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CAFE Standards for Passenger Cars and Light Trucks for Model Years 2027 and Beyond and
NHTS A Fuel Efficiency Standards for Heavy-Duty Pickup Trucks and Vans for Model Years 2030 and Beyond

1. What is NHTSA analyzing, and why?

The National Highway Traffic Safety Administration (NHTSA)

is proposing new Corporate Average Fuel Economy (CAFE) CAFE Model Files Referenced in
standards for passenger cars (PC) and light trucks (LT) this Chapter

produced for MYs (MYs) 2027-2032 and fuel efficiency

standards for heavy-duty pickup trucks and vans (HDPUVs) for Below is a list of CAFE Model Files
model (MYs) 2030-2035. NHTSA is required by statute to set referenced in this chapter. See
new CAFE standards for PCs and LTs for each MY, and Chapter 2.1.9. Where can | find the
NHTSA is permitted by statute to set new fuel efficiency internal NHTSA files? for a full list of
standards for HDPUVs.! NHTSA is proposing standards that files referenced in this document
increase in stringency at 2 percent per year for PCs produced and their respective file locations.

for MYs 2027-2032, at 4 percent per year for LTs produced in :
MYs 2027-2032, and at 10 percent per year for HDPUVs * CAFE Model Documentatlon
produced for MYs 2030-2035. e Market Data Input File

This Draft Technical Support Document (TSD) describes the

supporting technical analysis that informed agency decision-

makers in proposing to establish the rates of stringency increase for the CAFE standards for PCs and LTs for
MYs 2027-2032, and for the fuel efficiency standards for HDPUVs for MYs 2030 -2035. The document
describes the technical details about the inputs used to create models and perform simulations, that together
create the analysis results discussed in the Proposed Regulatory Impact Assessment (PRIA).

Chapter 1 of this TSD explains how NHTSA develops footprint-based curves for the regulatory alternatives
that represent different levels of possible CAFE stringency, and work-factor-based curves for the regulatory
alternatives that represent different levels of possible HDPUV stringency. Chapter 1 also presents the
regulatory alternatives themselves, for PCs and LTs, and for HDPUVs, and explains how the CAFE Model
(“the model”) uses inputs to conduct the analysis.

Chapter 2 describes the development of the inputs that the model uses, including the analysis fleet, the zero
emissions vehicle (ZEV) Module, compliance credits, technology effectiveness values, technology adoption
and availability, technology costs, and other inputs.

Chapter 3 describes the technology options within the model.

Chapter 4 describes consumer responses to manufacturer compliance strategies, including macroeconomic
assumptions that affect and describe consumer behavior, changes in fleet composition (including new vehicle
sales and retirement or scrappage of existing vehicles), changes in vehicle miles traveled (VMT), and
changes in fuel consumption.

Chapter 5 describes how the model simulates the environmental effects of the different regulatory
alternatives, including greenhouse gas emissions effects, criteria pollutant emissions effects, and how health
effects flow from those changes.

Chapter 6 describes how the model simulates the economic effects of the different regulatory alternatives, in
terms of costs and benefits that accrue to consumers and to society.

Chapter 7 describes how the model simulates the safety effects of the different regulatory alternatives.

1.1. Why does NHTSA conduct this analysis?

When NHTSA proposes new regulations, it generally presents an analysis that estimates the effects of such
regulations, and the effects of other regulatory alternatives. These analyses derive from statutes such as the
Administrative Procedure Act (APA) and National Environmental Policy Act (NEPA), from Executive Orders
(such as E.O. 12866 and E.O 13563), and from other administrative guidance (e.g., Office of Management

149 U.S.C. 32902.
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and Budget Circular A-4). For CAFE standards, the Energy Policy and Conservation Act (EPCA) of 1975, as
amended by the Energy Independence and Security Act (EISA) of 2007, contains a variety of provisions that
require NHTSA to consider certain compliance elements in certain ways and avoid considering other things, in
determining maximum feasible CAFE standards. No such restrictions exist for how NHTSA determines
maximum feasible fuel efficiency standards for HDPUVs. Collectively, capturing all of these requirements and
guidance elements analytically means that NHTSA presents an analysis that spans a meaningful range of
regulatory alternatives, that quantifies a range of technological, economic, and environmental impacts, and
that does so in a manner that accounts for EPCA’s express requirements for the CAFE program (e.g., that
PCs and LTs are regulated separately, and that the standard for each fleet must be set at the maximum
feasible level in each MY) as well as EISA’s requirements for the HDPUV program (e.g., that standards must
have four years of lead time and three years of regulatory stability).

NHTSA'’s proposal is thus supported by, although not dictated by, extensive analysis of potential impacts of
the regulatory alternatives under consideration. Along with the preamble to the proposal, this draft TSD, a
PRIA, and a Draft Environmental Impact Statement (DEIS) together provide an extensive and detailed
enumeration of related methods, estimates, assumptions, and results. NHTSA’s analysis has been
constructed specifically to reflect various aspects of governing law applicable to CAFE and HDPUV
standards. The analysis has been expanded and improved in response to comments received to the 2022
final rule and based on additional work conducted over the last several months. Further improvements, which
could not be incorporated in this proposal analysis due to timeline considerations and/or complexity, may be
made in the future based on comments received on the proposal and other additional work generally
previewed in these rulemaking documents. The analysis for this proposal aided NHTSA in implementing its
statutory obligations, including the weighing of various considerations, by reasonably informing decision-
makers about the estimated effects of choosing different regulatory alternatives.

NHTSA'’s analysis makes use of a range of data (i.e., observations of things that have occurred), estimates
(i.e., things that may occur in the future), and models (i.e., methods for making estimates). Two examples of
data include (1) records of actual odometer readings used to estimate annual mileage accumulation at
different vehicle ages and (2) CAFE compliance data used as the foundation for the “analysis fleet”
containing, among other things, production volumes and fuel economy levels of specific configurations of
specific vehicle models produced for sale in the United States. Two examples of estimates include (1)
forecasts of future gross domestic product (GDP) used, with other estimates, to forecast future vehicle sales
volumes and (2) the “retail price equivalent” (RPE) factor used to estimate the ultimate cost to consumers of a
given fuel-saving technology, given accompanying estimates of the technology’s “direct cost,” as adjusted to
account for estimated “cost learning effects” (i.e., the tendency that it will cost a manufacturer less to apply a
technology as the manufacturer gains more experience doing so, and is, in itself, a third example of an
estimate used).

NHTSA uses the CAFE Compliance and Effects Modeling System (usually shortened to the “CAFE Model” or
just “the model”) to estimate manufacturers’ potential responses to new CAFE, carbon dioxide (CO2) and
HDPUV standards and to estimate various impacts of those responses.? U.S. Department of Transportation's
(DOT’s) Volpe National Transportation Systems Center (often simply referred to as the “Volpe Center”)
develops, maintains, and applies the model for NHTSA. NHTSA has used the CAFE Model to perform
analyses supporting every CAFE rulemaking since 2001. The 2016 rulemaking regarding HDPUYV fuel
efficiency standards, the last HDPUV rulemaking, also used the CAFE Model for analysis.

The basic design of the CAFE Model is as follows: the system first estimates how vehicle manufacturers
might respond to a given regulatory scenario, and from that potential compliance solution, the system
estimates what impact that response will have on fuel consumption, emissions, and economic externalities. In
a highly summarized form, the following diagram shows the basic categories of CAFE Model procedures, and
the sequential flow between different stages of the modeling. The diagram does not present specific model
inputs or outputs or most specific procedures and model interactions. The CAFE Model Documentation
accompanying this Draft TSD presents these details.

2 The NHTSA analysis does provide estimates for all GHGs produced, however the CO2 compliance curves are the only aspect of the GHG standards
considered during compliance modeling. Compliance with CO2 standards is modeled in the baseline fleet for existing EPA GHG standareds, in this
analysis that is for years thru 2026, to simulate the baseline behavior of the modeled fleet.
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Figure 1-1: CAFE Model Procedures and Logical Flow
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Compute:
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- Environmental damages
- Crash-related losses

- Other monetized effects

More specifically, the model may be characterized as an integrated system of models. For example, one
model estimates manufacturers’ responses, another estimates resultant changes in total vehicle sales, and
still another estimates resultant changes in fleet turnover (i.e., scrappage). A regulatory scenario involves
specification of the form, or shape, of the standards (e.qg., linear attribute-based standards), scope of PC, LT,
and/or HDPUV regulatory classes, and stringency of the CAFE and/or fuel efficiency standards for each MY to
be analyzed. Additionally, and importantly, the model does not determine the form or stringency of the
standards. Instead, the model applies inputs specifying the form and stringency of standards to be analyzed
and produces outputs showing the impacts on the manufacturers working to meet those standards. Those
outputs then become the basis for comparing between different potential stringency levels.

Manufacturer compliance simulation and the ensuing effects estimation, collectively referred to as compliance
modeling, encompass numerous subsidiary elements. Compliance simulation begins with a detailed user-
provided? initial forecast of the vehicle models offered for sale during the simulation period. The compliance
simulation then attempts to bring each manufacturer into compliance with the applicable standards* defined
by the regulatory scenario contained within an input file developed by the user.

3 Because the CAFE Model is publicly available, anyone can develop their own initial forecast (or other inputs) for the model to use. The DOT-developed
Market Data Input File that contains the forecast used for this proposal is available on NHTSA’s website at https://www.nhtsa.gov/laws-
regulations/corporate-average-fuel-economy.

4 With appropriate inputs, the model can also be used to estimate impacts of manufacturers’ potential responses to new CO: standards and to California’s
ZEV program.
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Estimating impacts involves calculating resultant changes in new vehicle costs, estimating a variety of costs
(e.g., for fuel) and effects (e.g., CO2 emissions from fuel combustion) occurring as vehicles are driven over
their lifetimes before eventually being scrapped, and estimating the monetary value of these effects.
Estimating impacts also involves consideration of consumer responses — e.g., the impact of vehicle fuel
economy, operating costs, and vehicle price on consumer demand for PCs, LTs, and HDPUVs. Both basic
analytical elements involve the application of many analytical inputs. Many of these inputs are developed
outside the model and not by the model.

NHTSA also uses the U.S. Environmental Protection Agency’s (EPA’s) Motor Vehicle Emissions Simulator
(MOVES) model to estimate “vehicle” or “downstream” emission factors for criteria pollutants,® and uses four
DOE and DOE-sponsored models to develop inputs to the CAFE Model, including three developed and
maintained by DOE’s Argonne National Laboratory (ANL). The agency uses the DOE Energy Information
Administration’s (EIA’s) National Energy Modeling System (NEMS) to estimate fuel prices,® uses Argonne’s
Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) model to estimate
emissions rates from fuel production and distribution processes,” and uses Argonne’s Battery Manufacturing
Cost Estimation (BatPaC) tool to estimate electric and hybrid vehicle battery costs.® DOT also sponsored
DOE/Argonne to use Argonne’s Autonomie full-vehicle modeling and simulation system to estimate the fuel
economy impacts for over a million combinations of technologies and vehicle types.® We adapted the same
tools, including updating initial inputs and data, for the HDPUV portions of the analysis.® Other chapters in
this TSD and discussion in the accompanying PRIA describe details of the agency’s use of these models. In
addition, as discussed in the DEIS accompanying today’s proposal, DOT relied on a range of climate models
to describe impacts on climate, air quality, and public health. The DEIS discusses and describes the use of
these models.

The CAFE Model, therefore, serves as a “hub” that connects and holds together a wide range of inputs,
processes, and other models that all inform DOT’s analysis, and that, in turn, provides model results
underlying the DEIS accompanying today’s proposal. Though not exhaustive, the diagram on the following
page shows most of the important connections between different elements of DOT’s analysis.

5 See http://www.epa.gov/moves. Today’s proposal uses version MOVESS3, available at https://www.epa.gov/moves/latest-version-motor-vehicle-
emission-simulator-moves.

6 See https://www.eia.gov/outlooks/aeo/info_nems_archive.php. Today’s proposal uses fuel prices estimated using the AEO 2022 version of NEMS. See
https://www.eia.gov/outlooks/aeo/data/browser/#/?id=12-AEOQ2022&cases=ref2022&sourcekey=0.

7 Information regarding GREET is available at https:/greet.es.anl.gov/. Today's proposal uses the 2022 version of GREET.

8 BatPaC: Battery Manufacturing Cost Estimation. Argonne National Laboratory. Available at: https://www.anl.gov/tcp/batpac-battery-manufacturing-cost-
estimation. (Accessed: May 31, 2023).

