjustment was applied to the Autonomie simulation
modeling outputs and is reflected in the inputs used in the CAFE model. An adjustment factor
was applied to the Autonomie simulation results to adjust them to reflect Tier 2 certification fuel.
ANL adjusted the vehicle fuel economy results to represent certification fuel by using the ratio of
the lower heating values of the test and certification fuels. For Tier 2 certification fuel, LHV of
43.10 MJ/kg recommended by DOE was used.

6.3.2.2.18 Engine packages used for full vehicle simulation modeling
6.3.2.2.18.1DOHC Engine packages

A dual overhead camshaft (DOHC) valvetrain design is characterized by two camshafts located
within the cylinder head with one operating the intake valves and the other operating the exhaust
valves. In this NPRM analysis ten combinations of technologies that can improve the fuel
economy of DOHC engines were considered, as shown in Table 2, below. Table 6-5 shows the
summary of all engines considered in this analysis with more details defined in the later sections.
Additionally, for this analysis four new engines were added that cover combinations of existing
technologies that were not utilized in the Draft TAR. These new engines are eng18, eng19,
eng20 and eng21.
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Table 6-5 - NHTSA’s list of DOHC engines evaluated for this NPRM**

Engine
Engines Technologies Notes Reference Peak
Power (kW)
Parent NA engine, Gasoline, 2.0L, 4 cyl, 108
engol | DOHC VVT NA, PFI, DOHC, VVT
108
eng02 DOHC VVT+VVL
g VVL added to Eng01
113
eng03 DOHC VVT+VVL+GDI
g DI added to Eng02
eng04 DOHC 113
VVT+VVL+GDI+DEAC | Cylinder deactivation added to Eng03
i 11
eng18 DOHC VVT + SGDI Gasoline, 2.0L, 4 cyl, NA, GDI, DOHC, 3
VVT
engl9 DOHC VVT + DEAC 113
g Cylinder deactivation added to Eng01
eng20 DOHC VVT + VVL + 113
DEAC Cylinder deactivation added to Eng02
eng21 DOHC VVT + SGDI + 113
DEAC Cylinder deactivation added to Eng18
eng24 Current SkyActiv 2.0l Non-HEV Atkinson, Gasoline, 2.0L, 4 cyl, 101
g 93AKI DOHC, NA, GDI, VVT, CR 13.1, 93 AKI
Future SkyActiv 2.0l Non-HEV Atkinson, Gasoline, 2.0L, 4 cyl, 101
eng25 CEGR 93AKI+DEAC DOHC, NA, GDI, VVT, cEGR, DEAC CR
14.1, 93 AKI

2 ANL - Summary of Main Component Performance Assumptions excel file provides the raw data for commenters
to review in detail.
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6.3.2.2.18.1.1 Comments on the DOHC engine maps in the Draft TAR and Agency
Responses

It is expected that engines with the same combination of technologies produced by different
manufacturers will have differences in BSFC and performance due to differences in the design of
engine hardware (e.g., intake runners and head ports, valves, combustion chambers including the
piston top, compression ratios, exhaust runners and ports, turbochargers, etc.), control software
and calibration. Therefore, it is expected that the engine maps developed for this analysis will
differ from manufacturers’ engine maps. However, it is intended and expected that the
incremental improvements for the technologies and combinations of technologies will be similar
for the modeling supporting this NPRM and manufacturers’ engines. The NPRM seeks comment
on whether this updated analysis accurately reflects the incremental changes in BSFC that would
be achieved through the application of each of the technology combinations. All of the engine
maps developed for the NPRM analysis reflect fully warmed up operation where the engine
coolant temperature at 95 degrees Celsius. Cold start and transient operation is addressed through
the use of a “cold start penalty” offset in the Autonomie modeling.

The Alliance of Automobile Manufactures (the Alliance) submitted several comments regarding
the engine maps and assumptions used in the Draft TAR;?* this analysis discusses those
comments in turn. The Alliance commented that for Eng01, “for low- to medium-load and sub-
1,000 revolutions-per-minute (RPM) conditions, the brake specific fuel consumption (BSFC)
data was optimistic for typical dual overhead cam (DOHC) engines. Also, that the Base Engine
Map did not reflect cam control limitations that are typical of commercial calibrations.” The
Alliance provided the engine map in Figure 6-47, which shows their assessment of the BSFC
differences between Draft TAR engine 01 and their own benchmarking data of an OEM 2.0L,
four cylinder, naturally aspirated, port fuel injection, DOHC, dual cam variable valve timing
(VVT), 10.2 CR engine. The Alliance appears to have extrapolated of data between idle and
1000 rpm.

This analysis notes that the Draft TAR engine maps did not include data below 1000 rpm. The
maps did provide fuel flow (BSFC) down to 1 bar BMEP. Fuel flow data for idle and no load
were provided separately, but they were not intended to be “blended” with the overall map, as
was done by the Alliance in producing the engine map in Figure 6-47. Interpolating between the
two sets to provide data below 1000rpm is not representative of the data that NHTSA used in the
Draft TAR analysis. It is concluded that using engine map 01 (Eng01) and separate idle and no
load fuel data accurately reflects the fuel consumption in those operating ranges, and those inputs
were used for this NPRM analysis.

33 Alliance of Automobile Manufactures Comments on Draft Technical Assessment Report - Midterm Evaluation of
Light-Duty Greenhouse Gas Emission Standards and Corporate Average Fuel Economy Standards for Model Years
2022-2025 (EPA-420-D-16-900, July 2016).
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Figure 6-47 - Alliance of Automobile Manufacturers’ Comparison of Eng01 to an OEM
2.0L Benchmarked Engine and comments

For Eng01, the Alliance also commented that the “[IJow RPM torque and knock are aggressive
for a port fuel injection (PFI) gasoline engine with 10.2 compression ratio (CR).” The analysis
notes that the low speed torque is provided for the sake of completeness as it is possible to
operate the engine at that torque level. However, for practical reasons due to excessive fuel
consumption, poor NVH, shift scheduling, etc., the engine would not typically operate in that
area of the map. While this region of the engine map could be addressed, there is no operation in
that region in the 2-cycle Autonomie simulation modeling, or during performance simulation
modeling. Addressing the identified region of the engine map would have no impact on the 2-
cycle fuel consumption or vehicle performance. Therefore, this region of the engine map was not
changed for the NPRM. The operation on 2-cycle tests is discussed in the ANL modeling Section
6.2.1.

Another Alliance comment on Eng01 was that “the NHTSA Base Engine Map is also very
aggressive at lower loads. This is evidenced by a comparison of industry benchmark data for an
engine that as the benefit of additional technology such as variable valve lift (VVL) and higher
compression ratio.” The analysis notes that the AAM benchmark Honda Accord 2.4L is a larger
displacement engine that is of higher performance. As such it will carry more friction which is
especially detrimental at lower loads. The Honda engine is also a 2-step VVL system with a
switching point that is speed dependent, therefore it is unclear whether there would be any BSFC
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benefits at low loads. Accordingly, this region of the engine map was not changed for the
NPRM.
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Figure 6-48 - Alliance Comparison of eng01 to Honda Accord 2.4L engine and comments

For Eng02, which adds VVL to Eng01, the Alliance commented that “the increased torque and
knock relief levels at low RPM are aggressive for just the addition of VVL to the base engine.”
For the same reasons addressed above in regard to Eng01, addressing these issues would have no
impact on vehicle level fuel consumption modeling or performance for this NPRM analysis;
accordingly, this region of the engine map was not changed for this NPRM.

The Alliance also commented regarding Eng02 that, “[a]t low load (less than two bar) the CVVL
benefit modeled assumes excellent combustion, and the pumping work reduction with CVVL is
overstated.” The analysis notes that the Honda VVL is a 2-step system that operates independent
of load. IAV’s model is for an engine with continuous VVL that is optimized for each load and
speed point, hence true benefits from “unthrottled” operation is realizable at low loads.
Therefore, this region of the engine map was not changed for this NPRM.
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Figure 6-49 - Alliance Comparison of Eng02 map to Eng01 and comments

For Eng03, which adds SGDI to Eng02, the Alliance commented that “the GDI pump friction
isn’t properly taken into account” and “optimistic knock relief assumptions are used.” The
additional loading from a GDI pump in the low load region is very low at around 0.2kW. This is
readily offset by the benefits from direct injection. At low speeds and high loads most engines
are knock-limited; Eng03 is no exception. There are however many factors that will influence the
knock tolerance, including volumetric efficiency, mixture formation, swirl, tumble, TKE, local
hot spots in the combustion chamber, cooling, injection timing, and calibration. It was concluded
that the modeled Eng03 and Honda engine are not directly comparable in this case; the modeled
Eng03 performs better in some regions, while the Honda engine shows better results in others.
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Figure 6-50 - Alliance Comparison of Eng03 to Eng02 and comments

Other Alliance comments regarding Eng03 centered on CVVL of this engine compared to the
two-step VVL system. The Alliance stated that the “aggressive CVVL assumptions for the low
load operation were made across the speed band,” and “[t]he pumping work reduction is
overstated, especially considering that the benchmark Honda engine used for comparison here is
already a 2-Step VVL engine.” This analysis concludes that with CVVL, it is possible to
optimize phasing and lift to minimize pumping losses at all speeds and loads. Additionally, the
CVVL system scales both lift and duration by the same ratio, i.e., if lift is reduced 50% than
duration is also reduced by 50%. A 2-step VVL system has a reduced range of operation
compared to a CVVL system. Furthermore, the Honda engine VVL switch point is speed-
dependent. Therefore, for this analysis, this engine map was not changed.
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Figure 6-51 - Alliance Comparison of Eng03 to Honda Accord 2.4L engine and comments.

Other Alliance comments regarding DOHC engines concerned Eng04, which adds cylinder
deactivation to Eng03. The Alliance indicated that “[t]he typical range of cylinder deactivation
for production engines is limited to engine operation greater than 1,000 RPM to avoid idle
interaction. However, IAV Engine4 Map does not display a low RPM limitation.” This analysis
concludes that cylinder deactivation, due to NVH and efficiency considerations, is typically
limited to 1000-3000rpm and below 4 bar BMEP. Also, it would be incorrect to interpolate data
points that reside outside the immediate boundaries of cylinder deactivation operation. Outside
the cylinder deactivation range, the Eng03 engine map should be used explicitly. The cylinder
deactivation model in Autonomie has been updated. Details are provided in the simulation
section 6.2.

The Alliance also commented that, “low load two-cylinder deactivation benefit is typically
limited to the value seen at one bar brake mean effective pressure (BMEP). The IAV Engine4
map suggests benefits below the one bar threshold and the map is overly optimistic in this area.”
This analysis concludes that operation of the engine in cylinder deactivation mode down to 0 bar
BMEP is technically possible. However, the practical implementation is determined by noise,
vibration and harshness limitations. In the Autonomie modeling, an engine lugging limit is
specified that prevents low load operation.
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The Alliance also noted that “[t]he cylinder deactivation control system hysteresis for the
transitions in and out of cylinder deactivation mode has been neglected. Hysteresis is required to
prevent frequent switching from normal to deactivated mode.” In this analysis hysteresis is
incorporated in ANL’s simulation. The engine map provides the BSFC when cylinder
deactivation is operating.

Finally, the Alliance noted that “[t]he approach of using a single map to characterize engines
with cylinder deactivation technology may not take into account the transitional fuel usage
during transitions in and out of cylinder deactivation mode.” This analysis concludes again that
the Autonomie model uses both engine maps 3 and 4 with hysteresis to prevent frequent mode
switching and address the transition of going in and out of cylinder deactivation. Therefore, the
engine map was not changed for the NPRM.
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Figure 6-52 - Alliance Comparison of Engine 4 map to Engine 3 map and comments

6.3.2.2.18.2SOHC Engine packages

In the 2016 Draft TAR, 1AV modeled four engine maps for SOHC engines, as shown in Table
6-6 below. This NPRM analysis carried over the same four engines for the analysis without any
changes. As mentioned above, cylinder deactivation in the Autonomie full vehicle simulation
model has been updated to address comments.
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Eng5b was developed to assess the impacts of reduced friction. Reduction in engine friction 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. A SOHC engine with VVT was used and its FMEP reduced by 0.1 bar relative to over
its entire operating range. Valve timing was optimized for a fixed overlap camshaft. Eng6a was
developed to assess the friction reduction impact on Eng2. Reduced friction will improve
efficiency at all load points as well as raise the full load line. Eng7a was developed to assess the
friction reduction impact on Eng3. Eng8a was developed to assess the friction reduction impact
on Eng4.