9 As part of the Argonne simulation effort, individual technology combinations simulated in Autonomie were paired with Argonne’s BatPaC model to
estimate the battery cost associated with each technology combination based on characteristics of the simulated vehicle and its level of electrification.
Information regarding Argonne’s BatPaC model is available at https://www.anl.gov/cse/batpac-model-software. In addition, the impact of engine
technologies on fuel consumption, torque, and other metrics was characteritzed using GT-POWER simulation modeling in combination with other engine
modeling that was that was conducted by IAV Automotive Engineering, Inc. (IAV). The engine characterization “maps” resulting from this analysis were
used as inputs for the Autonomie full-vehicle simulation modeling. Information regarding GT-POWER is available at https://www.gtisoft.com/gt-power/.
10 Specific details on the input modifiications to support the HDPUV analysis are discussed under their associated chapters.
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Figure 1-2: Key Elements of DOT’s Analysis, from 2022 TSD
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To prepare for the analysis supporting today’s proposal, DOT has continued its ongoing effort to refine and
expand the CAFE Model. Since the 2022 final rule, DOT has made the following changes to the CAFE
Model, including:

e Update analysis fleet from MY2020 to MY2022

e Addition of the HDPUV fleet and supporting analyses, added to account for manufacturers’ responses to
applicable fuel efficiency and CO:2 standards, including:

o New HDPUV-specific technologies, costs, and fuel efficiency improvement assumptions.

o New HDPUV technology classes (Pickup2b, Van2b, Pickup3, and Van3).

o New HDPUV engine technology classes (ranging from 4C1B to 10C2B for Dual Overhead
Camshaft (DOHC), Single Overhead Cam (SOHC), and OHV variants).

o New HDPUV vehicle styles (WorkTruck, WorkVan, FleetSUV) beyond those previously included
(Chassis Cab, Cutaway) and the removal of one prior vehicle style (Large Pickup).

o Revised HDPUV-related compliance calculations of fuel efficiency standards and ratings,
calculated and reported in mpg space and gallons/100-mile space. And HDPUYV fuel consumption
credits calculated and reported in gallons, based on the useful life value assumption.

New target function and coefficients applicable to the HDPUV CO: standards.
Allowing use of credits (via carry-forward) to offset shortfalls to the manufacturers’ HDPUV fuel
efficiency and COz ratings during standard setting years.

o Allowing unrestricted application of plug-in hybrid electric vehicle (PHEVS), battery electric
vehicles (BEVs), and fuel cell vehicles (FCVs) to the HDPUYV fleet during standard setting years,
as is allowed by the governing statute.

o Accounting for additional HDPUV-specific categories of downstream health related impacts and
emission damage costs attributed to criteria air pollutants (SOx, NOx, and PMz2.s).

Revising the sales and scrappage models to account for the HDPUV fleet.
Incorporating the accounting for the ZEV mandates applicable in California and the Section 177
states for the HDPUYV fleet.

¢ Inclusion of updated assumptions for light-duty vehicle technologies, costs, and fuel efficiency
improvement and removing obsolete technologies: engine fiction reduction (EFR), advanced diesel engine
with improvements and advanced cylinder deactivation (DSLIAD), manual transmissions, AT6L2, electric
power steering (EPS), improved accessories (IACC), Low Drag Brakes (LDB), secondary axle disconnect
(SAX), and some variants of engines and P2 hybrid pairings.

e Allowing direct user input of additional parameters, including:

o Petroleum equivalency factor (PEF)

o Share of total refueling events to consider when calculating benefits attributed to the refueling time
cost.

o Whether application of PHEV, BEV, or FCV technologies is permitted during the standard setting
MYs. This is not applicable to the HDPUV fleet or to vehicles designated as ZEV candidates. For
the current analysis of the CAFE LD fleet, NHTSA allowed application of PHEVs while disallowing
application of BEVs and FCVs during the standard setting years.!!

e Updating calculation of implicit opportunity cost to exclude a portion of vehicle sales assumed to be used
for commercial applications. For the central analysis, NHTSA did not implement this added feature of the
model, but produced multiple sensitivity analyses that varied this parameter for the HDPUV fleet.

e Procedures added for estimating and reporting:

o the commercial operator implicit opportunity cost, using the same assumptions of commercial use
VS consumer use, as above.
o vehicular PM2.s emissions attributed to brake and tire wear (BTW).

e Allowing the use of credits (via transfers and carry-forward) to offset shortfalls to the manufacturers’ CO2
ratings during standard setting years.

11 See CAFE Model Documentation for a discussion of ‘Standard Setting’ limitations on the model.
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Inclusion of expanded accounting of Federal incentives as outlined in the Inflation Reduction Act (IRA);
propagating this change within relevant modules and including these incentives in the “effective cost”
metric used when simulating manufacturers’ potential application of fuel-saving technologies.

Expanding the accounting for manufacturer responses to the ZEV mandates applicable in California and
the Section 177 states for the light-duty fleet, differentiating between credits earned prior to MY 2026 and
starting in MY 2026. Revising the model allows the simulation of compliance with much higher ZEV
targets set by the states.

Incorporating new procedures and methodologies for technology inheriting between platforms, engines,
and transmissions and their respective vehicle “users.”

Expanding procedures for estimating new vehicles sales and the shares of PC and LT fleets during future
MYs in the baseline and action alternative scenarios:

o Incorporating revisions to allow direct specification of coefficients for estimating the nominal
forecast of sales under the baseline scenario.

o Including an option to use a user-defined annual forecast of light-duty and HDPUV sales and a
user-defined annual forecast of the portion of the light-duty fleet that will be PCs in the baseline
scenario.

o Including a user-selectable option for propagating baseline computed car shares to all action
alternatives or allowing the car shares for each alternative to be adjusted based on the differences
in regulatory costs, vehicle and battery tax credits, and fuel savings occurring between alternatives
and between car and truck fleets.

Inclusion of new coefficients for the VMT model used when evaluating the light-duty fleet only.
Updated input parameters for the safety model.
Updating and expanding model reporting capabilities:

o reporting of additional metrics such as vehicle and battery tax credits

o options to split vehicle and diagnostic reports by scenario.

These changes reflect DOT’s long-standing commitment to ongoing refinement of its approach to estimating
the potential impacts of new CAFE and HDPUV standards, and, since the early 2000s, refining the CAFE
Model to make such estimates, as shown in Table 1-1.

Table 1-1: CAFE Model Refinement Milestones

2001-2002 e Inception and early development
e Application to all manufacturers
2003 e Accounting for redesign cadence
2004-2006 e Integration of compliance, effects, and benefit-cost methods

e Accounting for shared engines and transmissions

e Representation of attribute-based LT standards

e Application of social cost of carbon

e Maximization of estimated net benefits

e Probabilistic uncertainty analysis (Monte Carlo method)

2007-2009 e Attribute-based PC standards
e "Synergy" factors to adjust MPG estimates for technology pairings

2010 e Flex Fuel Vehicle credits
e Accounting for manufacturers' multiyear product planning

2011-2012 e Initial use of full vehicle simulations
e Accounting for BEV and PHEV charging
e Applying technology-specific estimates of changes in consumer value
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e New methods to estimate:
0 generation and use of CAFE credits
o0 potential for market-driven fuel economy increases
0 changes in highway fatalities due to changes in vehicle mass

2013-2016 e Wide application of full vehicle simulation
e Accounting for shared vehicle platforms
e Attribute-based standards for heavy-duty (class 2b and 3) pickups and vans

2017-2020 e Simulation of compliance with attribute-based CO- standards!2
e Refinements to compliance credit calculations
e New modules to estimate:

0 impacts on new vehicle sales and used vehicle retirement
0 changes in annual mileage accumulation (VMT)
o employment effects
0 health effects of criteria pollutant emissions
2021 e Inclusion of 400- and 500-mile BEVs and HCR engines with cylinder deactivation

e Accounting for CAFE and CO: standards jointly*® (expanding existing capability to
estimate separately)
e Incorporating:
0 ZEV mandates applicable in California and the "Section 177" states
o California "Framework" agreement with specific OEMs
e Estimating impacts and monetized damages of highway vehicle crashes that do
not result in fatalities

2022-2023 e Addition of HDPUV, and required updates across entire model
e Update technologies considered in the analysis
o Addition of HCRE, HCRD and updated Diesel technology models

o Removal of EFR, DSLIAD, manual transmissions, AT6L2, EPS, IACC,
LDB, SAX, and some P2 combinations.

e User control of additional input parameters

e Updated ZEV Mandate modeling approach

e Expanded accounting for Federal Incentives, such as the IRA

e Expanded procedures for estimating new vehicle sales and fleet shares
e VMT coefficient updates

e Additional output values and options

Because the CAFE Model simulates a wide range of actual constraints and practices related to automotive
engineering, planning, and production, such as common vehicle platforms, sharing of engines among different
vehicle models, and timing of major vehicle redesigns, the analysis produced by the CAFE Model provides a
transparent and realistic basis to show pathways manufacturers could follow over time in applying new
technologies, which helps better assess impacts of potential future standards. Considering the technological
heterogeneity of manufacturers’ current product offerings, and the wide range of ways in which the many fuel-
economy and efficiency-improving technologies included in the analysis can be combined, the CAFE Model
has been designed to use inputs that provide an estimate of the fuel economy or efficiency achieved for many
tens of thousands of different potential combinations of fuel-saving technologies. Across the range of
technology classes encompassed by the analysis fleet, today’s analysis involves more than a million such
estimates. While the CAFE Model requires no specific approach to developing these inputs, the National
Academy of Sciences (NAS) has recommended, and stakeholders have commented, that full-vehicle
simulation provides the best balance between realism and practicality. DOE/Argonne has spent several years
developing, applying, and expanding means to use distributed computing to exercise its Autonomie full-

12 This capability is used in the calcuation of baseline fleet behavior.
8 d.

Chapter 1 What is NHTSA Analyzing, and Why? | 1-8



@l Al

CAFE Standards for Passenger Cars and Light Trucks for Model Years 2027 and Beyond and
NHTS A Fuel Efficiency Standards for Heavy-Duty Pickup Trucks and Vans for Model Years 2030 and Beyond

vehicle modeling and simulation tool over the scale necessary for realistic analysis of CAFE and HDPUV
standards. This scalability and related flexibility (in terms of expanding the set of technologies to be
simulated) makes Autonomie well-suited for developing inputs to the CAFE Model.

In addition, DOE/Argonne’s Autonomie also has a long history of development and widespread application by
a wide range of users in government, academia, and industry. Many of these users apply Autonomie to
inform funding and design decisions. These real-world exercises have contributed significantly to aspects of
Autonomie important to producing realistic estimates of fuel economy and efficiency levels, such as estimation
and consideration of performance, utility, and drivability metrics (e.g., towing capability, shift busyness,
frequency of engine on/off transitions.) This steadily-increasing realism has, in turn, steadily increased
confidence in the appropriateness of using Autonomie to make significant investment decisions. Notably,
DOE uses Autonomie for analysis supporting budget priorities and plans for programs managed by its Vehicle
Technologies Office (VTO).

Like any model, both Autonomie and the CAFE Model benefit from ongoing refinement. Nevertheless,
NHTSA is confident that the combination of models in the most recent iteration produces a realistic
characterization of the potential impacts of potential new standards. The majority of stakeholders that have
supported the agency’s reliance on the DOE/Argonne Autonomie tool and CAFE Model have noted not only
technical reasons to use these models, but also other reasons such as efficiency, transparency, and ease
with which outside parties can utilize models and replicate the agency’s analysis.

Today’s analysis exercises the CAFE Model in a manner that explicitly accounts for the fact that vehicle
manufacturers face the combination of CAFE and/or HDPUV standards, existing EPA greenhouse gas (GHG)
standards, and ZEV mandates adopted by states during the (NHTSA) rulemaking time frame. These
regulations have important interactions affecting strategies a manufacturer could use to comply with each of
the above, and NHTSA believes, as discussed at more length in the preamble, that it is important for agency
decision-makers to be as informed as possible about the effects of the regulatory landscape in which future
CAFE compliance would be occurring.

As explained, the analysis is designed to reflect several statutory and regulatory requirements applicable to
CAFE and HDPUYV standard setting. The Energy Policy and Conservation Act of 1975 (EPCA) contains
several requirements governing the scope and nature of CAFE standard setting. Among these, some have
been in place since EPCA was first signed into law in 1975, and some were added in 2007, when Congress
passed EISA and amended EPCA. The authority for HDPUV standards that came with EISA included
considerably fewer such requirements. The Clean Air Act (CAA), as discussed elsewhere, provides EPA with
very broad authority under Section 202(a), and does not contain EPCA/EISA’s prescriptions. In some cases,
in the interest of harmonization, NHTSA has created some additional flexibilities by regulation not expressly
included or prohibited by EPCA/EISA in order to harmonize better with some of EPA’s programmatic
decisions. EPCA/EISA requirements regarding the technical characteristics of CAFE and HDPUV standards
and the analysis thereof include, but are not limited to, the following, and the analysis reflects these
requirements as summarized:

Corporate Average Standards: 49 U.S.C. 32902 requires that standards apply to the average fuel economy
(which, for HDPUVs, is fuel efficiency) levels achieved by each corporation’s fleets of vehicles produced for
sale in the United States.'* EPA has adopted a similar approach under Section 202(a) of the CAA in the
interest of harmonization. The CAFE Model calculates the CAFE fuel economy, HDPUV fuel efficiency, and
CO: levels of each manufacturer’s fleets based on estimated production volumes and characteristics,
including fuel economy/efficiency levels, of distinct vehicle models that could be produced for sale in the
United States.*®

Separate Standards for Passenger Cars, Light Trucks, and HDPUVs: 49 U.S.C. 32902 requires the Secretary
of Transportation (the Secretary) to set CAFE standards separately for PCs and LTs, and also to set separate

¥ This differs from safety standards and traditional emissions standards, which apply separately to each vehicle. For example, every vehicle produced for
sale in the United States must, on its own, meet all applicable Federal motor vehicle safety standards (FMVSS), but no vehicle produced for sale must, on
its own, meet Federal fuel economy or efficiency standards. Rather, each manufacturer is required to produce a mix of vehicles that, taken together,
achieve an average fuel economy or efficiency level no less than the applicable minimum level.

15 The NHTSA analysis does provide estimates for all GHGs produced, however the CO2 compliance curves are the only aspect of the GHG standards
considered during compliance modeling.
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standards for HDPUVs. EPA has adopted a similar approach under Section 202(a) of the CAA. The CAFE
Model accounts separately for PCs, LTs, and HDPUVSs, including differentiated standards and compliance.

Attribute-Based Standards: 49 U.S.C. 32902 requires the Secretary to define CAFE (PC and LT) standards
as mathematical functions expressed in terms of one or more attributes related to fuel economy. This means
that for a given manufacturer’s fleet of vehicles produced for sale in the United States in a given regulatory
class and MY, the applicable minimum CAFE requirement (i.e., the numerical value of the requirement) is
computed based on the applicable mathematical function, and the mix and attributes of vehicles in the
manufacturer’s fleet. While this requirement is not express for HDPUVs, NHTSA also sets attribute-based
standards for that category of vehicles. EPA has also adopted attribute-based standards under its broad CAA
Section 202(a) authority in its current GHG standards. The CAFE Model accounts for such functions and
vehicle attributes explicitly.

Separately Defined Standards for Each Model Year: 49 U.S.C. 32902 requires the Secretary to set CAFE
standards (separately for PCs and LTs®) and fuel efficiency standards for HDPUVs at the maximum feasible
levels in each MY. While PC and LT standards must be set separately for each MY, HDPUV standards must
be set in 3-year tranches, although they may vary within a tranche. CAA Section 202(a) allows EPA to
establish CO: standards separately for each MY, and EPA has chosen to do this in the previous vehicle CO2
standard-setting rules. The CAFE Model represents each MY explicitly, and accounts for the production
relationships between MYs.'’

Separate Compliance for Domestic and Imported Passenger Car Fleets: 49 U.S.C. 32904 requires the EPA
Administrator to determine CAFE compliance separately for each manufacturer’s fleets of domestic PCs and
imported PCs,'® which manufacturers must consider as they decide how to improve the fuel economy of their
PC fleets, if they build both domestic and imported PCs. EPA does not have a similar requirement for CO2
standard compliance. The CAFE Model accounts explicitly for this requirement when simulating
manufacturers’ potential responses to CAFE standards, and the model combines any given manufacturer’s
domestic and imported cars into a single fleet instead when simulating that manufacturer’s potential response
to CO2 standards.

Minimum CAFE Standards for Domestic Passenger Car Fleets: 49 U.S.C. 32902 requires that domestic PC
fleets also meet a minimum CAFE standard, which is calculated as 92 percent of the industry-wide average
level required under the applicable attribute-based CAFE standard, as projected by the Secretary at the time
the standard is promulgated. EPA’s GHG program does not contain a similar requirement. The CAFE Model
accounts explicitly for this requirement for CAFE standards and sets this requirement aside for CO2
standards.

Civil Penalties for Noncompliance: 49 U.S.C. 32912 (and implementing regulations) prescribes a rate (in
dollars per tenth of a mpg) at which the Secretary is to levy civil penalties if a manufacturer fails to comply
with a CAFE standard for a given fleet in a given MY, after considering available credits. While NHTSA does
not consider credit availability in determining maximum feasible standards, some manufacturers have
historically demonstrated a willingness to pay civil penalties rather than achieving full numerical compliance
across all fleets. The CAFE Model calculates civil penalties for CAFE shortfalls and provides means to
estimate that a manufacturer might stop adding fuel-saving technologies once continuing to do so would be
effectively more “expensive” (after accounting for fuel prices and buyers’ willingness to pay for fuel economy)
than paying civil penalties. This capability can be implemented or not at the user’s choice. In contrast, the
CAA does not authorize the EPA Administrator to allow manufacturers to sell noncompliant fleets and pay civil
penalties; manufacturers who have chosen to pay civil penalties for CAFE compliance instead have tended to
employ EPA’s more-extensive programmatic flexibilities to meet EPA’s CO2 emissions standards. Thus, the

16 49 U.S.C. chapter 329 uses the term “non-passenger automobiles,” while NHTSA uses the term “LTs” in its CAFE regulations. The terms’ meanings
are identical.

7 For example, a new engine first applied to a given vehicle model/configuration in MY 2030 will most likely be retained in MY 2031 of that same vehicle
model/configuraiton, in order to reflect the fact that manufacturers do not apply brand-new engines to a given vehicle model every single year. The CAFE
Model is designed to account for this reality, while still respecting applicable statutory constraints.

8 A passenger car is considered domestic or import based on the definitions provided in 49 U.S.C. 32904.
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CAFE Model does not allow civil penalty payment as an option for CO2 standards.'® For NHTSA’'s HDPUV
standards, the model also does not allow civil penalty payment because manufacturers have not exercised
this option in the real world.

Dual-Fueled and Dedicated Alternative Fuel Vehicles: For purposes of calculating CAFE levels used to
determine PC and LT fleet compliance, 49 U.S.C. 32905 and 32906 specify methods for calculating the fuel
economy levels of vehicles operating on alternative fuels to gasoline or diesel fuels.?° The CAFE Model can
account for these requirements explicitly for each relevant vehicle model. However, 49 U.S.C. 32902 also
prohibits consideration of the fuel economy of dedicated Alternative Fuel Vehicle (AFV) models (or the non-
gasoline calculated fuel economy of dual-fueled AFVs) when NHTSA determines what levels of PC and LT
CAFE standards are maximum feasible for the MYs at issue in a rulemaking. The CAFE model therefore has
an option to be run in a manner that excludes the additional application of dedicated AFV technologies in MYs
for which maximum feasible standards are under consideration, and to limit the consideration of dual-fueled
AFVs’ fuel economy to only their gasoline or diesel operation. We run the model with this limitation when
performing the analysis that informs the standard ultimately chosen. The CAFE Model can also be run
without this analytical constraint, and we do run it this way to ensure that the environmental impacts of this
action are considered pursuant to NEPA. In evaluating the potential fuel efficiency standards for HDPUVs,
per regulation, the CAFE Model considers only the gasoline or diesel fuel as counting toward the fuel use. As
a result, vehicles that run completely on alternative Fuels, such as fully electric vehicles (EVs), would have a 0
g/100mile value for purposes of compliance in the HDPUV fleet. CAA Section 202(a) does not similarly
require EPA to avoid consideration of dedicated AFVs when setting CO2 standards, or to limit consideration of
dual-fueled AFVs. The CAFE model thus accounts for dual-fueled and dedicated AFVs when simulating
manufacturers’ potential responses to CO2 standards.

Creation and Use of Compliance Credits: 49 U.S.C. 32903 provides that manufacturers may earn CAFE
“credits” by achieving a CAFE level beyond that required of a given fleet in a given MY and specifies how
these credits may be used to offset the amount by which a different fleet falls short of its corresponding
requirement. These provisions allow credits to be “carried forward” and “carried back” between MYs,
transferred between regulated classes (domestic PCs, imported PCs, and LTs), and traded between
manufacturers. However, credit use is also subject to specific statutory limits. For example, CAFE
compliance credits can be carried forward a maximum of five MYs and carried back a maximum of three MYs.
Also, EPCA/EISA caps the amount of credit that can be transferred between a manufacturer’s fleets and
prohibits manufacturers from applying traded or transferred credits to offset a failure to achieve the minimum
standard for domestic PCs. No such statutory restrictions exist for HDPUVs, which may also earn credits as
set forth in 49 CFR 535.7, which implements certain restrictions like credit lifespan and prohibiting transfers.
The CAFE Model explicitly simulates manufacturers’ potential use of credits carried forward from prior MY's or
transferred from other fleets.?*

19 Compliance with CO. standards are includinced in our model as part of the overall regulatory landscape considered for setting maximum feasible CAFE
and HDPUV Standards.

20 In some cases (like for “flex-fuel vehicles” that are capable of running on E85, the statute provides no further direction after MY 2020, and NHTSA and
EPA have developed regulatory provisions to address the gap.

2! The CAFE Model does not explicitly simulate the potenital that manufacturers would carry CAFE, or HDPUV credits back (i.e., borrow) from future MYs,
or acquire and use CAFE or HDPUV compliance credits from other manufacturers. At the same time, because EPA has currently elected not to limit
credit trading or transferring (at least between passenger cars and LTs), the CAFE Model can be exercised in a manner that simulates unlimited (a.k.a.
“perfect”) CO2 compliance credit trading throughout the industry (or, potentially, within discrete trading “blocs”). NHTSA believes that there is significant
uncertainty in how manufacturers may choose to employ these particular flexibilities in the future: for example, while it is reasonably foreseeable that a
manufacturer who over-complies in one year may “coast” through several subsequent years relying on that prior improvement rather than continuing to
make technology improvements year after year, it us harder to assume with confidence that manufacturers will rely on future technology investments to
offset prior-year shortfalls, or whether/how manufacturers will trade credits with market competitors rather than making their own technology investments.
Historically, carry-back and trading have been much less utilized than carry-forward, for a variety of reasons including higher risk and preference not to
‘pay competitors to make fuel economy improvements we should be making’ (to paraphrase one manufacturer), although NHTSA recognizes that carry-
back and trading are used more frequently when standards increase more rapidly in stringency. Given the uncertainty just discussed, and given also the
fact that the agency has yet to resolve some of the analytical challenges associated with simulating use of some of these flexibilities, the agency considers
borrowing and trading to involve sufficient risk that it is prudent to support today’s proposal with analysis that sets aside the potential that manufacturers
could come to depend widely on borrowing and trading. While compliance costs in real life may be somewhat different from what is modeled today as a
result of this analytical decision, that is broadly true no matter what, given constraints on consideration of credit availability in determining maximum
feasible standards, and the agency does not believe that the difference would be so great that it would change the policy outcome. Furthermore, a
manufacturer employing a trading strategy would presumably do so because it represents a lower-cost compliance option. Thus, the estimates derived
from this modeling approach are likely to be conservative in this respect, with real-world compliance costs possibly being lower.
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49 U.S.C. 32902 prohibits consideration of manufacturers’ potential application of CAFE compliance credits
when setting maximum feasible CAFE standards for PCs and LTs, although there is no such prohibition for
setting HDPUV standards. The CAFE Model can be operated in a manner that excludes the application of
CAFE credits for a given MY under consideration for standard setting, and we run the model with this
restriction when performing our standard-setting analysis for the CAFE standards for passenger cars and light
trucks. CAA 202(a) does not preclude the EPA Administrator from adopting analogous provisions. With
some exceptions, EPA’s baseline regulations limit the “life” of compliance credits from most MYs to 5 years,
and limit borrowing to 3 years, but do not limit transfers (between a manufacturer’s fleets) or trades (between
manufacturers) of compliance credits. The CAFE Model accounts for the absence of limits on transfers of
CO:2 standards. Insofar as the CAFE Model can be exercised in a manner that simulates trading of CO2
compliance credits, such simulations treat trading as unlimited.?223

Statutory Basis for Stringency: 49 U.S.C. 32902 requires the Secretary to set CAFE standards for PCs and
LTs at the maximum feasible levels, considering technological feasibility, economic practicability, the need of
the U.S. to conserve energy, and the impact of other motor vehicle standards of the Government on fuel
economy. HDPUV standards must also be maximum feasible, considering appropriateness, cost-
effectiveness, and technological feasibility. EPCA/EISA authorizes the Secretary to interpret these factors,
and as the Department’s interpretation has evolved, NHTSA has continued to expand and refine its qualitative
and quantitative analysis to account for these statutory factors. For example, the Autonomie simulations
reflect the agency’s judgment that it would not be economically practicable, appropriate, or cost-effective for a
manufacturer to “split” an engine shared among many vehicle model/configurations into myriad versions each
optimized to a single vehicle model/configuration.