Table 6-6 - List of SOHC engines evaluated for this NPRM?***

Engine
Engines Technologies Notes Plz:{(e;%rxgr
(kW)
Engba | SOHC VVT+PFI Eng01 converted to SOHC Reference only
engsh SOHC VVT (level 1 Eng5a_with valvetr_air_1 friction _ 109
Red. Friction) reduction (small friction reduction)
engéa SOHC V\_/T_+VVL (level EngOZ'with valvetr_air_1 friction _ 109
1 Red. Friction) reduction (small friction reduction)
SOHC VVT+VVL+GDI EngO3_with valvetr_air_1 friction _ 114
eng7a (level 1 Red. Friction) redL_Jc_tlon (small friction reduction),
addition of VVL and GDI
SOHC Eng04 with valvetrain friction 114
eng8a | VVT+VVL+GDI+DEAC | reduction (small friction reduction),
(level 1 Red. Friction) addition of DEAC

6.3.2.2.18.2.1 Comments on the SOHC engine maps in the Draft TAR and Agency
Responses
The Alliance had several Draft TAR comments relating to the analyzed SOHC engine maps. The
Alliance commented that “[1I]Jower RPM torque reduction does not appear to be accounted for
accurately,” and “[t]he benefit in the 2-4 bar region appears to be overstated given that the cams
cannot move relative to each other in SOHC engines.” NHTSA notes that the low speed torque
is provided for the sake of completeness as it is possible to operate the engine at that torque
level. However, for practical reasons due to excessive fuel consumption, poor NVH, shift
scheduling, etc., the engine would not typically operate in that area of the map. While this
region of the engine map could be addressed, there is no operation in that region in the 2-cycle
Autonomie simulation modeling or in performance modeling. Doing so would have no impact on

24 ANL - Summary of Main Component Performance Assumptions excel file provides the raw data for commenters
to review in detail.
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the 2-cycle fuel consumption or vehicle performance. Therefore, this region of the engine map
was not changed for the NPRM. The operation on 2-cycle tests is discussed in the ANL
modeling section 6.2.

Also, the Draft TAR engine maps did not include data below 1000 rpm. IAV’s maps provide fuel
flow (BSFC) down to 1 bar BMEP. Fuel flow data for idle and no load were provided separately,
but they were not intended to be “blended” with the overall map, as was done by the Alliance in
producing the engine map in Figure 6-53. Interpolating between the two sets to provide data
below 1000rpm is not representative of the data that NHTSA used in the Draft TAR analysis.
The difference at 1000 rpm and 4 bar equates to a difference of 2g/kWh or 0.6%. The low RPM
extrapolation exaggerates the small reduction. It is concluded that using the Draft TAR engine
maps and separate idle and no load fuel data accurately reflects the fuel consumption in those
operating ranges, and those inputs were used for this NPRM analysis.

The Alliance also commented, “[a]ll four engine maps assume a large friction reduction (0.1 bar)
across the board,” and “[a]dditional losses, due to loss in Effective Expansion Ratio (EER) and
the change to a fixed overlap volume (OLV), are not taken into account.” It is acknowledged that
a 0.1 bar reduction in friction is fairly large amount. Improvements that could reduce friction
include the combination of lower viscosity oil with added friction modifiers, improvements in
low-tension piston rings, piston skirt design, roller cam followers, improved crankshaft design
and bearings, material coatings, material substitution, more optimal thermal management, and
piston and cylinder surface treatments. As mentioned in sections 6.3.2.2.14 and 6.3.2.2.15,
technologies are being introduced to reduce friction. Comments are welcome on the current
level of these technologies in the fleet and the potential further application of these technologies.
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6.3.2.2.18.3Turbocharged and Downsized Engine Packages

In the 2016 Draft TAR analysis, NHTSA included three levels of turbocharged and downsized
engine technologies, using engine maps developed by IAV for the Autonomie simulation
modeling. The Alliance submitted several comments regarding the use of premium fuel for those
engine maps, including specific concerns with IAV maps Enginel2, Enginel3, Enginel4, and
Enginel5. The Alliance also submitted concerns that NHTSA modeled turbocharged engines
with premium fuel that may not require premium fuel, and noted that “automakers have to design
for much lower octane commercial fuel available in the marketplace and Tier 3 91 RON
certification fuel, unless the engine is one that requires premium fuel.”

For rulemaking analyses, the modeled technology pathways can improve fuel economy while
maintaining vehicle performance, capability and other attributes. This includes assuming there
would be no change in the fuel octane required to operate the vehicle. For this analysis, it is
agreed that it is important to reflect these constraints, and for the NPRM analysis, IAV updated
engine maps to reflect engine specifications and calibrations capable of operating on 87 AKI Tier
3 certification fuel. Using the updated criteria assures the NPRM analysis reflects the real world
constraints, and addresses the over-estimation of potential fuel economy improvements in the
Draft TAR.

Because there is a difference in the energy content of 87 AKI Tier 3 used for engine maps and
Tier 2 certification fuel, which is the reference fuel for CAFE standards, compliance and MY
2016 analysis fleet fuel economy values, it is necessary to adjust the modeling data to reflect Tier
2 certification fuel. This adjustment was applied to the Autonomie simulation modeling outputs
and is reflected in the inputs used in the CAFE model. Details of the adjustments are discussed
in Fuel Octane section.

Table 6-7 below provides a short description of the turbocharged and downsized engines used for
this NPRM analysis. The details of the engines are described in the next section.

Table 6-7 - NHTSA’s list of Turbocharged engines evaluated for this NPRM?®

. . Engine Reference
Engines Technologies Notes Peak Power (kW)
Parent Turbocharged Engine, Gasoline, 1.6L, 132
engl2 DOHC Turbo 161 4 cyl, turbocharged, GDI, DOHC, dVVT,
18bar
VVL
DOHC Turbo 1.2I . 133
engl3 2 Abar Eng12 downsized to 1.2L
DOHC Turbo 1.21 133
engl4 oabar + Cooled EGR Cooled external EGR added to Eng13

2 ANL - Summary of Main Component Performance Assumptions excel file provides the raw data for commenters
to review in detail.
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For this NPRM, the turbocharged engines outlined in Table 6-7 were modeled using 87 AKI
fuel. Compression ratios of all engines remained at 10.5, the same level used for the Draft TAR.
Continuous variable valve lift was used for intake valves with duration scaled to 1:1 with lift (i.e.
50% lift also results in 50% duration). The exhaust valve lift was fixed. Independent cam
phasing on intake and exhaust was utilized. The most significant change from the Draft TAR is
shifting from 93 octane fuel to 87 octane fuel.**® For eng14, cooled external EGR was added at
to higher speed where further reduction in combustion temperature was required.

Each knock model was trained on production and development engines tested at AV to quantify
the effects of different octane fuels. Below the knock threshold, there is no change to the fuel
consumption maps. Generally, in the regions where the engine is knock-limited there are two
major effects. First, spark timing is retarded causing a reduction in combustion efficiency and
hence an increase in BSFC. Second, increase in combustion temperature requires fuel enrichment
for the component protection a resultant increase in BSFC.

Exhaust gas temperatures and knock were primarily addressed via spark retard and fuel
enrichment. With the dVVT, internal EGR was induced via a valve overlap through cam
phasing. This was done at low speeds and loads as a means to improve breathing efficiency. For
engines with cEGR, cEGR was added at the higher speeds where further reduction in combustion
temperature was required. Due to the higher specific heat capacity of cEGR, it reduced the need
for fuel enrichment by lowering combustion temperatures and limited the amount of spark retard
necessary to manage spark knock. With increasing load, cEGR is also used as a means to lower
combustion temperatures to reduce NOy emissions. Because IAV’s models are not trained for
emissions, CEGR was only considered for areas that are knock-limited and/or to reduce
combustion temperatures. Because CEGR has the impact of slowing down burn rates, the amount
of cEGR that could be utilized was balanced in order to still maintain efficient combustion.

6.3.2.2.18.4HEV and PHEV Atkinson Cycle Gasoline Engine used in full vehicle simulation
analysis
Atkinson engine technology was also used for power split hybrid powertrains. The engine map
was developed based on APRF test data and published literature.?” 23 The engine was used with
both pre-transmission hybrids and multi-mode hybrids that were simulated using Autonomie.
The eng26 HEV-Atkinson engine incorporates a many engine technologies and achieves a
maximum of 40% BTE. The technologies include thermal management to reduce cold start
friction, high compression ratio engine architecture, GDI and EGR.

236 Knock models are based on Gamma Technology’s kinetic fit model per the technical paper titled, “A combustion
model for IC engine combustion simulations with multi-component fuels,” by YoungChul Ra, Rolf D. Reitz —
Engine Research Center, University of Wisconsin-Madison.

%7 DOE ANL Autonomie Technical Publications on HEV, PHEV and EV.
https://www.autonomie.net/publications/papers.html

28 Kim, N., Rousseau, A., & Rask, E., “Autonomie Model Validation with Test Data for 2010 Toyota Prius,” SAE
Technical Paper 2012-01-1040, 2012, https://doi.org/10.4271/2012-01-1040.
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Table 6-8 - NHTSA’s hybrid and Plug-in engine evaluated for this NPRM?**

Engine Reference
Peak Power (kW)
HEV and PHEV Atkinson Engine Map 73

1.8L

Engines | Technologies Notes

eng26 | Atkinson

6.3.2.2.18.5Diesel Engine used in full vehicle simulation analysis

For this NPRM, the same diesel engine modeled in the Draft TAR is being used for this analysis.
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 a higher compression ratio, with a very lean air/fuel mixture, than an equivalent-
performance gasoline engine. This technology requires additional enablers, such as NOy trap
catalyst after-treatment or selective catalytic reduction NOy after-treatment. For the diesel
engine, measured data, including engine speed, BMEP, brake torque, brake power, BSFC
channels were provided.

Table 6-9 - NHTSA’s Diesel engine evaluated for this NPRM

Engines Technologies Notes Egglinlgowgfzek:l/(\:;)}
engl? | Diesel Diesel, 2.2L (measured on test bed) 141

6.3.2.2.19 Advanced Cylinder Deactivation in full vehicle simulation

The advanced cylinder deactivation (ADEAC) discrete fuel consumption effectiveness values
used for this NPRM analysis are based on IAV Eng04 with the adoption of ADEAC. The
assumptions for ADEAC were based on published and supplier information on operating
conditions where cylinder deactivation can be used on the 2-cycle test procedures.?%** For this
analysis, the effectiveness based on confidential business information, across different
technologies classes and taking into account the engine architecture was estimated. In practice,
the analysis took the effectiveness values as predicted by full vehicle simulations of a DEAC
engine with SGDI, VVL, and VVT, and added 3% or 6% respectively for I-4 engines and V-6 or
V-8 engines. Figure 6-57 below shows the effectiveness band of ADEAC across different
technology classes in form of a box-and-whisker plot, with improvements referenced to a VVT
engine. There is an intention to continue reviewing this technology effectiveness and application
limitations.

29 ANL - Summary of Main Component Performance Assumptions excel file provides the raw data for commenters
to review in detail.

20 Fyschetto et al., 2017, Oral-Only Presentation, SAE World Congress

241 «Delphi and Tula show NVH benefits from Dynamic Skip Fire,” http:/articles.sae.org/15485/ - 16 June 2017
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Figure 6-57 - Advanced Cylinder Deactivation Effectiveness range across different tech
classes
Advanced cylinder deactivation may be included in the full scale ANL full simulation modeling
analysis for this final rule. Two approaches for incorporating ADEAC will be investigated; the
first approach involves using a new 1AV engine #25a, which was developed from the perspective
of capturing the maximum benefits of advanced cylinder deactivation with several specific
constraints. The engine specifications are show below.

IAV engine 25a— Advanced Variable Cylinder deactivation

Fuel - Tier 3, 87 AKI

Number of Cylinders - 4

Displacement - 2.0 Liters

Injection Type - SGDI

Compression Ratio - 10.5:1

Valvetrain - DOHC with dVVT

Aspiration - Turbocharged 25 bar with cooled EGR

Figure 6-58 below shows preliminary engine 25a bsfc fuel map in normal operation with all four
cylinders active.
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Figure 6-58 - IAV engine 25a BSFC map in 4-cylinder mode

Figure 6-59 shows the preliminary engine 25a BSFC fuel map in cylinder deactivation mode
with three cylinders active. Figure 6-60 shows the incremental difference between four and
three-cylinder operation of IAV engine 25a.
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Figure 6-59 - IAV engine 25a BSFC map in 3-cylinder mode
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Figure 6-60 - IAV engine 25a incremental difference between 4-cylinder mode versus 3-
cylinder mode

Figure 6-61 shows the preliminary engine 25a BSFC fuel map in cylinder deactivation mode
with two cylinders being active.
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Figure 6-61 - IAV engine 25a BSFC map in 2-cylinder mode
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Figure 6-62 - IAV engine 25a incremental difference between 3-cylinder mode versus 2-
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Figure 6-63 - IAV engine 25A BSFC map in 1-cylinder mode
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Figure 6-64 - AV engine 25a incremental difference between 2-cylinder mode versus 1-
cylinder mode

The second approach involves using a technique developed by ANL in coordination with
NHTSA. This concept splits the overall engine data into individual cylinder data and computes
overall torque and the fuel consumption rate by accounting for whether each cylinder is active or
inactive. The number of active cylinders is determined by a PI controller that matches delivered
torque to required torque, and is uniquely derived for each vehicle class. Each cylinder is either
at optimum load for BSFC or deactivated throughout the drive cycles. Figure 6-65 shows an
example of this concept for an 8-cylinder engine. Cylinder deactivation would not be used during
idling, first gear operation, or wide-open-throttle. The details of this approach are also expanded
in the ANL model documentation.?*?