National Environmental Policy Act: In addition, the agency is issuing a Draft EIS that documents the
estimated impacts of regulatory alternatives under consideration. The Draft EIS accompanying today’s
proposal documents changes in emission inventories as estimated using the CAFE Model, but also
documents corresponding estimates — based on the application of other models documented in the Draft EIS,
of impacts on the global climate, on tropospheric air quality, and on human health.

Other Aspects of Compliance, including ZEV Mandates: Beyond these statutory requirements applicable to
DOT and/or EPA are several specific factors also considered.

The CAFE Model can simulate manufacturers’ compliance with ZEV mandates applicable in California and
Section 177 states. This approach involves identifying specific vehicle model/configurations that could be
replaced with PHEVs or BEVs, and immediately making these changes in each MY, before beginning to
consider the potential that other technologies could be applied toward compliance with CAFE or CO2
standards.

Several technical characteristics of CAFE and/or COz regulations are also relevant to the construction of
today’s analysis. For example, EPA has defined procedures for calculating average CO: levels, and has
revised procedures for calculating CAFE levels, to reflect manufacturers’ application of “OC” technologies that
increase fuel economy. Similar procedures are available for HDPUV compliance. Although too little
information is available to account for these provisions explicitly in the same way that the agency has
accounted for other technologies, the CAFE Model does include and makes use of inputs reflecting the
agency’s expectations regarding the extent to which manufacturers may earn such credits, along with
estimates of corresponding costs. Similarly, the CAFE Model includes and makes use of inputs regarding
credits EPA has elected to allow manufacturers to earn toward COz2 levels (not CAFE) based on the use of air
conditioner refrigerants with lower global warming potential, or on the application of technologies to reduce
refrigerant leakage. In addition, EPA has elected to provide that through certain MYs, manufacturers may
apply “multipliers” to plug-in hybrid EVs, BEVs, fuel cell vehicles, and hydrogen vehicles, such that when
calculating a fleet’s average CO: levels (not CAFE), the manufacturer may, for example, “count” each EV
twice.?* The CAFE Model accounts for these multipliers, based on current regulatory provisions or on

22 To avoid making judgments about possible future trading activity, when exercising the model in this way, the agency combines all manufacturers into a
single entity, so that the most cost-effective choices are made for the fleet as a whole.

23 Compliance with CO2 standards are includinced in our model as part of the overall regulatory landscape considered for setting maximum feasible CAFE
and HDPUV Standards.

24 The EPA incentives are considered in baseline calculations simulating fleet behavior up to standard setting years (2022-2026).
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alternative approaches. Although these are examples of regulatory provisions that arise from the exercise of
discretion rather than specific statutory mandate, they can materially impact outcomes.

Besides the updates to the model described above, any analysis of regulatory actions that will be
implemented several years in the future, and whose benefits and costs accrue over decades, requires many
assumptions. Over such time horizons, many, if not most, of the relevant assumptions in such an analysis are
inevitably uncertain. It is natural that each successive CAFE and HDPUV analysis should update
assumptions to reflect better the current state of the world and the best current estimates of future conditions.

Several assumptions have been updated since the 2022 final rule for today’s proposal. While NHTSA would
have made these updates as a matter of course, we note that the ongoing recovery from the global
Coronavirus disease of 2019 (COVID-19) pandemic, the war in Ukraine, and the economic consequences of
both of those events have been profoundly disruptive, including in ways directly material to major analytical
inputs such as fuel prices, GDP, vehicle production and sales, and highway travel. For this analysis, NHTSA
has updated its “analysis fleet” from a MY 2020 reference to a MY 2022 reference for PCs and LTs and has
built an updated HDPUV analysis fleet (the last HDPUV analysis fleet was built in 2016). NHTSA has also
updated estimates of manufacturers’ compliance credit banks, updated fuel price projections to reflect the
U.S. Energy Information Administration’s (EIA’s) 2022 Annual Energy Outlook (AEO), updated projections of
GDP and related macroeconomic measures, updated projections of future highway travel, and updated
estimates and assumptions used to compute social costs (SCs) and benefits related to vehicle use and fuel
consumption. (e.qg., costs related to traffic safety). These and other updated analytical inputs are discussed in
detail in the remainder of this Draft TSD.

1.2. What is NHTSA analyzing?

1.2.1. Attribute-Based Standards

Passenger car, Light Trucks, and HDPUV standards are all attribute-based. As in the CAFE and CO2
rulemakings in 2010, 2012, 2020, and 2022, NHTSA is setting CAFE standards defined by a mathematical
function of vehicle footprint, which has an observable correlation with fuel economy. For our purposes, a
vehicle’s footprint is defined, per 49 CFR 523.2, as the vehicle’s track width multiplied by the vehicle’s
wheelbase and rounded to the nearest 1/10 foot squared. EPCA, as amended by EISA, expressly requires
that CAFE standards for PCs and LTs be based on one or more vehicle attributes related to fuel economy and
be expressed in the form of a mathematical function.?® Thus, the proposed standards, and regulatory
alternatives, take the form of fuel economy targets expressed as functions of vehicle footprint?®, that are
separate for PCs and LTs. Chapter 1.2.3 below discusses NHTSA'’s continued reliance on footprint as the
relevant attribute for PCs and LTs in this proposal.

Under the footprint-based standards, the function defines a 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 average standard for each year that is almost certainly unique to each of its fleets,?” based upon 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, consistent with 49 U.S.C. 32902(b)’'s
direction that NHTSA must set separate 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 mpg targets than
smaller vehicles. This is because, typically, smaller vehicles are more capable of achieving higher levels of
fuel economy, mostly because they tend not to have to work as hard (and therefore to require as much
energy) to perform their driving task. Although a manufacturer’s fleet average standards could be estimated
throughout the MY based on the projected production volume of its vehicle fleet (and are estimated as part of
EPA’s certification process), the standards with which the manufacturer must comply are determined by its
final MY production figures. A manufacturer’s calculation of its fleet average standards, as well as its fleets’

2549 U.S.C. 32902(a)(3)(A).

26 The product of vehicle wheelbase and average track width per 49 CFR 523.2.

27 EPCA/EISA requires NHTSA and EPA to separate passenger cars into domestic and import passenger car fleets for CAFE compliance purposes (49
U.S.C. 32904(b)), whereas EPA combines all passenger cars into one fleet for CO2 standards compliance.
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average performance at the end of the MY, will thus be based on the production-weighted average target and
performance of each model in its fleet.?®

For PCs, consistent with prior rulemakings, NHTSA is proposing to define fuel economy targets as shown in
Equation 1-1.

Equation 1-1: Passenger Car Fuel Economy Footprint Target Curve
1

TARGETFE = 17\ 1
MIN [MAX (C XxFOOTPRINT+d, 5) B 1

Where:

TARGETFe is the fuel economy target (in mpg) applicable to a specific vehicle model type with a
unigue 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] = 35.

The resultant functional form is reflected in Chapter 1.4 below in graphs displaying the PC target function in
each MY for each regulatory alternative.

For LTs, also consistent with prior rulemakings, NHTSA is proposing to define fuel economy targets as shown
in Equation 1-2.

Equation 1-2: Light Truck Fuel Economy Footprint Target Curve

1 1

) )
MIN [MAX(C xFOOTPRINT+d, %) %] MIN [MAX(g xFOOTPRINT+h, g) %]

TARGET:z= MAX(

Where:

TARGETFe is the fuel economy target (in mpg) applicable to a specific vehicle model type with a
unique footprint combination,

a, b, c, and d are as for PCs, but taking values specific to LTs,
e is a second minimum fuel economy target (in mpg),
fis 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.

As for the PC target function, the resultant functional form for LTs is reflected in Chapter 1.4 below in graphs
displaying the LT target function in each MY for each regulatory alternative. Although the general model of

28 As discussed 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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the target function equation is the same for both PCs and LTs, and each MY, the parameters of the function
equation differ for cars and trucks.

For HDPUVs, NHTSA has previously set attribute-based standards, but used a work-based metric as the
attribute rather than the footprint attribute used for PC and LT standards. Work-based measures such as
payload and towing capability are key among the parameters that characterize differences in the design of
these vehicles, as well as differences in how the vehicles will be used. Buyers consider these utility-based
attributes when purchasing a HDPUV. Since NHTSA has been regulating HDPUVS, these standards have
been based on a “work factor” attribute that combines the vehicle’s payload and towing capabilities, with an
added adjustment for 4-wheel drive vehicles.

Similar to the standards for PCs and LTs, NHTSA (and EPA) have historically set HDPUV standards such that
each manufacturer’s fleet average standard is based on production volume-weighting of target standards for
all vehicles, that in turn are based on each vehicle’s work factor. These target standards are taken from a set
of mathematical functions or curves. There is a target standard curve for compression ignition engine (ClI)
based HDPUVs and a target standard curve for spark ignition engine (SlI) based HDPUVs. While NHTSA is
not required by statute to set HDPUV standards that are attribute-based and that are described by a
mathematical function, NHTSA continues to believe that doing so continues to be reasonable for this segment
of vehicles, consistent with prior HDPUV standard-setting rulemakings. NHTSA proposes to continue using
the work-based attribute and gradually increasing stringency (which for HDPUVs means that standards
appear to decline, as compared to PC and LT standards where increasing stringency means that standards
appear to increase), as discussed further below. NHTSA is proposing to define HDPUV fuel efficiency targets
as shown in Equation 1-3:

Equation 1-3: HDPUV Fuel Efficiency Work Factor Target Curve
Sub configuration Target Standard (gallons per 100 miles)=/c x (WF)/+d

Where:

c is the slope of the gasoline, CNG, Strong Hybrid, and PHEV work factor target curve in
gal/100mile per WF

d is the gasoline CNG, Strong Hybrid, and PHEV minimum fuel consumption work factor target
curve value in gal/100mile

For Diesel engines, BEVs and FCEV, ‘e’ and ‘f values would be substituted for ‘c’ and ‘d’
WF=Work Factor=[0.75% (Payload Capacity+Xwd)]+[0.25 x Towing Capacity]

Where:

Xwd = 4wd adjustment = 500 Ibs if the vehicle group is equipped with 4wd and all-wheel drive
(AWD), otherwise equals O lbs for 2wd

Payload Capacity = GVWR (Ibs) — Curb Weight (Ibs) (for each vehicle group)
Towing Capacity = GCWR (Ibs) — GVWR (lIbs) (for each vehicle group)

To clarify, as has been the case since NHTSA began establishing attribute-based standards, no individual
vehicle is required to meet the specific applicable fuel economy or fuel efficiency target, because compliance
with CAFE and HDPUV standards is determined, per statute in the case of CAFE standards, based on
corporate average performance. In this respect, CAFE and HDPUV standards are unlike, for example,
Federal Motor Vehicle Safety Standards (FMVSS) and certain vehicle criteria pollutant emissions standards,
where each vehicle must meet the requirements. Instead, CAFE and HDPUYV standards apply to the average
fuel economy or efficiency levels achieved by manufacturers’ entire fleets of vehicles produced for sale in the
United States. Safety standards apply on a vehicle-by-vehicle basis, such that every single vehicle produced
for sale in the United States must, on its own, comply with minimum FMVSS. When first mandating CAFE
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standards in the 1970s, Congress specified a more flexible averaging-based approach that allows some
vehicles to “under-comply” (i.e., fall short of the overall flat standard, or fall short of their target under attribute-
based standards) while others “over-comply” as long as a manufacturer’s overall fleet is in compliance.

For PCs and LTs, the required CAFE level applicable to a given fleet in a given MY is determined by
calculating the production-weighted harmonic average of fuel economy targets applicable to specific vehicle
model configurations in the fleet, as shown in Equation 1-4.

Equation 1-4: Calculation for Required CAFE Level

_ Y,PRODUCTION,

CAFErequired - PRODUCTIONI
i TARGETeg

Where:
CAFErequired is the CAFE level that 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 United States, and
TARGETFe, i is the fuel economy target (as defined above) for model configuration i.

For HDPUVs, the required fuel efficiency level applicable in a given MY is similarly determined by calculating
the production-weighted average of sub configuration targets applicable to specific vehicle model
configurations in the fleet, as shown in Equation 1-5.2°

Equation 1-5: Calculation for Required HDPUV Level

2. [Subconfiguration Target Standard;x Volume;]
% [Volume ]

Fleet Average Standard =

Where:

Subconfiguration Target Standardi = fuel consumption standard for each group of vehicles with the
same payload, towing capacity, and drive configuration (gallons per 100 miles), and

Volumei = production volume of each unique subconfiguration of a model type based upon payload,
towing capacity, and drive configuration.

Chapter 1.2.2 describes the advantage of attribute-based standards, generally. Chapter 1.2.3 explains the
specific proposal to continue to use footprint, for PCs and LTs, and work factor, for HDPUVs, as the
attribute(s) over which to vary stringency. Chapter 1.2.4 discusses the proposed mathematical functions for
CAFE standards, and Chapter 1.2.5 discusses the proposed mathematical functions for HDPUV standards.

1.2.2. Why attribute-based standards, and what are the benefits?

As explained above, Congress expressly requires the PCs and LT CAFE standards to be attribute-based, and
NHTSA continues to believe that it is reasonable to set attribute-based standards for HDPUVs as well, given
the many characteristics they share with LTs (both in terms of technologies used and how they are
manufactured). Under attribute-based standards, every vehicle model has a fuel economy or fuel efficiency
target, the levels of which depend on the level of that vehicle’s determining attribute. As discussed further
below, NHTSA is proposing to retain vehicle footprint as the attribute for MYs 2027-2032 PCs and LTs CAFE
standards, and to retain work factor as the attribute for MYs 2030-2035 HDPUV standards. Again, the
manufacturer’s fleet average CAFE or HDPUV performance is calculated by the harmonic production-
weighted average of those targets, as shown above in Equation 1-4 and Equation 1-5. This means that no

29 49 CFR 535.5(a)(2).
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vehicle is required to meet its target; instead, manufacturers are free to balance improvements however they
deem best within (and in some cases, given credit transfers, at least partially across) their fleets.

While Congress expressly requires CAFE standards for PCs and LTs to be specified as a mathematical
function dependent on one or more attributes related to fuel economy, Congress has provided NHTSA the
authority to select which attributes and mathematical functions, and Congress has also provided NHTSA
broad authority in choosing how to regulate HDPUVs. Before Congress amended EPCA to require that CAFE
standards be attribute-based and defined by a mathematical function, CAFE standards were instead specified
as single mpg values (e.g., 27.5 mpg for PCs, 20.7 mpg for LTs). Because these single-mpg standards were
wholly independent of fleet composition, these requirements posed a significantly greater technical challenge
for manufacturers producing more larger vehicles for the U.S. market than for manufacturers focused more on
smaller vehicles, because smaller vehicles generally achieve greater fuel economy levels. Therefore,
because the standards are fleet-average standards, these single-mpg standards presented an inherent
incentive to shift production toward smaller vehicles rather than increasing the application of fuel-saving
technologies across entire fleets, meaning that fuel economy benefits would be primarily available to
purchasers of smaller vehicles, rather than broadly available to consumers with a more diverse range of
vehicle needs.

In setting attribute-based standards, NHTSA has sought to reflect the trade-off — i.e., the relationship —
between the attribute and fuel economy/efficiency, consistent with the overarching purpose of EPCA/EISA to
conserve energy. If the shape of the standards captures these trade-offs, every manufacturer is more likely to
continue adding fuel-efficient technology across the distribution of the attribute within their fleet, instead of
potentially changing the attribute — and other correlated attributes, including fuel economy/efficiency — as part
of their compliance strategy. The shape of the standards is discussed in more detail in Chapter 1.4

1.2.3. Proposed Attributes for Passenger Car, Light Truck, and HDPUV Standards

1.2.3.1. Footprint as the Attribute for Passenger Car and Light Truck CAFE Standards

49 U.S.C. 32902(b)(3)(A) states that the attribute used to set CAFE standards must be a “vehicle attribute
related to fuel economy.” While there are many vehicle attributes related to fuel economy, NHTSA has
chosen to use vehicle footprint as the relevant attribute since MY 2011, the first year of CAFE standards set
under EISA, and NHTSA is proposing to continue this approach for MYs 2027-2032.3%31 Footprint has an
observable correlation to fuel economy. There are several policy and technical reasons why NHTSA
proposes that footprint remains the most appropriate attribute on which to base CAFE standards for the
vehicles covered by this rulemaking, even though some other vehicle attributes (notably, curb weight) are
better correlated to fuel economy, and even though the 2021 NAS Report suggested adding another attribute.

First, the 2002 NAS Report described at length and quantified the potential safety problem with average fuel
economy standards that specify a single numerical requirement for the entire industry,3? identifying that
smaller and lighter vehicles incentivized by those standards could be less safe for their occupants. Since that
report, and because prior litigation has concerned the possible safety effects associated with CAFE
standards, NHTSA has sought to set CAFE standards with an eye toward these possible effects. Because
vehicle size is correlated with vehicle safety at least for the occupants of the vehicles, and because CAFE
standards can affect vehicle size when manufacturers are considering how to improve the fuel economy of
their vehicles, NHTSA believes it is important to choose an attribute correlated with vehicle size (mass or
some dimensional measure).

As discussed in NHTSA’s MY 2011 CAFE final rule, when first electing to adopt footprint-based standards for
both PCs and LTs, NHTSA carefully considered other alternatives, including vehicle mass and “shadow”
(overall width multiplied by overall length). Vehicle mass is strongly correlated with fuel economy: on a per-
mile basis, a vehicle with more mass takes more energy to move than a vehicle with less mass. Mass and

30 We note that EPA has also set its CO2 standards for light-duty vehicles using footprint as the attribute since MY 2012.

31 A vehicle’s footprint is defined as the vehicle’s track width multiplied by the vehicle’s wheelbase and rounded to the nearest 1/10 squared foot, per 49
CFR 523.2.

32 Transportation Research Board and National Research Council. 2002. Effectiveness and Impact of Corporate Average Fuel Economy (CAFE)
Standards. The National Academies Press: Washington, D.C. P. 5, 12. Available at: https://nap.nationalacademies.org/catalog/10172/effectiveness-and-
impact-of-corporate-average-fuel-economy-cafe-standards. (Accessed: May 31, 2023) (hereafter, “2002 NAS Report”).
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crush space are both important safety considerations, and mass disparity, in particular, can affect crash
outcomes for all parties. Mass is also quite easy to manipulate artificially (i.e., changing the attribute(s) to
achieve a more favorable target). Without much difficulty, a manufacturer could add enough mass to a
vehicle to decrease its applicable fuel economy target by a significant amount — even infotainment systems
add weight through components, wiring, etc. Mass-based standards can also discourage manufacturers from
applying mass-efficient materials and designs, because their standards would become more stringent as
mass is reduced. A mass-based attribute would provide the wrong incentive given that EPCA’s objective is
energy conservation.

In comparison, footprint is also correlated with fuel economy but not as strongly as mass. Footprint has a
positive correlation with frontal surface area, and front surface area has a negative correlation with
aerodynamic drag, and therefore with fuel economy. However, the relationship is less deterministic than
mass. Footprint is also less directly associated with vehicle occupant safety, as discussed in Chapter 7. As
compared to mass, NHTSA continues to believe that footprint is much less susceptible to gaming, because
while there is some potential to adjust track width, wheelbase is more difficult and expensive to change, at
least outside a planned vehicle redesign — it cannot easily be adjusted year to year, unlike mass. Among
other things, changes in footprint can affect vehicle dynamics, for example, requiring reevaluation of
compliance with certain FMVSS and safety system performance. This is not to say that a footprint-based
standard eliminates manipulation, or that a footprint-based system eliminates the possibility that
manufacturers will change vehicles in ways that compromise safety.

Based on the data present in the EPA Trends report,3 see table below, we see that vehicle footprints, within
vehicle types, have been stable on a sales weighted basis since MY 2012, with the sedan/wagon category
seeing the largest increase of footprint at a 3.2% increase, or about a 1.5 Ft*2 increase. A 1.5 Ft"2 increase
would equate to about a 2in increase in the track width of a MY2022 Toyota Corolla.®* Furthermore, despite
the slight increases in footprint, many vehicle categories show a reduction in vehicle mass, on a sales
weighted average, including a 2.5% decrease in weight for Pickups. However, when the sales weighted
average for both of these characteristics, footprint and weight, are taken in aggregate, an overall 5.6%
increase in footprint and 7.8% increase in weight is seen.

The disconnect between vehicle class level characteristics and the aggregate fleet characteristics is directly
traceable to the change in fleet share. The increase in footprint sales weighted average, as well as weight, is
directly caused by the near 30% reduction in fleet shares for the smaller footprint Sedans/Wagons in
exchange for the 30% increase in fleet shares for larger footprint Truck sport utility vehicles (SUVs) and
Pickups.

Table 1-2: EPA Trends Report Data for 2012 and 2021 Fleet Share, Footprint and Weight Comparison

Fleet Share (%) Footprint (Ft"2) Weight (Ibs.)
2012 2021 Delta 2012 2021 | %Delta | 2012 2021 | % Delta

100.00
All o 100.00% | 0.00% 48.8 51.5 5.6% | 3978.8 | 4289.4 | 7.8%
Sedan/

54.97% | 25.69% | -29.28% | 45.4 46.9 3.2% | 3451.8 | 35624 | 3.2%
Wagon
\'\;';rr‘]"’a”/ 4.92% | 2.16% | -2.77% 54.8 55.7 1.8% | 44418 | 4591.1 3.4%
Car SUV | 9.41% | 11.38% | 1.97% 46.8 46.8 0.0% | 39151 | 3786.4 | -3.3%
;[j‘\‘;k 20.61% | 44.67% | 24.06% | 49.7 50.1 09% | 4639.6 | 44926 | -3.2%
Pickup | 10.09% | 16.11% | 6.02% 64.3 65.7 220 | 53347 | 52007 | -2.5%

332022 EPA Trends Report.
34 The MY 2022 Corolla has a wheelbase of about 106 inches, adding 2 inches to the track width would add approximatly 212 in"2 or 1.47ft"2 to the
footprint of the vehicle. See the Baseline Fleet Input File for data on the 2022 Corolla wheelbase.
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The review of these trends leads us to believe the use of footprint as an attribute for PC and LT CAFE
standards does not lead to manufacturers significantly altering the size of their vehicles, within vehicle
classes. Furthermore, this review of trends also supports our decision to not adjust the footprint functions,
discussed below. The major shift in vehicle fleet share is considered in this analysis, particularly when
considering stringency increases of the individual fleets, but is not considered a result of the use of the
footprint attribute or the shape of the standards curves.

The question has also arisen periodically of whether NHTSA should instead consider multi-attribute standards
for CAFE, such as those that also depend on mass, torque, power, towing capability, and/or off-road
capability. To date, every time NHTSA has considered options for which attribute(s) to select, the agency has
concluded that a properly-designed footprint-based approach provides the best means of achieving the basic
policy goals® involved in applying an attribute-based standard. At the same time, footprint-based standards
can be structured in a way that furthers the energy and environmental policy goals of EPCA/EISA by not
creating inappropriate incentives to increase vehicle size in ways that could increase fuel consumption.

In the 2021 NAS Report, the committee recommended that if Congress does not act to remove the prohibition
at 49 U.S.C. 32902(h) on considering the fuel economy of dedicated AFVs (like BEVS) in determining
maximum feasible CAFE standards, then the Secretary (or agency) should consider accounting for the fuel
economy benefits of ZEVs by “setting the standard as a function of a second attribute in addition to footprint —
for example, the expected market share of ZEVs in the total U.S. fleet of new light-duty vehicles — such that
the standards increase as the share of ZEVs in the total U.S. fleet increases.”*® While NHTSA considered this
recommendation carefully and sought comment on an approach to implementing it, NHTSA ultimately agreed
with many commenters, that including electrification as an attribute on which to base fuel economy standards
may be inconsistent with our current legal authority.

1.2.3.2. Work Factor as the Attribute for HDPUV Standards

NHTSA and EPA considered Gross Vehicle Weight Rating (GVWR) and Gross Combined Weight Rating
(GCWR) as possible attributes for setting fuel economy standards for the HDPUV fleet. However, concerns
over gaming the mass of the vehicles exist, similar to concerns expressed for using mass or weight as the
attribute for PCs and LTs. Additionally, under GVWR- or GCWR-based standards, allowing worse fuel
efficiency from vehicles with higher curb weight would tend to penalize light-weighted vehicles with
comparable payload capabilities by making them meet more stringent standards than they would have had to
meet without the weight reduction. The agencies concluded that using payload and towing capacities as the
work-based attributes would avoid the gaming risk and also avoid penalizing light-weighting. These attributes
were combined into a “work factor,” with an additional fixed adjustment for four-wheel drive vehicles to
account for the fact that 4wd, critical to enabling the many off-road heavy-duty work applications, adds roughly
500 Ibs. to the vehicle weight.