2 ANL advanced engine maps phase 3 report.
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Figure 6-65 - Example of 8-cylinder Energy Density of cylinders operating points in
optimum load
The NPRM requests comment on using these approaches in the analysis to support the final rule
to best capture the benefits of advanced cylinder deactivation.

6.3.2.2.20 Engine maps used for the rulemaking analysis
6.3.2.2.20.1Engine 01 - DOHC, VVT, and PFI

Engine 1 is a naturally aspirated PFI 2.0-L gasoline engine with VVT, developed from a MY
2013 vehicle, which is consistent with the timeframe in which the engine technology was
commonly used. A brake specific fuel consumption (BSFC) engine map was generated from
dynamometer testing of the production engine, which then served as brake specific fuel
consumption (i.e., baseline fuel map) for all simulated naturally aspirated engines (Engines 1-8a,
18-21). The engine calibrations were fully optimized for best BSFC and maximum torque.

Each subsequent engine (BSFC map) represents an incremental increase in technology
advancement over the previous engine. Engines 2-4 add variable valve lift (VVL), direct
injection (DI), and cylinder deactivation (deac) sequentially to the baseline engine. Engine 5a
converts Engine 1 from DOHC to SOHC. Engines 5b, 6a, 7a, and 8a add some friction reduction
to Engines 5a, 2, 3, and 4.2** Figure 6-66 below shows the IAV engine 1 BSFC map used for this
NPRM analysis.

3 |n stage 1, FMEP is reduced by 0.1 bar and in level 2 FMEP is reduced by 25% over the entire operating range.
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Figure 6-66 - Engine efficiency map for eng01

6.3.2.2.20.2Engine 02 - DOHC, VVT, VVL, and PFI

For Engine 2, a VVL system was added to the intake valves of Engine 1. Both valve lift and
timing were optimized. The compression ratio was raised from 10.2 to 11.0. This engine allows
for reduced pumping work at low loads and more torque at low speeds by using reduced intake
duration and lift. Figure 6-67 below shows the IAV engine 2 BSFC map used for this NPRM
analysis.
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Figure 6-67 - Engine efficiency map for eng02
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Figure 6-68 shows the incremental difference BSFC and thermal efficiency between 1AV engine
1 versus engine 2.
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Figure 6-68 incremental BSFC and thermal efficiency difference between eng01 versus
eng02

6.3.2.2.20.3Engine 03 - DOHC, VVT, VVL, and DI

PFI Engine 2 was converted to direct injection to model engine 3. The compression ratio was
raised from 10.2 to 11.0 and injection timing optimized. Direct injection provides greater knock
tolerance, allowing higher compression ratio and increased efficiency over the entire operating

range (map). Figure 6-69 below shows the IAV engine 3 BSFC map used for this NPRM
analysis.
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Figure 6-69 - Engine Efficiency Map for Eng03

Figure 6-70 shows the incremental difference BSFC and thermal efficiency between IAV engine
2 versus engine 3.
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Figure 6-70 incremental BSFC and thermal efficiency difference between eng02 versus
eng03

6.3.2.2.20.4Engine 04 - DOHC, VVT, VVL, DI, and DEAC

Cylinder deactivation was added to engine 3 to model engine 4. Cylinder deactivation
deactivates the intake and exhaust valves and prevents fuel injection into the deactivated
cylinders during light-load operation. The engine runs temporarily as though it were a smaller
displacement engine which substantially reduces pumping losses. For 4 cylinder applications, the
engine fires only 2 cylinders at low loads and speeds below 3000 RPM and less than 5 bar
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BMEP by deactivating valves on 2 cylinders. The main benefit is that the effective load is
doubled on 2 cylinders reducing pumping work and increasing efficiency.

Figure 6-71 below shows the IAV engine 4 BSFC map used for this NPRM analysis.
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Figure 6-71 - Engine Efficiency Map for Eng04
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Figure 6-72 - incremental BSFC and Thermal Efficiency difference between eng03 versus
eng04

6.3.2.2.20.5Engine 5b — SOHC, VVT, and PFI

Engine 5b has reduced friction. Reduction in engine friction can be achieved through low-tension
piston rings, roller cam followers, improved material coatings, more optimal thermal
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management, piston surface treatments, cylinder wall treatments and other improvements in the
design of engine components and subsystems that reduce parasitic losses. A SOHC engine with
VVT was used as the base and its FMEP was reduced by 0.1 bar over its entire operating range.
Valve timing was optimized for a fixed overlap camshaft. Figure 6-73 below shows the IAV
engine 5b BSFC map used for this NPRM analysis.
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Figure 6-73 - Engine efficiency map for eng5b

Figure 6-74 shows the incremental difference BSFC and thermal efficiency between IAV engine
4 versus engine 5b.
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Figure 6-74- incremental BSFC and thermal efficiency difference between eng04 versus
eng05b
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6.3.2.2.20.6Engine 6a — SOHC, VVT, VVL and PFlI

Engine 6a reduces the friction of Engine 2. FMEP was reduced by 0.1 bar over its entire
operating range. The engine also incorporated VVL technology. Reduced friction will improve
efficiency at all load points as well as increase the full load torque. Figure 6-75 below shows the
IAV engine 4 BSFC map used for this NPRM analysis.
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Figure 6-75 - Engine Efficiency Map for eng6a

Figure 6-76 shows the incremental difference BSFC and thermal efficiency between IAV engine
5b versus engine 6a.
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Figure 6-76 - incremental BSFC and thermal efficiency difference between eng05b versus
engoba

285



6.3.2.2.20.7 Engine 7a— SOHC, VVT, VVL, and GDI

Engine 7a was developed to assess the friction reduction impact on Engine 3. FMEP was reduced
by 0.1 bar over its entire operating range. Reduced friction will improve efficiency at all load
points as well as increase the full load torque. Figure 6-77 below shows the IAV engine 7a
BSFC map used for this NPRM analysis.
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Figure 6-77 - Engine efficiency map for eng7a

Figure 6-78 shows the incremental difference BSFC and thermal efficiency between IAV engine
6a versus engine 7a.
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Figure 6-78 - Incremental BSFC and thermal efficiency difference between eng6a versus
eng7a
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6.3.2.2.20.8 Engine 8a— SOHC, VVT, VVL, GDI and DEAC

Engine 8a was developed to assess the friction reduction impact on Engine 4. FMEP was reduced
by 0.1 bar over its entire operating range. Reduced friction will improve efficiency at all load
points as well as increase the full load torque. Figure 6-79 below shows the IAV engine 8a BSFC
map used for this NPRM analysis.
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Figure 6-79 - Engine efficiency map for eng8a

Figure 6-80 shows the incremental difference BSFC and thermal efficiency between IAV engine
Ta versus engine 8a.
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Figure 6-80 - incremental BSFC and thermal efficiency difference between eng7a versus
eng8a
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6.3.2.2.20.9 Engine 12 - Turbocharged, DOHC, VVT, VVL, and DI

IAV Engine 12 is the base engine for all the simulated turbocharged engines (Engines 13-16).
The map was validated using engine dynamometer test data. Turbocharging and downsizing
increases the available airflow and specific power, allowing a reduced engine size while
maintaining performance. This also reduces pumping losses at lighter loads in comparison to a
larger engine. Engine 12 is a 1.6L, 4 cylinder turbocharged, direct injection DOHC engine with
dual cam VVT and intake VVL. The compression ratio is 10.5:1 and the engine uses side
mounted direct fuel injectors and a twin scroll turbocharger. The calibrations were fully
optimized for best BSFC. Figure 6-81 below shows the IAV engine 12 BSFC map used for this
NPRM analysis.
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Figure 6-81 - Engine efficiency map for eng12

Figure 6-82 shows the incremental difference BSFC and thermal efficiency between IAV engine
8a versus engine 12a.
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Figure 6-82 - incremental BSFC and thermal efficiency difference between ENGB8A versus
ENG12

Figure 6-83 below shows BSFC map of the 87 octane fuel and the 93 octane fuel for engine 12.

Areas where 93 octane engine was
knock limited

93 oct¥ne

Figure 6-83 - BSFC of 93 (right) versus 87 (left) octane fuel for eng12

Figure 6-84 below shows the BSFC difference between the 87 octane and the higher octane fuel.
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Figure 6-84 - Delta BSFC of 93 (right) versus 87 (left) octane fuel for engl2

Figure 6-85 below shows the thermal efficiency difference between the new and old engine 12
maps.
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Figure 6-85 - Engine efficiency difference in percent for 93- vs. 87-octane fuel for engine 12

6.3.2.2.20.10 Engine 13 — Turbocharged, Downsized, DOHC, VVT, VVL, and DI

Engine 12 has been further downsized to a 1.2L to create engine 13. The turbocharger maps
scaled to improve torque at low engine speeds. All the turbocharged direct injection engines
described below have been developed using 87 octane fuel.

Figure 6-86 below shows the IAV engine 13 BSFC map used for this NPRM analysis.
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Figure 6-86 - Engine efficiency map for engl13

Figure 6-87 shows the incremental difference BSFC and thermal efficiency between IAV engine

12 versus engine 13.
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Figure 6-87 - Incremental BSFC and Thermal Efficiency between ENG12 and ENG13
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Figure 6-88 below shows BSFC map of the 87 octane fuel and the 93 octane fuel for engine 13.
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Figure 6-88 - BSFC of 93 (right) versus 87 (left) octane fuel for engl3

Figure 6-89 below shows the BSFC difference between the 87 octane fuel and the higher octane
fuel.
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Figure 6-89 - Delta BSFC of 93 (right) versus 87 (left) octane fuel for engl3
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Figure 6-90 below shows the thermal efficiency difference between the new and old engine 13
maps.
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Figure 6-90 - Engine efficiency difference in percent for 93- vs. 87-octane fuel for engine 13

6.3.2.2.20.11 Engine 14 — Turbocharged, Downsized, DOHC, VVT, VVL, DI, and cEGR

High pressure cooled EGR was added to engine 13 to develop engine 14. Exhaust gas
recirculation boost increases the exhaust-gas recirculation used in the combustion process to
increase thermal efficiency and reduce pumping losses. Levels of exhaust gas recirculation
approach 25% by volume in these highly boosted engines (this, in turn raises the boost
requirement by approximately 25%). Cooled EGR target set points were optimized for best
BSFC and torque. Figure 6-91 below shows the 1AV engine 13 BSFC map used for this NPRM

analysis.
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Figure 6-91 - Engine efficiency map for eng14.

Figure 6-92 shows the incremental difference BSFC and thermal efficiency between IAV engine
13 versus engine 14.

Eng13 vs Eng14 - %BSFC difference Eng13 vs Eng14 - %Efficiency difference

2 |-
200 ‘ 15 200
10
150
5
0
5
50
-1Q
50
-1§
0

1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Speed, rpm Speed, rpm

-
a
o

Torque, Nm
=
o

Torque, Nm

-
o
o

Figure 6-92 shows incremental BSFC and thermal efficiency difference between ENG13
versus ENG14

Figure 6-93 below shows BSFC map of the 87 octane fuel and the 93 octane fuel for engine 14.
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Figure 6-93 - BSFC of 93 (right) versus 87 (left) octane fuel for engl4

Figure 6-94 below shows the BSFC difference between the 87 octane fuel and the higher octane
fuel.
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Figure 6-94 - Delta BSFC of 93 (right) versus 87 (left) octane fuel for eng14

Figure 6-95 below shows the thermal efficiency difference between the new and old engine 14
maps.
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Figure 6-95 - Engine efficiency difference in percent for 93 vs. 87 octane fuel for engine 14
6.3.2.2.20.12 Engine 17 — Diesel 2.2

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 a higher compression ratio, with a very lean air/fuel mixture, than an equivalent-
performance gasoline engine. This technology requires emission controls, such as a NOy trap
catalyst after-treatment system or a selective catalytic reduction NOy after-treatment system.
Diesel engine maps were created from measured data, including engine speed, BMEP, brake
torque, brake power, and BSFC.