Towing does not directly factor into test weight, as nothing is towed during the test. Thus, only the higher curb
weight caused by heavier truck components would affect measured test results. However, towing capacity
can still be a significant factor because HD pickup truck towing capacities can be quite large, with a
correspondingly large effect on design, and thus on possible fuel efficiency levels.

NHTSA and EPA also noted that, from a HDPUV purchaser perspective, payload and towing capability
typically play a greater role than physical dimensions (as footprint represents) in influencing purchaser
decisions on which HD vehicle to buy.

NHTSA continues to believe that “work factor” remains a reasonable attribute on which to base HDPUV fuel
efficiency standards. Such standards are meant to be relatively consistent from a stringency perspective.
Vehicles across the entire range of the HDPUV segment have their respective fuel consumption target values,
and therefore all HDPUVs will be affected by the standard. With an attribute-based standards approach,

35 Increasing the likelihood of improved fuel economy across the entire fleet of vehicles; by reducing disparities between manufacturers’ compliance
burdens; and by reducing incentives for manufacturers to respond to standards by reducing vehicle size in ways that could compromise occupant safety.
36 National Academies of Sciences, Engineering, and Medicine. 2021. Assessment of Technologies for Improving Fuel Economy of Light-Duty Vehicles —
2025-2035, Washington, DC: The National Academies Press: Washington, D.C. P. 5. Available at: https://www.nationalacademies.org/our-
work/assessment-of-technologies-for-improving-fuel-economy-of-light-duty-vehicles-phase-3. (Accessed May 31, 2023) (hereinafter, “2021 NAS Report”).
Summary Recommendation 5, P. 368.
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there should be no significant effect on the relative distribution of vehicles with differing capabilities in the
fleet, which means that buyers should still be able to purchase the vehicle that meets their needs.

1.2.4. Choosing the Mathematical Function to Specify Footprint-Based Standards for
Passenger Cars and Light Trucks

In requiring NHTSA to “prescribe by regulation separate average fuel economy standards for passenger and
non-passenger automobiles based on 1 or more vehicle attributes related to fuel economy and express each
standard in the form of a mathematical function,” EPCA/EISA provides discretion regarding not only the
selection of the attribute(s), but also regarding the nature of the function. Having decided to propose PC and
LT standards that continue to be based on vehicle footprint as the attribute “related to fuel economy,” NHTSA
still must choose the mathematical functions to represent the relationship between footprint and fuel economy.

The relationship between fuel economy and footprint, though directionally clear (i.e., fuel economy tends to
decrease with increasing footprint), is theoretically vague, and quantitatively uncertain — not so precise as to
necessarily yield only a single possible curve. The decision of how to specify this mathematical function
therefore reflects some amount of judgment. The function can be specified with a view toward achieving
different energy conservation (which may include both energy security and environmental goals), encouraging
different levels of application of fuel-saving technologies, avoiding any adverse effects on overall highway
safety, reducing disparities of distributing compliance burdens (and thus fuel economy improvements) more
equally across manufacturers, and preserving consumer choice amongst different types and sizes of vehicles,
among other aims. The following are among the specific technical concerns and resultant policy tradeoffs that
NHTSA has previously considered in selecting the details of specific past and future curve shapes:

e Steeper footprint-based standards may create incentives to upsize vehicles, potentially oversupplying
vehicles of certain footprints beyond what the market would demand, and thus increasing the possibility
that fleetwide (or total) fuel savings benefits will be forfeited artificially.

e Flatter standards (curves) increase the risk that standards cannot be met by larger vehicles without
significant cost, making them unaffordable or removing them from certain markets, reducing the supply of
options for consumers who may need the utility of a larger vehicle.

e Given the same industry-wide average required fuel economy standard, flatter standards tend to place
greater compliance burdens on full-line manufacturers, although this is not necessarily true if the vehicles
are ZEVs.

e |f cutpoints (i.e., locations of rapid change in slope, as with piecewise-linear functions) 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) discourages the introduction of small vehicles, and reduces the incentive to
downsize small vehicles.

e |f 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) encourages the introduction of larger
vehicles — especially large pickups — and extends the size range over which downsizing is discouraged in
ways that could compromise overall highway safety.

NHTSA is proposing to retain the same curve shapes for PC and LT standards in MYs 2027-2032 that
NHTSA has used over the past several rulemakings — that is, NHTSA is not proposing at this time to change
the shape of the existing footprint curves. The history of how the existing footprint curves were developed,
and the agency’s exploration of alternative approaches, is well documented in Chapter 1 of the 2022 TSD,%”
and we refer readers there who wish to review that history. NHTSA carefully considered the existing curve
shapes in light of ongoing trends in the fleet,3 and determined, as in the 2022 TSD, that changing our
approach to standard stringency made more sense for CAFE standards than changing the curve shapes at
this point. As explained in the 2022 TSD and discussed in Chapter 3 of the 2022 EPA Trends Report, for the
most part, vehicle manufacturers have continued over the past several years to reduce their offerings of

37 U.S. Department of Transportation. 2022. Technical Support Document: Final Rulemaking for Model Years 2024-2026 Light-Duty Vehicle Corporate
Average Fuel Economy Standards. Final report. National Highway Traffic Safety Administration. Washington D.C. Available at:
https://www.nhtsa.gov/sites/nhtsa.gov/files/2022-04/Final-TSD_CAFE-MY-2024-2026.pdf. (Accessed: May 31, 2023).

38 See trends discussion in Chapter 1.2.3.1.
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smaller footprint vehicles, such as sedans and wagons, and increase their sales of larger footprint vehicles
such as LT crossovers and sport utility vehicles (SUVS).

That said, NHTSA is aware that EPA recently proposed to change the shapes of its CO2 standards curves for
PCs and light-duty trucks.3® EPA explained that it chose to make the slopes of both curves, especially the car
curves, flatter than those of prior rulemakings, stating that, “This is by design and reflects our projection of the
likelihood that a future fleet will be characterized by a greatly increased penetration of BEVs, even in a no-
action scenario.”® EPA further stated that the curves used since the 2012 final rule have been based on a
vehicle fleet made up entirely of ICE vehicles. While, “From a physics perspective, a positive footprint slope
for ICE vehicles makes sense because as a vehicle’s size increases, its mass, road loads, and required
power (and corresponding vehicle-based CO2 emissions) will increase accordingly [and its fuel economy will
correspondingly decrease accordingly],” because the percentage of BEVs was projected to make up an
increasingly large part of the fleet, and BEVs count for 0 g/mi (thus having a “flat” slope) for CO2 compliance,
then, “Mathematically, the slope of the average footprint targets should trend towards zero as the percentage
of BEVs increases.”*

Since the Supreme Court’s decision in Massachusetts v. EPA, NHTSA and EPA have employed equivalent
footprint-based target curves for PCs and LTs. Now, NHTSA cannot reasonably propose target curves that
are flatter like EPA’s proposed curves based on EPA’s rationale, for two main reasons. First, EPA altered
their curves based on considering the effects of BEVs in the fleet. Given that the target curves are the CAFE
standards, and 49 U.S.C. 32902(h) prohibits consideration of BEVs in determining maximum feasible CAFE
standards, NHTSA does not believe that the law permits us to base target curve shapes on BEV penetration
rates, even if NHTSA recognizes that BEV penetration rates are continuing to increase. Second, even if
NHTSA did consider BEVs in developing target curve shapes, NHTSA could not consider them the same way
as EPA does. BEV compliance values in the CAFE program are determined, per statute, using DOE’s
Petroleum Equivalency Factor, and the calculated equivalent fuel economies appear to still vary with vehicle
footprint so that in general larger vehicles have lower calculated equivalent fuel economies. They are not the
fuel-economy-equivalent of 0 g/mi, which would be infinite fuel economy. NHTSA therefore cannot adopt
EPA’s rationale that curve slopes should become flatter in response to increasing numbers of BEVs because
our statutory requirements differ from EPA’s.

EPA also proposed that the “truck curve [for CO2 standards] be based on the car curve (to represent the base
utility across all vehicles for carrying people and their light cargo), but with the additional allowance of
increased utility that distinguishes these vehicles used for more work-like activity.”*? To account for tow
rating, “EPA proposes a simple offset for the truck curve, compared to the car curve, that increases with
footprint,” and “The offsets for AWD and utility were then scaled as a function of the nominal fleet-wide BEV
penetrations anticipated to be achieved under the proposed stringency levels.”*® EPA additionally proposed
to gradually reduce the upper (larger footprint) cutpoint for trucks, in response to concern that the existing
cutpoint might create a compliance incentive to upsize.*

Again, NHTSA does not interpret 49 U.S.C. 32902(h) as permitting the agency to base target curves on
anticipated BEV penetrations; that said, NHTSA is also aware of the need for the LT curve to reflect the work
performed by those “more work-like” vehicles, which must be balanced against the risk of encouraging
upsizing. To address this in the CAFE program, NHTSA is proposing to retain the existing LT curve, which
was originally designed to reflect those work needs — but to ensure that those vehicles’ fuel economy
continues to improve rather than languish, NHTSA is proposing a slightly faster rate of increase in LT
standard stringency during the rulemaking time frame.

For these reasons, NHTSA cannot justify making similarly-shaped curves for PCs and LTs under our current
authority, and the agency did not consider adopting such curves in this proposal. NHTSA may nonetheless
explore reasonable and appropriate changes to the existing curve shapes in a future action.

39 88 FR 29236 (May 5, 2023).
0,

411d, At 154.

2 1d. At 155.

2,

41d. At 156.
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1.2.5. Choosing the Mathematical Function to Specify Work-Factor-Based Standards for
HDPUVs

As discussed, NHTSA is not statutorily required to set attribute-based standards defined by a mathematical
function for HDPUVs, but previously concluded that doing so was reasonable and appropriate given the
similarities of the HDPUV fleet to the LT fleet, and NHTSA continues to believe that is the case. NHTSA
previously chose to set HDPUV standards based on a “work factor” attribute, which combines elements of
both payload and towing capabilities. These attributes, like footprint for PCs and LTs, relate to fuel
consumption in a way that is directionally clear — more payload and/or more towing equals more fuel
consumed, all else equal — but also like footprint, there are many different possible curves that could
theoretically represent that relationship. As in the Phase 2 rule, NHTSA proposes to retain the approach to
curve fitting set forth in the Phase 1 rule.*> The basic work factor equation is shown in Chapter 1.2.3, and
NHTSA is proposing to retain separate target curves for gasoline-fueled (and any other Otto-cycle) vehicles
and diesel-fueled (and any other Diesel-cycle) vehicles. The targets will be used to determine the production-
weighted average standards that apply to the combined diesel and gasoline fleet of HDPUVs produced by a
manufacturer in each MY. The targets were based on a set of vehicle, engine, and transmission technologies
(TRANS) assessed by NHTSA and EPA to be feasible and appropriate for HDPUVs in the 2014-2018
timeframe, and while it is certainly appropriate for the stringency of the standards to increase over time, there
does not appear to be a reason to re-evaluate the shape of the target curves themselves. As discussed
further in Chapter 2.2, HDPUVs have significantly longer redesign schedules as compared to PCs and LTs,
and technology changes tend to percolate through the HDPUV fleet relatively more slowly, which makes it
less likely that the shape of the target curves would need to change in response. For example, with the
exception of a few low-volume BEVs in this segment,*® there are no other electrified technologies in the
current baseline fleet.*’

The NHTSA fuel consumption target curves and the EPA GHG target curve have considerable overlap during
common years. In the Phase 2 rule, NHTSA target curves were established using the direct relationship
between fuel consumption and CO2 using conversion factors of 8,887 g COz/gallon for gasoline, and 10,180 g
COz/gallon for diesel. We maintained the same approach for this rule, but due to statutory lead time
constraints, NHTSA's year over year stringency increases are different from what EPA proposed for its CO2
target curves. NHTSA'’s proposed HDPUYV standards aim to ‘catch up’ to the proposed EPA standards by MY
2035.

1.3. What does the CAFE Model need to conduct this analysis?

To conduct the analysis described above, the CAFE Model needs a variety of inputs. At a high level, the
model needs the following: regulatory alternatives (see Chapter 1.4), an analysis fleet (see Chapter 2.2),
information to simulate compliance with the California ZEV program (see Chapter 2.3), technology
effectiveness values (see Chapter 3), technology cost information (see Chapter 3), economic assumptions
(see Chapter 4.1 for macroeconomic assumptions and Chapters 5, 6, and 7 for all others), and estimates
about environmental (see Chapter 5) and safety (see Chapter 7) effects. Chapter 2 discusses the required
inputs in more detail.

1.4. What are the regulatory alternatives under consideration in this
proposal?

Agencies typically consider regulatory alternatives in rulemaking analyses as a way of evaluating the
comparative effects of different potential ways of accomplishing their desired goal, which in this case is the
statutory mandate to set maximum feasible standards. NEPA requires agencies to compare the potential
environmental impacts of their regulatory actions to those to a reasonable range of alternatives.*® E.O. 12866

45 See 76 FR 57162-64 (Sep. 15, 2011) for a complete discussion.

46 Ford Lighting Platimum, Extneded Range and Rivian R1T/R1S.

47 Electrified technologies in this context means micro-hybrids, mild hybrids, strong hybrids, and plug-in hybrids as well as fuel cell vehicles.
48 40 CFR 1502.14.
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and E.O. 13563, as well as Office of Management and Budget (OMB) Circular A-4, also encourage agencies
to evaluate regulatory alternatives in their rulemaking analyses.

Alternatives analysis begins with a “No-Action” Alternative, typically described as what would occur in the
absence of any regulatory action by the agency. OMB Circular A-4 states that the “baseline should be the
best assessment of the way the world would look absent the regulatory action.” The choice of an appropriate
baseline may require consideration of a wide range of potential factors, including:

e Evolution of the market,

e Changes in external factors affecting expected benefits and costs,

e Changes in regulations promulgated by the agency or other government entities, and
e The degree of compliance by regulated entities with other regulations.

For PCs and LTs, this proposal includes a No-Action Alternative and four “action alternatives;” for HDPUVSs,
the proposal includes a No-Action Alternative and three action alternatives. The proposed standards may, in
places, be referred to as the “Preferred Alternative(s),” which is NEPA parlance, but NHTSA intends
“proposed standards” and “Preferred Alternative(s)” to be used interchangeably for purposes of this
document.

Regulations regarding implementation of NEPA require agencies to “evaluate reasonable alternatives to the
proposed action and the alternatives in comparative form” based on the affected environment and
environmental consequences.*® This does not amount to a requirement that agencies evaluate the widest
conceivable spectrum of alternatives. Rather, the range(s) of alternatives must be reasonable and consistent
with the purpose and need of the action(s).

The different regulatory alternatives for PCs and LTs are defined in terms of percent-increases in CAFE
stringency from year to year. Readers should recognize that those year-over-year changes in stringency are
not measured in terms of mile per gallon differences (as in, 1 percent more stringent than 30 miles per gallon
(MPG) in one year equals 30.3 MPG in the following year), but rather in terms of shifts in the footprint
functions that form the basis for the actual CAFE standards (as in, on a gallon per mile basis, the CAFE
standards change by a given percentage from one MY to the next). One action alternative is less stringent
than the Preferred Alternative for PCs and LTs, and two action alternatives are more stringent.

In a departure from recent CAFE rulemaking trends, we have applied individual, different rates of increase to
the PC and the LT fleets. Rather than have both fleets increase their respective standards at the same rate,
LT standards will increase at a faster rate than PC standards. Each action alternative evaluated for this
proposal has a PC fleet rate-of -increase of fuel economy that is lower than the rate-of-increase of fuel
economy for the LT fleet. NHTSA has discretion, by law, to set CAFE standards that increase at different
rates for cars and trucks, because NHTSA must set maximum feasible CAFE standards separately for cars
and trucks. We have selected this approach for the current proposal for several reasons.

First, NHTSA believes that manufacturers will deploy considerable amounts of technology to reach the
existing PC fuel economy standards implemented for MYs 2024-26. This is not to say that NHTSA now
concludes those standards set in 2022 are beyond maximum feasible, but simply to note that as
manufacturers continue to improve fuel economy in response to those standards, less technology will remain
on the table to be used for additional stringent increases in subsequent years, particularly for PCs. Because
the CAFE statute prohibits us from considering BEVs and full PHEVs combined fuel economy, we believe
manufacturers will find it difficult to improve fuel economy with ICE engine technologies more than what we
are proposing for PCs, and maintain a reasonable cost.>° This is supported by feedback we have received
from industry stakeholders,5! that consumers are less willing to absorb significant additional regulatory costs
for PCs than they are for LTs. This phenomenon is more pronounced for smaller cars, where cost increase
represents a much larger percentage of the overall vehicle cost. Our (statutorily-constrained) analysis also
suggests that costs for improvements in fuel economy for PCs are, increasingly, no longer offset by the value
of the fuel saved (or other benefits to the purchaser), which makes ongoing rapid increases less feasible. We

4940 CFR 1502.14.
50 This is discussed more in Section V of the preamble.
51 See Docket Memo on Stakeholder meetings.
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do not believe this is a trend that is in the best interests of American consumers, particularly those who are
seeking affordable new cars.

Second, as discussed in Chapter 1.2.4 where we stated, “NHTSA carefully considered the existing curve
shapes in light of ongoing trends in the fleet,>? and determined, as in the 2022 TSD, that changing our
approach to standard stringency made more sense for CAFE standards than changing the curve shapes at
this point.” We believe the ongoing trend to also be driven by vehicles classified as LTs simply on the basis of
having AWD that would otherwise be subject to the generally-more-stringent PC curve; consumers appear
receptive to these offerings, but they may end up with less fuel savings than if the vehicles had been
classified, instead, as PCs. Attribute-based standards and separate standards for cars and trucks are
statutorily required and are designed to accommodate these market trends but has resulted in less fuel
savings which would otherwise accrue to American consumers. Although the MY 2024-26 standards will, we
believe, significantly improve fuel economy in this sector too, additional fuel economy improvements can still
be realized. Additionally, we believe LTs have significantly more opportunity for fuel economy improvements
due to lower baseline technology levels,>® and greater average VMT values. Our analysis shows that for LT
stringency increases, the value of fuel savings outweighs the increased regulatory cost. In short, there
appears to be more room to improve the LT fleet, and thus NHTSA has considered relatively larger ongoing
increases in stringency for this fleet.

For HDPUVs, the different regulatory alternatives are also defined in terms of percent-increases in stringency
from year to year, but in terms of fuel consumption reductions rather than fuel economy increases, so that
increasing stringency appears to result in standards going down (representing a direct reduction in fuel
consumed) over time rather than up. Also, unlike for the PC and LT standards, because HDPUV standards
are in fuel consumption space, year-over-year percent changes do actually represent gallon/mile differences
across the work-factor range. Under each action alternative, the stringency changes at the same percentage
rate in each MY in the rulemaking time frame. One action alternative is less stringent than the Preferred
Alternative for HDPUVs, and one action alternative is more stringent.

Table 1-3: Regulatory Alternatives Under Consideration for MYs 2027-2032 Passenger Cars and Light

Trucks
Name of Altemative Increases, ear-Over vear | Increases, vear-Over-vear
No-Action Alternative n/a n/a
Alternative PC1LT3 1% 3%
Alternative PC2LT4 (Preferred Alternative) 2% 4%
Alternative PC3LT5 3% 5%
Alternative PC6LT8 6% 8%

Table 1-4: Regulatory Alternatives Under Consideration for MYs 2030-2035 HDPUVs

Name of Alternative HDPUVYS(:erlirr_lgsgf_ﬁénacrreases.
No-Action Alternative n/a
Alternative HDPUV4 4%
ﬁ:ingzg)HDPuvm (Preferred 10%
Alternative HDPUV14 14%

A variety of factors will be at play simultaneously as manufacturers seek to comply with the eventual
standards that NHTSA promulgates. NHTSA, EPA, and CARB will all likely be regulating simultaneously;

52 See trends discussion in Chapter 1.2.3.1.
53 See Market Data Input File.
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manufacturers will be responding to those regulations as well as to anticipated shifts in market demand during
the rulemaking time frame (both due to cost/price changes for different types of vehicles over time, fuel price
changes, and the recently-passed tax credits for BEVs and PHEVS). Many costs and benefits that will accrue
as a result of manufacturer actions during the rulemaking time frame will be occurring for reasons other than
CAFE standards, and NHTSA believes it is important to try to reflect as many of those factors as possible in
order to present a more accurate picture of the effects of different potential CAFE and HDPUV standards to
decision-makers and to the public.

The following sections define each regulatory alternative, including the No-Action Alternative, for each
program, and explain their derivation.

1.4.1. Baseline/No-Action Alternative

As with the 2022 final rule, our No-Action Alternative is nuanced. In this analysis, the No-Action alternative
assumes:

e The existing national CAFE and GHG standards are met, and that the CAFE and GHG standards for MY
2026 finalized in 2022 continue in perpetuity.

e Manufacturers who committed to the California Framework Agreements met their contractual obligations
for MY 2022.

e The HDPUV MY 2027 standards finalized in the NHTSA/EPA Phase 2 program continue in perpetuity.

e Manufacturers will comply with the ZEV/Advanced Clean Cars Il (ACC Il)/Advanced Clean Trucks (ACT)
standards that California and other states have adopted through 2035.54

e Manufacturers will make production decisions in response to estimated market demand for fuel economy
or fuel efficiency, considering estimated fuel prices, estimated product development cadence, the
estimated availability, applicability, cost, and effectiveness of fuel-saving technologies, and available tax
credits.

NHTSA continues to believe that to properly estimate fuel economies/efficiencies (and achieved CO2
emissions) in the No-Action Alternative, it is necessary to simulate all of these legal requirements (extant and
foreseeable) affecting automakers and vehicle design simultaneously. Consequently, the CAFE Model
evaluates each requirement in each MY, for each manufacturer/fleet. Differences among fleets and
compliance provisions often create over-compliance in one program, even if a manufacturer is able to exactly
comply (or under-comply) in the other program. This is similar to how manufacturers approach the question
of concurrent compliance in the real world — when faced with multiple regulatory programs, the most cost-
effective path may be to focus efforts on meeting one or two sets of requirements, even if that results in “more
effort” than would be necessary for another set of requirements, in order to ensure that all regulatory
obligations are met. We elaborate on those model capabilities below. Generally speaking, the model treats
each manufacturer as applying the following logic when making technology decisions, both for simulating PC
and LT compliance, and HDPUV compliance, with a given regulatory alternative:

1. What do I need to carry over from last year?

2. What should | apply more widely in order to continue sharing (of, e.g., engines) across different vehicle
models?

3. What new BEVs do | need to build in order to satisfy the ZEV mandates?

4. What further technology, if any, could | apply that would enable buyers to recoup additional costs within
30 months after buying new vehicles for both LD and HDPUV?

5. What additional technology, if any, should | apply to respond to potential new CAFE and CO: standards
for PCs and LTs, or HDPUV standards?

Additionally, within the context of 4 and 5, the CAFE Model may consider, as appropriate, the applicability of
recently-passed tax credits for battery-based vehicle technologies, such as PHEVs, which improve the

54 California, Colorado, Connecticut, Delaware, Maine, Maryland, Massachusetts, Minnesota, Nevada, New York, New Jersey, New Mexico, North
Carolina, Oregon, Rhode Island, Vermont, Virginia, and Washington have all adopted some combination of the ACC Il and/or ACT standards.
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attractiveness of those technologies to consumers and thus the model’s likelihood of choosing them as part of
a compliance solution. The CAFE Model simulates all of these simultaneously. As mentioned above, this
means that when manufacturers make production decisions in response to actions other than CAFE or
HDPUV standards, those costs and benefits are not attributable to possible future CAFE or HDPUV
standards. One consequence, in turn, is that the effects of the proposal appear less cost-beneficial than they
would otherwise, but NHTSA believes this is appropriate in order to give the decision-maker the clearest
possible understanding of the effects of the decision being made, as opposed to the effects of the many
things discussed above, that will be occurring simultaneously and would have happened otherwise.

Existing NHTSA standards during the rulemaking time frame are modeled as follows:

To account for the existing CAFE standards finalized in MY 2026 for PCs and LTs, the No-Action Alternative
includes the following coefficients defining those standards, which (for purposes of this analysis) are assumed
to persist without change in subsequent MYs:

Table 1-5: Passenger Car CAFE Target Function Coefficients for No-Action Alternative®®

2027 2028 2029 2030 2031 2032
a (mpg) 66.95 66.95 66.95 66.95 66.95 66.95
b (mpg) 50.09 50.09 50.09 50.09 50.09 50.09

gg%pm PET 1 0.000335 | 0.000335 | 0.000335 | 0.000335 | 0.000335 | 0.000335

d (gpm) 0.001196 0.001196 0.001196 0.001196 0.001196 0.001196

Table 1-6: Light Truck CAFE Target Function Coefficients for No-Action Alternative®®

2027 2028 2029 2030 2031 2032
a (mpg) 53.73 53.73 53.73 53.73 53.73 53.73
b (mpg) 32.30 32.30 32.30 32.30 32.30 32.30
g ]S%pm PET 1 0.000374 | 0.000374 | 0.000374 | 0.000374 | 0.000374 | 0.000374
d (gpm) 0.003272 | 0.003272 | 0.003272 | 0.003272 | 0.003272 | 0.003272

These coefficients are used to create the following graphic below, where the x-axis represents vehicle
footprint and the y-axis represents fuel economy, showing that in “CAFE space,” targets are higher in fuel
economy for smaller footprint vehicles and lower for larger footprint vehicles:

55 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
56 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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Figure 1-3: No-Action Alternative, Passenger Car and Light Truck Fuel Economy, Target Curves
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Note: There is no MY associated with the No-Action Alternative in this figure because the same curve would apply in all relevant MYs.