Figure 6-96 below shows engine 17 BSFC map used for this NPRM analysis.
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Figure 6-96 - Engine Efficiency map for engl7

Figure 6-97 shows the incremental difference BSFC and thermal efficiency between IAV engine
14 versus engine 17.
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Figure 6-97 - Incremental BSFC and thermal efficiency difference between engl14 versus
engl7
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6.3.2.2.20.13 Engine 18 - DOHC, VVT, DI

Eng18 adds SGDI to Engl, and assumes open valve injection and homogeneous operation.
SGDI improves knock tolerance and volumetric efficiency due to in cylinder vaporization of the
fuel. The engine map is unchanged from the Draft TAR. Figure 6-98 below shows the IAV
engine 18 BSFC map used for this NPRM analysis.
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Figure 6-98 - Engine Efficiency map for eng18

Figure 6-99 shows the incremental difference BSFC and thermal efficiency between IAV engine
18 versus engine 1.
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Figure 6-99 - Incremental BSFC and thermal efficiency between 1AV eng18 versus eng01
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6.3.2.2.20.14 Engine 19 - DOHC, VVT, and DEAC

Eng19 was developed from Eng01 with the addition of cylinder deactivation. The VVT timing
and IMEP of active cylinders are from Eng01, which does not have cylinder deactivation. The
change in the manifold pressure dynamics is not large enough to warrant re-optimizing valve
timing in the cylinder deactivation zone. Figure 6-100 below shows the IAV engine 19 BSFC
map used for this NPRM analysis.
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Figure 6-100 - Engine Efficiency map for eng19

Figure 6-101 shows the incremental difference BSFC and thermal efficiency between IAV
engine 19 versus engine 1.
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Figure 6-101 - Engine BSFC and Efficiency difference between engine 19 and
engine 1
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6.3.2.2.20.15 Engine 20 - DOHC, VVT, VVL and DEAC

Eng20 was developed from Eng02 with the addition of cylinder deactivation. The VVT timing
and lift, and IMEP of active cylinders are from Eng02 which does not have cylinder deactivation.
The change in the manifold pressure dynamics is not large enough to warrant re-optimizing valve

timing in the cylinder deactivation zone. Figure 6-102 below shows the IAV engine 20 BSFC

map used for this NPRM analysis.
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Figure 6-102 - Engine Efficiency Map for eng20

Figure 6-103 shows the incremental difference BSFC and thermal efficiency between IAV
engine 20 versus engine 2.
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Figure 6-103 - Engine BSFC and efficiency difference between engine 20 and
engine 2
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6.3.2.2.20.16 Engine 21 - DOHC, VVT, DI, and DEAC

Eng21 was developed from Eng18 with the addition of cylinder deactivation. The VVT timing
and lift, and IMEP of active cylinders are from Eng18 which does not have cylinder deactivation.
The change in the manifold pressure dynamics is not large enough to warrant re-optimizing valve
timing in the cylinder deactivation zone.

Figure 6-104 below shows the 1AV engine 21 BSFC map used for this NPRM analysis.
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Figure 6-104 - Engine Efficiency for eng21

Figure 6-105 shows the incremental difference BSFC and thermal efficiency between IAV
engine 21 versus engine 18.
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Figure 6-105 - Engine efficiency difference between engine 21 and engine 18
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6.3.2.2.20.17 Engine 24 - HCR1

Engine 24 represents the current generation of non-HEV Atkinson cycle engine. The engine
map for Eng24 was developed by EPA from testing of the 2.0L variate of the 2014 Mazda
SkyActiv-G engine. This engine’s compression ratio is 13:1 with VVT and SGDL

Figure 6-106 below shows the engine 24 BSFC map used for this NPRM analysis.
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Figure 6-106 - Engine Efficiency map for eng24

Figure 6-107 shows the incremental difference BSFC and thermal efficiency between IAV
engine 21 versus engine 24.
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Figure 6-107 shows incremental BSFC and thermal efficiency difference between ENG21
versus ENG24
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6.3.2.2.20.18 Engine 25 - HCR2

The 2016 Draft TAR included a future Atkinson engine concept which compared to Atkinson
engine 24, increased the engine compression ratio to 14:1 (compared to 13.0:1 for engine 24),
and added cooled EGR and cylinder deactivation. This engine was developed based on the
Eng24 using GT-POWER by EPA staff as a theoretical engine. For this NPRM, this analysis did
not include this technology because it was developed assuming high octane Tier 2 fuel, and had
unresolved issues associated with knock mitigation and cylinder deactivation at the time of this
NPRM analysis.

As discussed in section 6.3.2.2.17, this analysis is using Tier 3 87 AKI fuel as a constraint for
engine technologies so as to retain the functionality of baseline vehicles, the majority of which
are specified to operate on 87 AKI fuel. It is concluded that operating Engine 25 on Tier 3, 87
AKI fuel would likely impact BSFC, and there could potentially be engine durability issues if the
engine was operated on Tier 3 fuel. As discussed in the EPA Proposed Determination Technical
Support Document, the GT-POWER modeling that was used to develop the Engine 25 map did
not use a validated kinetic knock model to indicate the knock limit of the higher compression
ratio with cEGR; knock mitigation and fuel consumption benefits of cEGR are modest compared
to benefits of high octane fuel. TAV’s GT-POWER model incorporates validated kinetic knock
model (see section 6.3.2.2.16.4), and shows combustion stability issues at higher coefficient of
variation (COV).?** Under best case conditions, cEGR recovers only a fraction of the lost
efficiency associated with low octane fuel.

Also, the cylinder deactivation concept used on Eng25 was derived from the 2014 Chevrolet
Silverado. Because of the significant differences in vehicle architecture between full size pick-up
trucks and other light trucks and passenger cars, it is concluded that noise, vibration and
harshness (i.e., consumer acceptance issues) could limit the operation of cylinder deactivation on
non-pick-up trucks. Engine 25 may overstate the potential improvement with cylinder
deactivation technology for the other vehicle classes. Figure 6-108 below shows the engine 24
BSFC map used for 2016 Draft TAR analysis.

4 | AV advanced engine modeling phase 3 test data comparison of cEGR and different combustion stability. Report
submitted to docket.
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Figure 6-108 - Engine Efficiency Map for eng25

Figure 6-109 shows the incremental difference BSFC and thermal efficiency between IAV
engine 24 versus engine 25.
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Figure 6-109 - Incremental BSFC and Thermal Efficiency between ENG24 and ENG25
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6.3.2.2.20.19 Engine 26 — Atkinson Cycle Engine- HEV and PHEYV applications

Engine 26 is carry over from the 2016 Draft TAR and no updates were made to this change for
this NPRM analysis. The engine test data was from 2010 Toyota Prius with 1.8-L, 4-cylinder
73KW Atkinson engine.?*

Figure 6-110 below shows the engine 26 BSFC map used for this NPRM analysis. As stated
before, this map is only used for HEV and PHEV vehicle class.
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Figure 6-110 - Engine Efficiency Map for eng26

6.3.2.2.20.20 Future and Emerging Engine Technologies Not Included in this NPRM
analysis

6.3.2.2.20.20.1 IAV Engine 26a - Variable Compression Ratio Technology

Engines using variable compression ratio (VCR) technology 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 naturally aspirated applications, Miller Cycle for boosted
applications) provide a similar means to vary effective compression ratio for knock mitigation at
lower cost and complexity, however, have with some tradeoffs with respect to volumetric
efficiency.

IAV is developing an engine map for variable compression ratio technology, using the following
specifications. The NPRM seeks comment on the specifications that are being used for the
modeling.

#2 <9010 Toyota Prius”. http://www.anl.gov/energy-systems/group/downloadable-dynamometer-database/hybrid-
electric-vehicles/2010-toyota-prius Accessed April 2018.
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Variable Compression Ratio - Specifications for Modeling

Fuel - Tier 3, 87 AKI

Number of Cylinders - 4

Displacement - 2.0 Liters

Injection Type - SGDI

Compression Ratio - 9:1to 12:1

Valvetrain - DOHC dVVT

Aspiration - Turbocharged 27 bar BMEP with cooled EGR

Figure 6-111, Figure 6-112, and Figure 6-113 below shows the maps for this VCR technology
that may be considered for final rulemaking.
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Figure 6-111 - IAV’s 2-step VCR engine 26a merged in normal operation
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Figure 6-112 - IAV’s 2-step VCR engine 26a in 12:1 CR mode
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Figure 6-113 - IAV’s 2-step VCR engine 26a in 9:1 CR mode
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6.3.2.2.20.20.2 Other Engine Technologies

NHTSA is sponsoring work to develop engine maps for additional combinations of
technologies. Below is a list of the engine specifications for the new modeling work. The NPRM
seeks comment on the specifications that are being used for the modeling. In comparing the
engine technology, this analysis uses incremental effectiveness from previous technology.

6.3.2.2.20.20.2.1 IAV engine 22b - High Compression Atkinson Cycle Engine

Fuel - Tier 3, 87 AKI

Number of Cylinders - 4

Displacement - 2.5 Liters

Injection Type - PFI

Compression Ratio - 14:1

Valvetrain - DOHC dVVT

Aspiration - Naturally Aspirated 18 bar BMEP

BSFC in g/kWh

BMEP in bar
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Figure 6-114 - IAV’s High Compression Atkinson Cycle ENGINE 22b’s BSFC MAP

6.3.2.2.20.20.2.2 IAV engine 23b - High Compression Miller Cycle Engine with
Variable Geometry Turbocharger

e Fuel - Tier 3, 87 AKI
e Number of Cylinders - 4
e Displacement - 2.0 Liters
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Injection Type - SGDI

Compression Ratio - 12:1

Valvetrain - DOHC dVVT and VVL

Aspiration - Turbocharged VGT 24 bar BMEP with cEGR
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Figure 6-115 - IAV ENGINE 23b’s BSFC MAP

6.3.2.2.20.20.2.3 IAV engine 24 - High Compression Miller Cycle Engine with Electric
Supercharger

Fuel - Tier 3, 87 AKI

Number of Cylinders - 4

Displacement - 2.0 Liters

Injection Type - SGDI

Compression Ratio - 12:1

Valvetrain - DOHC dVVT

Aspiration - Electric Supercharger 24 bar BMEP with cEGR
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Figure 6-116 IAV’s High Compression Miller Cycle ENGINE with E-boost 24’s BSFC
MAP

6.3.2.2.20.20.3 Tractive energy Efficiency ranges for modeled engine technologies

In comments submitted in response to the Draft TAR, the Alliance of Automobile Manufacturers
referenced work done by Novation Analytics and commented that NHTSA and EPA should
implement “plausibility checks” using a measure of powertrain efficiency and apply some
estimated limit criteria to the analysis’ modeling. The IAV engine modeling and ANL
Autonomie vehicle modeling use a range of other constraints and criteria that impact inputs to
the modeling and screen the modeling outputs and, on balance these other constraints avoid
inappropriate results.?***" Nevertheless, this analysis have incorporated the calculation of
powertrain efficiency into the quality control processes to assure that the overall effectiveness
values used in the NPRM analysis are appropriate.

Powertrain efficiency (n,,), as defined by Thomas,**® is the ratio of the amount of propulsive
energy exerted by a vehicle over a given set of driving conditions to the energy content of the
expended fuel. The former term is also denoted as tractive energy (E¢rqctive), While the latter is
denoted as fuel energy (Ef,,). Therefore:

246 Reference CAFE Model Report

27 1glam S. Ehsan. Moawad, Ayman. Kim, Namdoo. Rousseau, Aymeric. “A Detailed Vehicle Simulation

Process to Support CAFE Standards.” ANL/ESD-18/6. Energy Systems Division, Argonne National Laboratory.
2018 [docket 1D]

28 Thomas, J. “Drive Cycle Powertrain Efficiencies and Trends Derived from EPA Vehicle Dynamometer Results,”
SAE Int. J. Passeng. Cars - Mech. Syst. 7(4):2014, doi:10.4271/2014-01-2562.
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Equation 2 Powertrain Efficiency

_ Etractive
np Efuel

Thomas defines tractive energy (E¢rqctive, 2150 referred to as powertrain energy) as the energy
necessary propel the vehicle at a given rate while also overcoming the cumulative resistive forces
acting on it. The difference between these two terms is equal to the total tractive energy that the
vehicle exerts. In addition to estimating the tractive energy of the vehicle, the energy
theoretically available in the fuel to determine powertrain efficiency must also be calculated. On

a per-unit of distance traveled basis (here defined as fuel energy intensity Ef,,.

Figure 6-117 shows an example of distribution of all of the combinations of technologies
modeled for automatic transmissions. ANL Autonomie documentation expands on other

technology combinations.
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Figure 6-117 - Powertrain efficiency values of different engine types with automatic
transmissions having different numbers of gears

6.3.2.2.20.21 Effectiveness Summary for Engines

This analysis considered different ways to show the range of effectiveness for engine
technologies and other technologies in this NPRM analysis. It was concluded to use box-and-
whisker plot with designation for five points of interest in the distribution.?* For each

29 «Box Plot”, https://en.wikipedia.org/wiki/Box_plot. Last Accessed April 2018.
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technology, the analysis show the 5%, 25%, 50%, 75% and 95% effectiveness values represented
in the population of similar®®® simulations with the technology in the CAFE model. Figure 6-118
below shows the basic engine technology effectiveness by technology class or vehicle class
relative to a basic engine with VVT, and similar complementary vehicle and transmission
equipment. Please provide comments in representing CAFE model technology effectiveness this
way.

Basic Engine Technology Effectiveness by Tech Level (Includes all Tech Classes)
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Figure 6-118 shows the effectiveness of engine technologies across different other
technologies

Figure 6-119 shows the effectiveness range for advanced engine technologies used in this NPRM
analysis.

% Holding all other technologies constant.
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Advanced Engine Technology Effectiveness by Tech Level (Includes all Tech Classes)
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Figure 6-119 shows the effectiveness of advanced engine technologies across different other
technologies

6.3.2.2.20.22 Cost Summary for Engines

The following tables summarize incremental costs of engine technologies in 2016 dollars. These
costs do not reflect the additional costs that the CAFE model applies over the previous step in the
technology track for a specific piece of technology. The following cost tables show the direct
manufacturing costs (DMC). The costs for all years are relevant inputs for the CAFE model.

Many technologies have projected costs that vary by application. For instance, the incremental
cost of many engine technologies takes into account the engine configuration, like number of
banks and number cylinders. Similarly, many advanced vehicle technologies have a specific cost
for each vehicle

Table 6-10 below shows DMC used for this NPRM analysis for engine technologies.
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Table 6-10 - DMCs used for engine technologies in this NPRM analysis

Gasoline Engine Technologies - Direct Manufacturer Costs (2016%)

Unit

Tech Basis DMC DMC for | DMC for | DMC for | DMC for | DMC for

4- 4- 6- 6- 8-

Cylinder | Cylinder | Cylinder | Cylinder | Cylinder

1-Bank 2-Bank 1-Bank 2-Bank 2-Bank Incremental

Engine Engine Engine Engine Engine To
LUBEFR1 | cylinder | $13.93 | $55.71 $55.71 $83.57 $83.57 $111.42 | BaseE
LUBEFR2 | cylinder | $0.84 $3.36 $3.36 $5.04 $5.04 $6.72 LUBEFR1
LUBEFRS3 | cylinder | $0.76 $3.02 $3.02 $4.54 $4.54 $6.05 LUBEFR2
VVT bank $78.38 | $78.38 $156.75 | $78.38 $156.75 | $156.75 | BaseE
VVL cylinder | $53.48 | $213.92 | $213.92 | $320.89 | $320.89 | $427.85 | VVT
SGDI cylinder | $59.16 | $236.64 | $236.64 | $354.95 | $354.95 | $473.27 | VVT
DEAC none $29.39 | $29.39 $29.39 $29.39 $29.39 $29.39 VVT

$188.93-

ADEAC cylinder | 206.17 | $835.52 | $835.52 | $1,253.29 | $1,253.29 | $1,671.05 | VVT
HCR none - $550.15 | $550.15 | $811.46 | $811.46 | $1,108.01 | VVT
TURBO1 | none - $838.99 | $838.99 | $845.09 | $845.09 | $1,384.75 | VVT
TURBO2 | none - $231.28 | $231.28 | $231.28 | $231.28 | $389.85 | TURBO1
CEGR1 none - $277.02 | $277.02 | $277.02 | $277.02 | $277.02 | TURBO2
ADSL none - $3,328.34 | $3,328.34 | $3,925.09 | $3,925.09 | $4,178.32 | VVT
DSLI none - $367.74 $367.74 $478.94 $478.94 $478.94 ADSL
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Table 6-11, Table 6-12, and Table 6-13 below show examples of absolute costs for this NPRM

analysis for future years with learning and retail price equivalent taken into account.

Table 6-11 - Summary of Absolute Engine Technology Cost vs. 14 Basic Engine, including
learning effects and retail price equivalent

Name Technology Pathway C-2017 C-2021 C-2025 C-2029

VVT Basic Engine $ 11197 | $ 10879 | $ 106.24 $ 104.13
VVL Basic Engine $ 41759 | $ 40574 | $ 396.22 $ 38834
SGDI Basic Engine $ 45004 | $ 43726 | $ 427.00 $ 41851
DEAC Basic Engine $ 15395 | $ 14958 | $ 146.07 $ 14317
TURBO1 Turbocharged Engine | $1,147.98 $1,078.90 $1,044.43 $1,022.34
TURBO2 Turbocharged Engine | $1,722.96 $1,612.78 $1,490.01 $1,403.80
CEGR1 Turbocharged Engine | $2,138.49 $2,001.73 $1,849.36 $1,742.36
HCR1 HCR Engine $ 73565 | $ 69223 | $ 683.64 $ 681.67
HCR2 HCR Engine $ 980.78 | $ 980.78 | $ 980.78 $ 980.78
ADEAC Adv. DEAC Engine $1,370.86 $1,237.93 $1,156.83 $1,108.63
ADSL Diesel Engine $5,110.08 $5,110.08 $5,110.08 $5,110.08
DSLI Diesel Engine $5,661.68 $5,661.68 $5,661.68 $5,661.68
CNG Alt. Fuel Engine $ 15954 | $ 156.22 | $ 15341 $ 150.72

Table 6-12 - Summary of Absolute Engine Technology Cost vs. V6 Basic Engine, including
learning effects and retail price equivalent

Name Technology Pathway C-2017 C-2021 C-2025 C-2029

VVT Basic Engine $ 22394 $ 217.58 $ 21248 $ 208.25
VVL Basic Engine $ 682.38 $ 663.00 $ 647.45 $ 63457
SGDI Basic Engine $ 731.05 $ 710.29 $ 693.63 $ 679.83
DEAC Basic Engine $ 265.92 $ 258.37 $ 25231 $ 247.29
TURBO1 Turbocharged Engine | $1,253.70 $1,178.26 $1,140.61 $1,116.49
TURBO?2 Turbocharged Engine | $ 1,849.68 $1,731.39 $1,599.60 $ 1,507.05
CEGR1 Turbocharged Engine | $2,265.21 $2,120.35 $1,958.95 $1,845.60
HCR1 HCR Engine $1,133.23 $1,066.34 $1,053.11 $1,050.09
HCR2 HCR Engine $1,490.32 $1,490.32 $1,490.32 $1,490.32
ADEAC Adv. DEAC Engine $2,115.07 $1,909.98 $1,784.85 $1,710.48
ADSL Diesel Engine $6,122.76 $6,122.76 $6,122.76 $6,122.76
DSLI Diesel Engine $6,841.17 $6,841.17 $6,841.17 $6,841.17
CNG Alt. Fuel Engine $ 159.54 $ 156.22 $ 15341 $ 150.72
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Table 6-13 - Summary of Absolute Engine Technology Cost vs. V8 Basic Engine, including
learning effects and retail price equivalent

Name Technology Pathway C-2017 C-2021 C-2025 C-2029

VVT Basic Engine $ 22394 $ 217.58 $ 212.48 $ 208.25
VVL Basic Engine $ 835.19 $ 811.47 $ 792.44 $ 776.68
SGDI Basic Engine $ 900.08 $ 87452 $ 854.01 $ 837.03
DEAC Basic Engine $ 26592 $ 258.37 $ 25231 $ 247.29
TURBO1 Turbocharged Engine | $1,929.02 $1,812.94 $1,755.01 $1,717.90
TURBO2 Turbocharged Engine | $2,897.03 $2,711.76 $2,505.34 $2,360.38
CEGR1 Turbocharged Engine | $3,312.55 $3,100.71 $2,864.69 $2,698.94
HCR1 HCR Engine $1,480.31 $1,392.94 $1,375.66 $1,371.71
HCR2 HCR Engine $1,935.14 $1,935.14 $1,935.14 $1,935.14
ADEAC Adv. DEAC Engine $2,741.71 $2,475.87 $2,313.66 $2,217.26
ADSL Diesel Engine $6,502.61 $6,502.61 $6,502.61 $6,502.61
DSLI Diesel Engine $7,221.02 $7,221.02 $7,221.02 $7,221.02
CNG Alt. Fuel Engine $ 159.54 $ 156.22 $ 15341 $ 150.72

6.3.2.2.20.23 Engine technology learning curve

Table 6-14 below shows the applied learning rates for the engine technologies analyzed for this
NPRM. For details of learning methodology see chapter 7 of this RIA.
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Table 6-14 - Learning rates for this NPRM’s engine technologies

Technology Model Years

2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032

LUBEFR1 0.8 076 | 0.74| 0.72| 071 069| 068| 0.67| 066 | 065| 064 | 0.64| 063| 062| 0.62| 0.61| 0.61

LUBEFR2 1 1 1) 08| 078| 0.72| 0.67| 0.64| 0.62 06| 058| 057| 056| 055| 054 | 053] 0.53

LUBEFR3 1 1 1 1 1 1 1 1| 08| 077| 0.72| 0.68| 0.66| 0.64| 0.62| 0.61| 0.59

VVT,VVL, | 097 096 | 095 094| 094| 093| 093] 092| 091| 0.91 0.9 09| 089 089 089 | 0.88| 0.88
SGDlI,

DEAC
ADEAC 1.06 1.04 1] 097] 0.95| 0.92 09| 088| 087| 086| 084| 083| 082| 0.82| 081 0.8 0.8
HCR1 0.82 08| 0v8| 0.77| 075| 0.74| 0.73| 0.73| 0.73| 0.73| 0.73| 0.72| 072 0.72| 0.72| 0.72| 0.72

TURBO1 0.87 0.85| 0.83| 0.82 08| 079| 078| 078| 0.77| 076| 076| 075| 0.75| 0.75| 0.74| 0.74| 0.74

TURBO2, 1.02 1.01 1] 099 097 | 096| 094 | 092 09| 088 08| 085| 084| 083| 081| 081 0.8
CEGR1

ADSL, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DSLI
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6.3.3 Transmission Technology Effectiveness

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.

Different transmission architectures are available for use in light duty vehicles. Conventional
planetary gear automatic transmissions (ATs) are the most popular type, and still dominate the
light-duty fleet, as seen in Figure 6-120. 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 6-123 shows the recent gains in six,
seven, and eight-speed transmissions in both the car and light truck segment. Recent
introductions of nine-speed and ten-speed transmissions in the same market indicates that
conventional automatic transmissions are going to be the dominant transmission type for the
foreseeable future. The other transmission type that has also seen an increase in market share is
the continuously variable transmissions (CVTs), which can vary their ratio to target any place
within their overall spread. The CVT transmissions do have limited torque capacity which will
limit their application on larger vehicle segments. Dual-clutch transmissions (DCTs), which have
significantly lower parasitic losses than ATs, have decreased in overall penetration due past
reliability issues and consumer acceptance of the shift quality.

Each of these four types of transmissions is discussed in more detail in the sections below.
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Figure 6-120 - Transmission Technology Production Share, 1980-2017>>

1 “Highlights of CO, and Fuel Economy Trends,” https://www.epa.gov/fuel-economy-trends/download-report-co2-
and-fuel-economy-trends, Accessed Jan 12, 2017.
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6.3.3.1 Transmission Technologies
This analysis considered a number of types of transmissions.

e Six, seven, eight, nine and ten-speed automatic 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.

e Dual clutch transmission (DCT) - are 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.

e Continuously Variable Transmission (CVT) — uses a belt between two variable ratio
pulleys allowing an infinite set of gear ratios to enable the engine to operate in a more
efficient operating range over a broad range of vehicle operating conditions.

e Manual 6 and 7-speed transmissions offers an additional gear ratio, often with a higher
overdrive gear ratio, than a 5-speed manual transmission.

e 1% level and 2" level High Efficiency Gearbox (automatic, DCT, CVT, or manual) —
continuous improvement in seals, bearings and clutches, super finishing of gearbox parts,
and development in the area of lubrication, all aimed at reducing frictional and other
parasitic load in the system for an automatic, DCT or manual type transmission.

Notably, for each of these configurations, the analysis assumed that the high gear ratio remained
approximately the same as the number of gears increased. In practice, manufacturers tend to be
widening gear spreads as they increase the number of gears offered in transmissions, so the
agencies are evaluating assumptions about low and high gear spreads for future simulation
efforts. The comments are sought on assumed gear spreads and ratios, and seek information on
advantages and disadvantages of changing low-high gear spreads as manufacturers offer
transmissions with additional gears.

6.3.3.2 Sources of Transmission Effectiveness Data

In addition to the sources of transmission effectiveness data cited in the 2012 final rule and 2016
Draft TAR, this analysis also considered data from other sources to update and refine
transmission effectiveness estimates for this analysis. These sources included:

1) Peer-reviewed journals, peer-reviewed technical papers, and conference proceedings
presenting research and development findings;

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

3) Modeling results from simulation of current and future transmission configurations; and

4) Confidential data obtained from OEMSs 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
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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 6-121 and Figure 6-122.

0 50 100 150 200 250

Figure 6-121 - Average Torque Losses in Each Gear for an Eight-Speed 845RE
Transmission®?

/ —Gear 1 Gear 2
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—Gear 5 ——Gear6

¥ —Gear 7 =——Gear 8
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Figure 6-122 - And Efficiency (Right) in Each Gear for an Eight-Speed 845RE
Transmission®>*

%2 From testing of a Ram pickup truck at 100 °C and with line pressures matching those measured in the vehicle.

Torque losses are average more than 1000 rpm - 2500 rpm.
3 From testing of a Ram pickup truck at 100 °C and with line pressures matching those measured in the vehicle.

Torque losses are average more than 1000 rpm - 2500 rpm.
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In addition to contracting to test specific transmissions, NHTSA and EPA obtained torque loss
maps and/or operational strategies for the current and future generation transmissions from
manufacturers and suppliers. The estimates for effectiveness and assumptions on technology
application in the CAFE model are partially informed by confidential business information
supplied by vehicle manufacturers and suppliers and shared with the agencies. Information
obtained from the manufacturers and suppliers included information on advanced CVTs and
ATs.

This analysis has also leveraged work performed over the past 15 years by Argonne National
Laboratory with Autonomie under funding from the U.S. Department of Energy. Argonne
developed and validated shifting algorithms for multiple transmission technologies (i.e.,
automatic, CVT, DCT) and gear numbers (i.e., 6 and 8 speed transmissions), using vehicle test
data from a large number of vehicles measured at Argonne’s Advanced Powertrain Research
Facility.®* Detailed instrumentation was also critical in developing component models and
controls for advanced transmissions such as dual clutch.?®® While specific transmission gear
ratios and shifting algorithms were used during the validation process, a different approach was
used to design the transmission gear ratios to properly quantify the effectiveness of the
technology. Argonne used an algorithm published by Naunheimer, along with a range of
constraints, to design their transmission gear ratios.?*® A set of efficiencies for each gear was
selected to represent today’s leading technologies across all transmission types to ensure proper
comparison. Calibration of the shifting algorithms was performed within a set of constraints to
ensure proper driving quality. The constraints were defined based on vehicle test data.

Below is the list of transmissions that this analysis have considered for the NPRM analysis. The
expansion of transmissions offerings are in line with industry developments and direction, and
are expected to achieve fuel economy improvements, while also meeting durability, reliability,
drivability and consumer acceptance needs. Further details of each transmission type are
discussed below.

e 5-speed automatic (5AU)
e 6-speed automatic (6AU)
o Level 1 Improvements
o Level 2 Improvements
e 7-speed automatic (6AU)
e 8-speed automatic (8AU)

%4 Kim, N., Rousseau, N., Lohse-Bush, H. “Advanced Automatic Transmission Model Validation Using
Dynamometer Test Data,” SAE 2014-01-1778, SAE World Congress, Detroit, April 2014.

> Kim, N., Lohse-Bush, H., Rousseau, A. “Development of a model of the dual clutch transmission in Autonomie
and validation with dynamometer test data,” International Journal of Automotive Technologies, March 2014,
Volume 15, Issue 2, pp 263-271.

%8 Naunheimer, H. et al., “Automotive Transmissions — Fundamentals, Selection, Design and applications,”
Springer Publications.
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o Level 1 Improvements
o Level 2 Improvements
o Level 3 Improvements
9-speed automatic (9AU)
10-speed automatic (10AU)
o Level 1 Improvements
o Level 2 Improvements
6-speed dual-clutch (6DCT)
8-speed dual-clutch (8DCT)
Continuously variable (CVT)
o Level 1 Improvements
o Level 2 Improvements
5-speed manual (5DM)
6-speed manual (6DM)
7-speed manual (7DM)

Progressive transmission gear ratios have been designed for each transmission type considering
trends in gear span and ratios, as well as expected differences in vehicle performance and energy
consumption based on the transmission technology.

This analysis used the following criteria to select transmission gear ratios, final drive ratios, and
shift parameters. The criteria were based on literature review and confidential business
information from vehicle manufacturers and suppliers. In addition, this analysis used test data
and information collected from multiple vehicles using Argonne’s APRF chassis dynamometer
test facility.

The vehicle should shift to top gear above a certain vehicle speed (i.e. 45 mph).

In top gear, the engine should operate at or above a minimum engine speed (i.e. 1,250
rpm) to prevent engine lugging.

The number of gear shifts for specific transmission on each cycle was defined using
APREF vehicle test data and SWRI vehicle test data. For example, for a 6-speed
transmission, on the Urban Dynamometer Driving Schedule cycle, the number of shifts
should be around 110 to 120 based on a review of chassis dynamometer test data. Note
that this constraint is only evaluate after the simulations and is only used to highlight
vehicles with potential drive quality issues.

Gear span and final drive ratios should be based on industry trends.

Engine operation will be restricted in the low-speed/high torque region to prevent noise,
vibration, and harshness issues and ensure drive quality.

The span of the 8-speed transmissions is higher than that of the 6-speed transmission.
The span of the 8-speed DCT is slightly higher than the span of the 8-speed automatic to
compensate for the lack of torque multiplication of the torque converter for the automatic
transmission.

DCT transmissions are modeled without a torque converter. As stated in Draft TAR, a
significant majority of the DCT transmissions in the MY 2016 fleet do not use a torque
converter device
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e The vehicle should be able to meet or exceed Vehicle Technical Specifications (VTSSs)
related to grade (in first and top gear) and passing performance.

e For all advanced automatic transmissions, the torque converters lock-up in 2™ gear.

e For CVTs, vehicle application will have maximum torque limitations (i.e. less 250 ft-1bs)

e With introduction of performance classes to better capture the MY 2016 analysis fleet,
the automatic transmissions will have two versions to be able to handler higher engine
torques. This will be explained in the later sections for transverse versus longitudinal
designs.

6.3.4 Automatic Transmissions
6.3.4.1 Automatic transmission overview

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.

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
connect the engine and transmission. A discussion of torque converter lockup is continued in the
next section below.

In general, ATs with a greater number of forward gears (and the complementary larger ratio
spread) offer more potential for fuel consumption 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.

In the past few years, manufacturers have taken advantage of ATs with a greater number of
forward gears to improve fuel economy. 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. In fact, the average number of AT gears in the fleet has rapidly
increased, and in 2016 was above six for both cars and trucks.
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Figure 6-123 - Average Number of Transmission Gears for New Vehicles®’

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 VVolkswagen. 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
includes use in the compact 2016 Mini Cooper Clubman, a vehicle smaller than those assumed
eligible for eight-speed transmissions in the FRM.**

In the 2012 final rule for MYs 2017 and beyond, the agencies limited their 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

7 “Highlights of CO, and Fuel Economy Trends,” https://www.epa.gov/fuel-economy-trends/download-report-co2-

and-fuel-economy-trends, Accessed Jan 12, 2017.

%8 Start of Volume Production - New Generation of the ZF 8-Speed “Automatic Transmission in the BMW 5
Series,” August 21, 2014,
https://www.zf.com/corporate/en_de/magazine/magazin_artikel_viewpage 22067944.html.

29 Meiners, J. “2016 Mini Cooper Clubman Revealed - Another Bigger, Four-Door Mini,” Car and Driver, June
2015, http://www.caranddriver.com/news/2016-mini-clubman-revealed-news.
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transmissions are being manufactured by ZF 2*° (which produces a FWD nine-speed incorporated

into Fiat/Chrysler, Honda, and Jaguar/Land Rover vehicles?®®') and Mercedes®®* (which produces
a RWD nine-speed). In addition, Ford and General Motors have announced plans to jointly
design and build nine-speed FWD transmissions and ten-speed RWD transmissions (2017 F150
and 2017 Camaro ZL1), 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% 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% fuel consumption reduction on the U.S.
combined cycle.?® The second generation ZF eight-speed?®® is expected to achieve up to 3%
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% fuel consumption improvement on the NEDC with its nine-speed
transmission compared to the previous seven-speed.?®® For the references in regards to fuel
consumption improvement shown in NEDC, the values will be much higher than U.S, combined
cycles due to a gap between NEDC and real-world.?®*

In FWD vehicles, ZF claims its nine-speed FWD transmission reduces fuel consumption by 10%
— 16% compared to an early- 2000s six-speed transmission.?”® Aisin claims its new FWD eight-

%0 Gaertner, L. & Ebenhoch, M. “The ZF Automatic Transmission 9HP48 Transmission System, Design and
Mechanical Parts,” SAE Int. J. Passeng. Cars - Mech. Syst. 6(2):908-917, 2013, doi - 10.4271/2013-01-1276.

%Y« and Rover to Demonstrate Latest Technical Innovation with The World’s First 9-Speed Automatic
Transmission,” Land Rover Media Centre, February 27, 2013, http://newsroom.jaguarlandrover.com/en-in/land-
rover/news/2013/02/rr_rre_9-speed_transmission_270213/.

262 Daimler. 2013. New Nine-Speed Automatic Transmission Debuts in the Mercedes-Benz E350 Blue Tec -
Premier of the new 9G-Tronic. Daimler, July 24. http://media.daimler.com/dcmedia/0-921-1553299-1-1618134-1-0-
1-0-0-0-0-1549054-0-1-0-0-0-0-0.html.

%63 Motor Authority - Technology Preview - We Drive Honda’s 10-Speed Automatic Transmission,
http://www.motorauthority.com/news/1100878_technology-preview-we-drive-hondas-10-speed-automatic-
transmission.

264 7F, “Fuel Saving and Minimizing CO, Emissions - 6% Lower Fuel Consumption,” http://www.zf.com/

%5 Dick, A., Greiner, J., Locher, A., & Jauch, F. “Optimization Potential for a State of the Art 8-Speed AT,” SAE
Int. J. Passeng. Cars - Mech. Syst. 6(2):899-907, 2013, doi - 10.4271/2013-01-1272.

266 The New Generation of 8-Speed Automatic Transmission, ZF
http://www.zf.com/corporate/en_de/products/innovations/8hp_automatic_transmissions/8hp_automatic_transmissio
n.html.

%7 Greiner, J., Grumbach, M., Dick, A., & Sasse, C. “Advancement in NVH- and Fuel-Saving Transmission and
Driveline Technologies,” SAE Technical Paper 2015-01-1087, 2015, doi - 10.4271/2015-01-1087.

%8 Dgrr, C. “The New Automatic Transmission 9G-TRONIC from Mercedes- Benz,” presented at the 2014 CTI
Symposium, Plymouth, MI.

29 ICCT Report. “Real-world vehicle fuel consumption gap in Europe at all-time high.”
http://www.theicct.org/publications/laboratory-road-2017-update

1% Greiner, J. & Grumbach, M. “Automatic Transmission Systems Beyond 2020 - Challenges and Competition,”
SAE Technical Paper 2013-01-1273, 2013, doi - 10.4271/2013-01-1273.
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speed transmission decreases fuel consumption 16.5% compared to an early generation six-
speed, and nearly 10% 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% fuel consumption reduction on the NEDC over the previous six-speed
transmission.?’? Mercedes claims a total of 6.5% fuel economy improvement on the NEDC by
using its nine-speed 9G-TRONIC in place of the earlier generation seven-speed.””

These purported efficiency improvements are due to a range of design changes in the
transmissions, in addition to improved interactions with complementary equipment. 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. Due to the complexity of interactions between the
transmission and other vehicle technologies, this analysis relies on full vehicle simulations to
estimate the effectiveness of additional transmission technology on a vehicle.

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 fuel consumption beyond nine or ten
gears.””>?"® In fact, ZF CEO Stefan Sommer has stated that ZF would not design transmissions
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.”®’’ Although manufacturers may continue to add
gears in response to consumer preference for other performance attributes, this analysis assumes
that it is unlikely that further increases will provide fuel consumption benefits beyond that of
optimized eight, nine or ten-speeds.

21 Driveline News, Jan 22 2014, “BMW and Mini Strategy Revealed,” http://www.drivelinenews.com/transmission-
insight/bmw-and-mini-transmission-strategy-revealed/.

272 Nell, M. “BMW’s Flexible Powertrain Family with a New Generation of Transverse Automatic Transmissions,”
presented at the 2014 Car Training Institute Transmission Symposium, Rochester, M.

" Dorr, C. “The New Automatic Transmission 9G-TRONIC,” presented at the 2014 Car Training Institute
Transmission Symposium, Rochester, M.

2% Robinette, D. & Wehrwein, D. “Automatic Transmission Technology Selection Using Energy Analysis,”
presented at the CTI1 Symposium 9th International 2015 Automotive Transmissions, HEV and EV Drives.

“> Greiner, J. Grumbach, M., Dick, A. & Sasse, C. 2015, “Advancement in NVH- and Fuel-Saving Transmission
and Driveline Technologies,” SAE technical paper 2015-01-1087

276 Robinette, D. 2014, “A DFSS Approach to Determine Automatic Transmission Gearing Content for Powertrain-
Vehicle System Integration,” SAE International Journal of Passenger Cars — Mechanical Systems 7 (3).

2" Greimel, H. “ZF CEO - We’re not chasing 10-speeds,” Automotive News, November 23, 2014,
http://www.autonews.com/article/20141123/OEM10/311249990/zf-ceo:-were-not-chasing-10-speeds.
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Recent development and publications by Aisin AW CO., Honda, Ford, and GM have identified
release of new advanced transmissions into the mass market. Aisin AW Co. has introduced a
new FWD 8-speed and RWD 10-speed transmission that have shown significant improvements
in clutches and brakes, off-axis oil pump, reduction in mass, and increased area of torque
converter lock-up area.””® #’® Honda has introduced the first FWD 10-speed automatic
transmission. Compared to the previous 6-speed automatic, the 10AT is 22 Ibs. lighter and has a
68% wider overall ratio range with a 43% lower first gear and a 17% taller top gear.?®® Ford and
GM has released a jointly developed RWD that has indicated fuel economy improvements over
the existing 6-speed transmission.”®* As discussed in these recent publications, these new
transmissions are either replacing first level of 8-speed transmissions or 6-speed transmission in
order to improvement fuel economy and performance.

6.3.4.2 Losses in ATs, Torque Converter, and Lockup Strategy

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% reduction in torque loss in its new generation
transmission from optimizing the oil pump,?** and Mercedes claims a 2.7% increase in fuel
economy on the NEDC by changing the pumping system.?®* Pump-related losses can be reduced
by substituting a more efficient vane pump for the gerotor. Losses can be further reduced with a
variable-displacement vane pump, and by reducing the pressure of the system. Losses can be
further decreased by using an on-demand electric pump - Mercedes claims an additional 0.8%

28 Masunaga, S., Miyazaki, T., Habata, Y., Yamada, K. et al. “Development of Innovative Toyota 10-Speed
Longitudinal Automatic Transmission,” SAE Int. J. Engines 10(2):701-708, 2017, https://doi.org/10.4271/2017-01-
1099.

2® Michikoshi, Y., Kusamoto, D., Ota, H., Ikemura, M. et al. “Toyota New TNGA High-Efficiency Eight-Speed
Automatic Transmission Direct Shift-8AT for FWD Vehicles,” SAE Technical Paper 2017-01-1093,

2017, https://doi.org/10.4271/2017-01-1093.

280 <2018 Honda Accord Press Kit,” http://hondanews.com/releases/2018-honda-accord-press-kit-overview

%1 http://media.gm.com/media/us/en/gm/home.detail.html/content/Pages/news/us/en/2016/may/0511-10speed-
gm.html

%2 Dick, A., Greiner, J., Locher, A., & Jauch, F. “Optimization Potential for a State of the Art 8-Speed AT,” SAE
Int. J. Passeng. Cars - Mech. Syst. 6(2):899-907, 2013, doi - 10.4271/2013-01-1272.

%3 poki, T., Kato, H., Kato, N., & Masaru, M. “The World’s First Transverse 8-Speed Automatic Transmission,”
SAE Technical Paper 2013-01-1274, 2013, doi - 10.4271/2013-01-1274.

24 Dorr, C. “The New Automatic Transmission 9G-TRONIC,” presented at the 2014 Car Training Institute
Transmission Symposium, Rochester, M.
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increase in fuel economy on the NEDC by implementing a lubrication on demand system.?*
Another way to reduce losses from the pump is by reducing leakage in the system. Reducing
leakage reduces parasitic losses by reducing the amount of fluid that needs to be pumped through
the system to maintain the needed pressure.

A second large source of parasitic loss in ATs is the drag torque in the transmission from the
clutches, brakes, bearings, and seals. These components have the potential to be redesigned for
lower frictional losses. New clutch designs offer potential reductions in clutch drag, promising
up to a 90% reduction in drag.?®® Replacing bearings can reduce the associated friction by 50 to
75%. New low-friction seals for can reduce friction by 50% to provide an overall reduction in
bearing friction loss of approximately 10%.%’

Optimizing shift elements improved fuel economy on the Mercedes 9G-TRONIC by 1% over the
NEDC.”®®

Drag torque can be further reduced by decreasing the viscosity of the automatic transmission
fluid used to lubricate the transmission. A study of transmission losses indicates that an
approximate 2% fuel consumption reduction was obtained on the FTP 75 cycle by switching to
the lowest viscosity 0il.”*® However, reduction of transmission fluid viscosity may have an
adverse effect on long-term reliability.

Torque converters are typically associated with conventional ATs and CVTs, although they have
appeared on Honda's newest eight-speed DCT. Torque converters provide increased torque to the
wheels at launch, and serve as a torsional vibration damper at low engine speeds. However, this
comes at the cost of energy loss in the torque converter fluid, and modern torque converters
typically have a lockup clutch that mechanically locks the impeller and turbine together,
bypassing the fluid coupling.

Although in the past torque converters remained unlocked up to high vehicle speeds, recent
trends are to lock at much lower speeds. Improvements in torsional vibration dampers, and the
ability to utilize micro-slip across the lockup clutch has enabled lower lockup speeds. Mazda, for

85 Dorr, C. “The New Automatic Transmission 9G-TRONIC,” presented at the 2014 Car Training Institute
Transmission Symposium, Rochester, M.

%86 Martin, K. 2012. “Transmission Efficiency Developments,” SAE Transmission and Driveline Symposium -
Competition for the Future, October 17-18. Detroit, Michigan. [as cited in NAS (2015), Prepublication Copy, p. 5-
22.].

87 NSK Europe. 2014. “New Low-Friction TM-Seal for Automotive Transmissions,”
http://www.nskeurope.com/transmission-bearings-low-friction-tm-seal-2373.htm.

%8 Dorr, C. “The New Automatic Transmission 9G-TRONIC,” presented at the 2014 Car Training Institute
Transmission Symposium, Rochester, M.

9 Noles, J. 2013. “Development of Transmission Fluids Delivering Improved Fuel Efficiency by Mapping
Transmission Response to Viscosity and Additive Changes,” Presentation at the SAE Transmission & Driveline
Symposium, Troy, Michigan, October 16-17. [as cited in NAS (2015), Prepublication Copy, p. 5-25.].
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example, claims torque converter lockup as low as 5 mph for its SKYACTIV-Drive AT.*°
Although not as aggressive, BMW claims a 1% reduction in CO, from an early torque converter
lockup.?**

6.3.4.3 Automatic transmissions for Autonomie modeling

In the 2016 Draft TAR analysis, NHTSA had identified five automatic transmission technologies
for adoption in the light duty fleet for MY's 2017-2025 — AT5, AT6, AT6P, AT8 and AT8P. For
the NPRM analysis, it has been expanded the number of transmission technologies to include ten
automatic transmission configurations based on new literature, press information, and
information acquired in meetings with manufacturers and supplies. Going from five to ten
automatic transmissions allows this analysis to both capture the updated transmission
technologies in the MY 2016 analysis fleet, and to incorporate future improvements in friction,
lubrication, packaging, torque loss reduction and other incremental improvements.

Table 6-15 - Final Drive ratio of Automatic Transmissions

Transmission ANL Flna_l
Type Number of Gears | Drive Ratio
Value
Automatic 5 3.31
Automatic 6 3.65
Automatic 7 3.13
Automatic 8 3.6
Automatic 9 3.3
Automatic 10 3.31

290 \Weissler, P. 2011. “2012 Mazda3 Skyactiv achieves 40 mpg without stop/start.” Automotive Engineering
Magazine, October 28.

1 Nell, M. “BMW?’s Flexible Powertrain Family with a New Generation of Transverse Automatic Transmissions,”
presented at the 2014 Car Training Institute Transmission Symposium, Rochester, Ml
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Table 6-16 - Summary of Simulation Automatic Transmission Gear Ratios

Simulation Gear

Name 1 2 3 4 5 6 7 8 9 10
5AU 3.85 | 2.3262 | 1.5039 | 1.0403 0.77

5DM 3.85 | 2.2714 | 1.4339 | 0.9685 0.7

6AU 4.074 | 2.4867 | 1.6241 | 1.135 0.8487 0.679

6DM 4.074 | 24867 | 1.6241 | 1.135 0.8487 0.679

6DCT 4.074 | 24867 | 1.6241 | 1.135 0.8487 0.679

7AU 4.78 3.10 1.98 1.37 1.00 0.87 0.78

7DM 4298 | 2.624 | 1.7141 | 1.1981 | 0.8961 | 0.7171 | 0.614

8AU 4284 | 2.6593 | 1.7763 | 1.2553 | 0.9546 | 0.7768 | 0.6763 0.63

8DCT 4284 | 2.6593 | 1.7763 | 1.2553 | 0.9546 | 0.7768 | 0.6763 0.63

9AU 4.69 2902 | 1.9213 | 1.3611 | 1.0317 | 0.8368 | 0.7262 | 0.6743 | 0.67
10AU 4.7 2.99 2.15 1.8 1.52 1.28 1 0.85 | 0.69 | 0.64
CVvT Ratios from 0.529 to 3.172

CVTp Ratios from 0.45 to 3.6

Planetary Sun =30, Ring=78

Gear
Voltec Sun = 37, Ring = 83

Table 6-17 - Summary of Simulation Automatic Transmission Gear Span Values

Transmission Number of Gears | ANL Value
Type

Automatic 5 5.00
Automatic 6 6.00
Automatic 7 6.16
Automatic 8 6.80
Automatic 9 7.00
Automatic 10 7.34
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Table 6-18 - Simulation Automatic Transmission Selections

Simulation Name | Transmission Type Description/ Source
5AU 5-speed automatic 1:1 ratio efficiency from 6AU (premium) and use rule
(premium class) to generate the efficiency for other ratios
6AU 6-speed automatic Transmission used for low-torque engines.
(base class) Source - U.S. EPA test data— GM 6T40
6AU 6-speed automatic Transmission used for high-torque engines
(premium class) Source - NHTSA test data - GM 6L80E
6AUp 6-speed automatic+ 1:1 ratio efficiency from 8AU+ and use rule to
generate the efficiency for other ratios
7AUp 7-speed automatic+ 1:1 ratio efficiency from 8AU+ and use rule to
generate the efficiency for other ratios
8AU 8-speed automatic Source - U.S. EPA test data — Ram 845RE
8AUp 8-speed automatic+ 845RE (8AU) with improved efficiency (NHTSA data)
8AUpp 8-speed automatic++ | 845RE (8 AU) with improved efficiency (NHTSA data)
9AUp 9-speed automatic+ 1:1 ratio efficiency from 8AU+ and use rule to
generate the efficiency for other ratios
10AUp 10-speed automatic+ 1:1 ratio efficiency from 8AU+ and use rule to
generate the efficiency for other ratios
10AUpp 10-speed automatic++ | 1:1 ratio efficiency from 8AU++ and use rule to
generate the efficiency for other ratios

Like engines, transmissions in the market always include multiple improvements from one
generation to the next (such as increased gear number and efficiency). The objective of the
transmission selection was to separate the benefits of increased gear number from those of
improved efficiency. For example, 6AT to 8AT is used to quantify the effectiveness of increased
gear span and gear number while 8AT to 8AT Level 2 quantifies the impact of efficiency. As a
result, while the test data were used to model several transmissions, a rule was used to develop

some transmission models to ensure appropriate effectiveness value.

292

6.3.4.3.1 Automatic transmission efficiency

In the equations below, t is the normalized torque (Torque/Max rated input torque). In the
specific data set that was used to generate these equations, the maximum torque was taken to be

450 Nm.

The maximum efficiency is given by

n =100 — 1.385 x 7~10127

(1)

92 Reinhart, T. 2015, “Commercial Medium- and Heavy-Duty Truck Fuel Efficiency Technology Study — Report
#3.” DOT HS DOT HS 812 591

332




The temperature dependence is considered as a function of torque for temperatures ranging from
T=38°CtoT =93°C:

An = 03612 x £709238  (2)

The speed dependence is a function of input torque, for speeds ranging from 500 rpm to 5000
rpm:

An = 0.6394 x 713068 (3)
The efficiency data is generated using the following steps:

e Start with the “maximum efficiency curve,” which essentially represents the efficiency
for direct drive (1:1 ratio) at 93°C.

e The temperature offset is applied when calculating efficiency at 38°C.

e The speed offset is applied.

e The gear ratio other than the direct drive is scaled.

Figure 6-124 shows the plot of the efficiency for direct drive, for the range of temperatures and
speeds considered. For other gears, the results are scaled down by a factor ranging between 0.97
and 1.0.

Efficiency vs Nomalized Torque for Planetary AT [Direct Drive Ratio]

100 ———
80 - .
g
S 60t _
>
(8]
c
2
(8]
£ 40 - -
L
n @ 93°C & 500 rpm
20 n @ 38°C & 500 rpm | -|
n @ 93°C & 5000 rpm
n @ 38°C & 5000 rpm
0 | | | |
0 0.2 04 0.6 0.8 1

Normalized Torque

Figure 6-124 - Efficiency for direct drive
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6.3.4.4 TRANSMISSION - 5AU Base and Performance
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Figure 6-125 - Efficiency map of 5-speed automatic - non-performance classes
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Figure 6-126 - Efficiency map of 5-speed automatic - performance classes

For this NPRM analysis, NHTSA’s 5-speed transmission has been carried over from the 2016
Draft TAR for the base vehicles and new performance transmission maps have been developed.
This technology is still utilized by the low-cost vehicles that are still part of the MY 2016
analysis fleet. These transmissions were developed based on the benchmarked 6-speed
automatic as discussed in section 6.3.3.2 using the 1:1 ratio of each gear.
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6.3.45 TRANSMISSION — AUG6 Level 1 and Level 2

6AU (base) Efficiency
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Figure 6-127 - Efficiency map - Base 6-speed automatic level 1

6AU (premium) Efficiency

0.8

0.6

0.4

0.2
4000

300
200
1000 100

Speed, rpm 0 o Torque, Nm

Figure 6-128 - Efficiency map - Performance 6-speed automatic Level 1
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6AU+ Efficiency
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Figure 6-129 - Efficiency map - 6-speed Automatic level 2

For this NPRM analysis, we carried over the 2016 Draft TAR six-speed transmission. Figure
6-120 shows that the six-speed transmission is still a dominant option for gearbox in MY 2016.
For the two levels of improvements in the six-speed transmission, NHTSA differentiated the two
by the drivetrain configuration of RWD and FWD, for cars and trucks. The agencies received
feedback from vehicle manufacturers on the potential torque limitation of vehicles with advanced
six-speed transmissions that also have towing performance requirements. Some supporting
information for this feedback included confidential business information shared with the
agencies.

6.3.4.6 TRANSMISSION - AU7
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Figure 6-130 - Efficiency map - 7-speed automatic
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The seven-speed transmission developed for this NPRM is based on the efficiencies of the eight-
speed transmission level 2. In the MY 2016 analysis fleet, manufacturers have incorporated
seven-speed automatics transmissions that NHTSA would consider an improvement over the
existing five or six-speed transmissions. In practice, this transmission was meant to simulate 7-
speed transmissions typically found in European sedans in MY 2016. The CAFE model does not
build additional 7-speed automatic transmissions.

6.3.4.7 TRANSMISSION — AUS8 Level 1, Level 2 and Level 3
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Figure 6-131 - Efficiency map - 8-speed automatic Level 1
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Figure 6-132 - Efficiency map - 8-speed automatic Level 2
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8AU++ Efficiency
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Figure 6-133 - Efficiency map - 8-speed automatic Level 3

In the 2016 Draft TAR analysis, NHTSA offered two levels of eight-speed transmission. For the
NPRM analysis, we have split the eight-speed transmission into three levels. The first level
represents the first generation of eight-speed transmissions introduced in market. The second
level introduces improvements oil supply and drag losses. The third level further improves oil
supply and drag losses over the second-level eight-speed.

6.3.4.8 TRANSMISSION - AU9
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Figure 6-134 - Efficiency map for the 9-speed automatic
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Like the seven-speed automatic transmission, this nine-speed transmission was developed based
on the efficiencies of the eight-speed transmission level 2. In the MY 2016 analysis fleet,
manufacturers have incorporated nine-speed automatics transmissions that NHTSA would
consider an improvement over the existing five or six-speed transmissions. The CAFE model
does not build additional 9-speed automatic transmissions.

6.3.4.9 TRANSMISSION — AU10 Level 1 and Level 2
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Figure 6-135 - Efficiency map for the 10-speed automatic level 1
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Figure 6-136 - Efficiency map for the 10-speed automatic Level 2
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In the 2016 Draft TAR analysis, NHTSA did not model any ten-speed transmissions. For this
NPRM analysis, two efficiency levels of the ten-speed automatic transmission was introduced.
The first level represents the first generation of ten-speed transmissions introduced in market,
with the efficiency values based on the efficiencies of the eight-speed transmission level 2. The
second level of the ten-speed transmission is based on the eight-speed transmission level 3.

6.3.4.10 Torque Converter Lock-up Maps

Torque converter lock-up maps have been updated since the 2016 Draft TAR using test data.
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Figure 6-137 - Base vehicle Torque Converter Lock Up map
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Figure 6-138 - Performance Vehicle Torque Converter Lock up map
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6.3.5 Continuously Variable Transmissions (CVT)

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 ratio change is
smooth and continuous, unlike the step changes of other transmission varieties. CVTs were not
chosen in the fleet modeling for the MY 2017-2025 analysis because of the predicted 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 increased adoption rates in the fleet. In their 2015 report,
the NAS recommended CVTs be added to the list of considered technologies, and the agencies
are accordingly re-evaluating the cost and effectiveness numbers for this analysis.

One advantage of CVTs is that they continue to transmit torque during ratio changes. In ATs and
some DCTs, energy from the engine is wasted during a ratio change or shift. ATs and some
DCTs have a hesitation during shifts caused by the torque disruption during gear changes. As
mentioned above, 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.

Another advantage of a CVT is that, within its ratio range, it can maintain engine operation
closer to the maximum efficiency for the required power. CVTs were not considered in the final
rule for MYs 2017 and beyond 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% efficient,”* and thus required more total output energy from the engine.

However, CVTs have demonstrated some limitations. The launch, acceleration and ratio
variation characteristics of powertrains with CVTs may be significantly different than ATs
leading to consumer complaints. Several manufacturers have told the agencies that they employ
strategies that mimic AT shifting under some conditions for to address these issues. Also, some
manufacturers have encountered significant engineering challenges in employing CVTs for use
in high torque or high load applications.

Nonetheless, 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 is now nearly 85% efficient, with ongoing work by suppliers to push that number to
909%.%%* Ratio spreads for new CV/Ts from Honda, Toyota, and JATCO now range between 6.0

233 Morihiro, S. “Fuel Economy Improvement by Transmission,” presented at the CT| Symposium 8th International
2014 Automotive Transmissions, HEV and EV Drives.

%% Nakasaki, M. & Oota, Y. “Key Technologies Supporting Belt-type CVT Evolution,” presented at the 2014 Car
Training Institute Transmission Symposium, Rochester MI.
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and 7.0.%%2% 297 JATCO has introduced a very small CVT that has a two speed output with take
a CVT with a small ratio spread and doubles it for an overall ratio spread of 7.32%® 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 ranges will not significantly decrease fuel
consumption and resulting CO, emissions.**

Reducing losses in CVTs has been a particular focus of manufacturers. The JATCO CVT8
featured a 40% reduction in mechanical losses compared to their earlier generation CVT.** 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% to 1.5% at higher vehicle speeds compared to their previous generation CVT.**
The increased efficiency was primarily due to a reduction in oil pump losses and bearing friction.
Honda’s new midsize CVT increased efficiency by up to 5% compared to the earlier generation
CVT, primarily by reducing the required hydraulic pressure (by up to 38%).3% Toyota’s new
K114 CVT reduced torque losses by 22%, compared to the earlier generation of CVTs, primarily
by reducing the losses associated with the oil pump, and reducing the size of the bearings.**

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

2% Maruyama, F., Kojima, M., & Kanda, T. “Development of New CVT for Compact Car,” SAE Technical Paper
2015-01-1091, 2015, doi - 10.4271/2015-01-1091.

2% Hakamagi, J., Kono, T., Habuchi, R., Nishimura, N. et al. “Development of New Continuously Variable
Transmission for 2.0-Liter Class Vehicles,” SAE Technical Paper 2015-01-1101, 2015, doi - 10.4271/2015-01-1101.
297 Shimokawa, Y. “Technology Development to Improve JATCO CVT8 Efficiency,” SAE Technical Paper 2013-01-
0364, 2013, doi - 10.4271/2013-01-0364.

2% Brooke, L. “JATCO’s Next-Gen CVTs bring High Ratio Spreads, More Efficiency,” Automotive Engineering
Magazine, April 23, 2012, http://articles.sae.org/10947/.

2% Naotoshi, P. “Development of a New Generation CVT with Auxiliary Gear Box,” SAE Technical Paper 2016-01-
1109, 2016, doi - 10.4271/2016-01-1109.

%09 Naotoshi, P. “Development of a New Generation CVT with Auxiliary Gear Box,” SAE Technical Paper 2016-01-
1109, 2016, doi - 10.4271/2016-01-1109.

%01 Shimokawa, Y. “Technology Development to Improve JATCO CVT8 Efficiency,” SAE Technical Paper 2013-01-
0364, 2013, doi - 10.4271/2013-01-0364.

%02 Maruyama, F., Kojima, M., and Kanda, T. “Development of New CVT for Compact Car,” SAE Technical Paper
2015-01-1091, 2015, doi - 10.4271/2015-01-1091.

%93 |nukai, K., Shibahara, A., Uchino, T., Keiichi, N. et al. “Development of High-Efficiency New CVT for Midsize
Vehicle,” SAE Technical Paper 2013-01-0365, 2013, doi - 10.4271/2013-01-0365.

%04 Hakamagi, J., Kono, T., Habuchi, R., Nishimura, N. et al. “Development of New Continuously Variable
Transmission for 2.0-Liter Class Vehicles,” SAE Technical Paper 2015-01-1101, 2015, doi - 10.4271/2015-01-1101.
%05 Shimokawa, Y. “Technology Development to Improve JATCO CVT8 Efficiency,” SAE Technical Paper 2013-01-
0364, 2013, doi - 10.4271/2013-01-0364.

%% Maruyama, F., Kojima, M., and Kanda, T. “Development of New CVT for Compact Car,” SAE Technical Paper
2015-01-1091, 2015, doi - 10.4271/2015-01-1091.
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generation CV'T on the Japanese JCO8 test cycle.®”” Toyota’s new K114 CVT increased fuel
economy by 17% on the Japanese JCO8 test cycle compared to the earlier generation CVT.3%
Similar to other automatic transmissions, this analysis rely on full-vehicle simulations to
consider complex interactions between CVT’s and complementary engine and vehicle
technologies to assess effectiveness values.

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 control strategy, which
mimics the feel of a conventional AT.*® This calibration, although having a slight effect on fuel
economy, has improved consumer acceptance.*°

Nissan continued improving their third generation of The Xtronic CVT with D-Step Logic
Control in both performance and fuel economy.™* As discussed by Nissan, “In the 2016 Versa
and 2016 Sentra models equipped with third-generation XTRONIC transmission, the gear ratio
range from low to high is expanded. In fact, the transmission ratio is 7.3:1, which is a broader
ratio than you'll find in an average automatic, and far superior to the 6.0:1 you'd find in a similar
model vehicle. The CVT is more streamlined, too, as it is 13% lighter and 10% smaller. The goal
is to ensure the fuel efficiency improves at least 10%.” Nissan’s Xtronic CVT has been equipped
in all of the passenger and crossover vehicles offered in MY 2016, MY 2017 and MY 2018.

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 timeframe. The Dana VariGlide is considered a CVP
(Continuously Variable Planetary), with the major design difference being that it uses balls to
transmit torque and vary the ratio.

6.3.5.1 Lossesin CVTs

%7 Inukai, K., Shibahara, A., Uchino, T., Keiichi, N. et al. “Development of High-Efficiency New CVT for Midsize
Vehicle,” SAE Technical Paper 2013-01-0365, 2013, doi - 10.4271/2013-01-0365.

%08 Hakamagi, J., Kono, T., Habuchi, R., Nishimura, N. et al. “Development of New Continuously Variable
Transmission for 2.0-Liter Class Vehicles,” SAE Technical Paper 2015-01-1101, 2015, doi - 10.4271/2015-01-1101.
%9 |noue, M. “Advanced CVT Control to Achieve Both Fuel Economy and Drivability,” presented at the 2015 Car
Training Institute Transmission Symposium, Novi, MI.

%10 Nakasaki, M. &Oota, Y. “Key Technologies Supporting Belt-type CVT Evolution,” presented at the 2014 Car
Training Institute Transmission Symposium, Rochester, MI.

811 «The Xtronic Continuously Variable Transmission®” July 13, 2017 https://www.nissanusa.com/blog/xtronic-cvt-
continuously-variable-transmission Accessed February 21, 2018.

%12 Dana Holding Corp. 2014. “Dana Advances Development of VariGlide™ Continuously Variable Planetary
Technology,” PR Newswire, May 19. http://www.prnewswire.com/news-releases/dana-advances-development-of-
variglide-continuously-variable-planetary-technology-259791981.html.
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CVTs tend to have higher losses than either ATs or DCTs, in large part due to the high oil
pressures required to keep the belt and pulleys securely clamped. These losses increase
significantly at high input torques, as even highe