Additionally, EPCA, as amended by EISA, requires that any manufacturer's domestically-manufactured PC
fleet must meet the greater of either 27.5 mpg on average, or 92 percent of the average fuel economy
projected by the Secretary for the combined domestic and non-domestic passenger automobile fleets
manufactured for sale in the United States by all manufacturers in the MY. NHTSA retains the 1.9 percent
offset to the minimum domestic PC standard (MDPCS), first used in the 2020 final rule, to account for recent
projection errors as part of estimating the total PC fleet fuel economy.>” The projection shall be published in
the Federal Register when the standard for that MY is promulgated in accordance with 49 U.S.C.
32902(b).585° For purposes of the No-Action Alternative, the MDPCS is as it was established in the 2022 final
rule for MY 2026, as shown in Table 1-7 below:

Table 1-7: No-Action Alternative — Minimum Domestic Passenger Car MPG Standard

2027 2028 2029 2030 2031 2032
53.5 53.5 53.5 53.5 53.5 53.5

To account for the existing HDPUV standards finalized in the Phase 2 rule, the No-Action Alternative for
HDPUVs includes the following coefficients defining those standards, which (for purposes of this analysis) are
assumed to persist without change in subsequent MYs. The four-wheel drive coefficient is maintained at 500

57 Preamble Section V.A.2 (titled “Separate Standards for Passenger Cars, Light Trucks, and Heavy-Duty Pickups and Vans, and Minimum Standards for
Domestic Passenger Cars”) discusses the basis for the offset.

58 49 U.S.C. 32902(b)(4).

59 The offset will be applied to the final regulation numbers, but was not used in this analysis. The values for the MDPCS for the proposed action
alternatives are nonadjusted values.
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(coefficient ‘@’) and the weighting multiplier coefficient is maintained at 0.75 (coefficient ‘b’). The Cl and Sl

coefficients are in the tables below:

Table 1-8: HDPUV CI Vehicle Target Function Coefficients for No-Action Alternative®®

2030 2031 2032 2033 2034 2035

Se(f’\"’,‘\'//é)oo miles | 5 0003418 | 0.0003418 | 0.0004152 | 0.0003418 | 0.0003418 | 0.0003418
f (gal/100 miles 2.633 2.633 2.633 2.633 2.633 2.633

per WF)

Table 1-9: HDPUV SI Vehicle Target Function Coefficients for All Alternatives®?

2030 2031 2032 2033 2034 2035
gégf}\'//é)oo miles | 40004152 | 0.0004152 | 0.0004152 | 0.0004152 | 0.0004152 | 0.0004152
d (gal/100 miles 3.196 3.196 3.196 3.196 3.196 3.196
per WF)

These equations are represented graphically below:

Figure 1-4: No-Action Alternative, HDPUV — CI Vehicles, Target Curves
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60 In the CAFE Model, these are Linear work-factor-based function where coefficients e and f are for diesels, BEVs and FCEVs. See Equation 1-3 in
Chapter 1.2.1.

61 In the CAFE Model, these are Linear work-factor-based function where coefficients ¢ and d are for gasoline, CNG, strong hybrid vehicles and PHEVs.
See Equation 1-3 in Chapter 1.2.1.
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Figure 1-5: No-Action Alternative, HDPUV - Sl Vehicles, Target Curves
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As the baseline scenario, the No-Action Alternative also includes the following other actions that NHTSA
believes will occur in the absence of further regulatory action by NHTSA:

To account for the existing national GHG emissions standards, the No-Action Alternative for PCs and LTs
includes the following coefficients defining the GHG standards set by EPA in 2022 for MY 2026, which (for
purposes of this analysis) are assumed to persist without change in subsequent MYs:

Table 1-10: Passenger Car CO2 Target Function Coefficients for No-Action Alternative

2027 2028 2029 2030 2031 2032
a (g/mi) 114.3 114.3 114.3 114.3 114.3 114.3
b (g/mi) 160.9 160.9 160.9 160.9 160.9 160.9
g ]S%/m' per 3.11 3.11 3.11 3.11 3.11 3.11
d (g/mi) -13.10 -13.10 -13.10 -13.10 -13.10 -13.10
e (sf) 41.0 41.0 41.0 41.0 41.0 41.0
f(s.f.) 56.0 56.0 56.0 56.0 56.0 56.0

Table 1-11: Light Truck CO2 Target Function

Coefficients

for All Alternatives

2027 2028 2029 2030 2031 2032
a (g/mi) 141.8 141.8 141.8 141.8 141.8 141.8
b (g/mi) 254.4 254.4 254.4 254.4 254.4 254.4
. ]S%/ Mt per 3.41 3.41 3.41 3.41 3.41 3.41
d (g/mi) 1.90 1.90 1.90 1.90 1.90 1.90
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e (s.f) 41.0 41.0 41.0 41.0 41.0 41.0
f(s.f.) 74.0 74.0 74.0 74.0 74.0 74.0

Coefficients a, b, c, d, e, and f define the existing MY 2026 federal CO: standards for PCs and LTs,
respectively, in Table 1-10 and Table 1-11 above. Analogous to coefficients defining CAFE standards,
coefficients a and b specify minimum and maximum COz targets in each MY. Coefficients ¢ and d specify the
slope and intercept of the linear portion of the CO: target function, and coefficients e and f bound the region
within which COz targets are defined by this linear form.

To account for the existing national CO2 emission standards, the No-Action Alternative for HDPUVs include
the following coefficients defining the WF based standards set by EPA for the MY2027 and beyond. The four-
wheel drive coefficient is maintained at 500 (coefficient ‘a’) and the weighting multiplier coefficient is
maintained at 0.75 (coefficient ‘b’). The Cl and Sl coefficients are in the tables below:

Table 1-12: HDPUV CI Vehicle Target Function Coefficients for No-Action Alternative

2027 and Later
e 0.0348
f 268

Table 1-13: HDPUV Sl Vehicle Target Function Coefficients for All Alternatives

2027 and Later
0.0369
d 284

Coefficients c, d, e, and f define the existing MY2027 and beyond CO2 standards from Phase 2 rule for
HDPUVs, in Table 1-12 and Table 1-13 above. The coefficients are linear work-factor based function with ¢
and d representing gasoline, CNG vehicles, strong hybrid electric vehicles (SHEVs) and power split strong
hybrid electric vehicles (PHEVS) and e and f representing diesels, BEVS and fuel cell electric vehicles
(FCEV)s. For this rule, this is identical to the NHTSA's fuel efficiency standards no action alternative.

The No-Action Alternative also includes NHTSA'’s estimates of ways that each manufacturer could introduce
new PHEVs and BEVs in response to state ZEV mandates.®?> To account for manufacturers’ expected
compliance with the ZEV programs, NHTSA has included the main provisions of the ACC Il and ACT
programs in the CAFE Model’s analysis of compliance pathways. Incorporating these programs into the
model includes converting vehicles that have been identified as potential ZEV candidates into BEVs so
that a manufacturer’s fleet meets the calculated ZEV credit requirements.®®* The CAFE Model brings
manufacturers into compliance with ACC Il and ACT first in the baseline, then solves for the technology
compliance pathway used to meet increasing ZEV standards. The two programs have different
requirements per MY, so they are modeled separately in the CAFE analysis. Chapter 2 below discusses,
in detail, how NHTSA developed these estimates.

62 NHTSA interprets EPCA/EISA as allowing consideration of BEVs and PHEVs built in response to the ZEV mandate as part of the analytical baseline
because (1) 49 U.S.C. 32902(h) clearly applies to the “maximum feasible” determination, which is a determination between regulatory alternatives, and
the baseline is simply the backdrop against which that determination is made, and (2) NHTSA continues to believe that it is arbitrary to interpret 32902(h)
as requiring NHTSA to pretend that BEVs and PHEVs clearly built for non-CAFE-compliance reasons do not exist, because doing so would be unrealistic
and would bias NHTSA'’s analytical results by inaccurately attributing costs and benefits to future potential CAFE standards that will not accrue as a result
of those standards in real life.

63 NHTSA made the decision to focus on BEVs for ZEV compliance based on several factors; first, because CARB only allows partial compliance with
PHEVs, second, because NHTSA had conversations with manufacturers that indicated some would not be manufacturing PHEVs in the rulemaking time
frame, and third, because including PHEVs in the ZEV modeling would have introduced unnecessary complication. This is discussed further in Chapter
2.3.
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The No-Action Alternative also includes NHTSA’s estimates of ways that manufacturers could take
advantage of recently passed tax credits for battery-based vehicle technologies. NHTSA explicitly models
portions of two provisions of the IRA when simulating the behavior of manufacturers and consumers. The first
is the Advanced Manufacturing Production Tax Credit (AMPC). This provision of the IRA provides a $35 per
kWh tax credit for manufacturers of battery cells and an additional $10 per kWh for manufacturers of battery
modules (all applicable to manufacture in the United States).®* These credits, with the exception of the critical
minerals credit, phase out from 2030 to 2032. The second provision explicitly modeled is the Clean Vehicle
Credit (CVC),% which provides up to $7,500 toward the purchase of clean vehicles with critical minerals and
battery components manufactured in North America.®® The AMP and CVC provide tax credits for PHEVS,
BEVS, and FCVs. Chapter 2.2 below discusses, in detail, how NHTSA has modeled these tax credits.

The No-Action Alternative for the PC, LT and HDPUYV fleets also includes NHTSA’s assumption, for
purposes of compliance simulations, that manufacturers will add fuel economy- or fuel efficiency-
improving technology voluntarily, if the value of future undiscounted fuel savings fully offsets the cost of
the technology within 30 months. This assumption is often called the “30-month payback” assumption,
and NHTSA has used it for many years and in many CAFE rulemakings.” It is used to represent
consumer demand for fuel economy. It can be a source of apparent “over-compliance” in the No-Action
Alternative, especially when technology is estimated to be extremely cost-effective, as occurs later in the
analysis time frame when learning has significant effects on some technology costs.

NHTSA staff believe that manufacturers do improve fuel economy even in the absence of new standards,
for several reasons. First, overcompliance is not uncommon in the historical data, both in the absence of
new standards, and with new standards — NHTSA'’s analysis in the 2022 TSD included CAFE compliance
data showing that from 2004-2017, while not all manufacturers consistently over-complied, a number did.
Of the manufacturers who did over-comply, some did so by 20 percent or more, in some fleets, over
multiple MYs.®® Others have similarly observed the auto industry’s secular march toward higher fuel
economy over time, even in the absence of standards.®°

Second, manufacturers have consistently told NHTSA that they do make fuel economy improvements
where the cost can be fully recovered by consumers in the first 2-3 years of ownership. The 2015 NAS
report discussed this assumption explicitly, stating: “There is also empirical evidence supporting loss
aversion as a possible cause of the energy paradox. Greene (2011) showed that if consumers
accurately perceived the upfront cost of fuel economy improvements and the uncertainty of fuel economy
estimates, the future price of fuel, and other factors affecting the present value of fuel savings, the loss-
averse consumers among them would appear to act as if they had very high discount rates or required
payback periods of about 3 years.””° Furthermore, the 2020 NAS HD report states: "The committee has
heard from manufacturers and purchasers that they look for 1.5- to 2-year paybacks or, in other cases,
for a payback period that is half the expected ownership period of the first owner of the vehicle.”’*
Naturally, there are heterogenous preferences for vehicle attributes in the marketplace, — at the same
time that we are observing record sales of electrified vehicles, we are also seeing sustained demand for

64 26 U.S.C. 45X. If a manufacturer produces a battery module without battery cells, they are eligible to claim up to $45 per kWh for the battery module.
The provision includes other provisions related to vehicles such as a credit equal to 10 percent of the manufacturing cost of electrode active materials,
and another 10 percent for the manufacturing cost of critical minerals. We are not modeling these credits directly because of how we estimate battery
costs and to avoid the potential to double count the tax credits if they are included into other analyses that feed into our inputs.

6526 U.S.C. 30D.

86 There are vehicle price and consumer income limitations on the CVC as well. Congressional Research Service. 2022. Tax Provisions in the Inflation
Reduction Act of 2022 (H.R. 5376). Available at: https://crsreports.congress.gov/product/pdf/R/R47202/6. (Accessed: May 31, 2023).

67 Even though NHTSA uses the 30-month payback assumption to assess how much technology manufacturers would add voluntarily in the absence of
new standards, the benefit-cost analysis accounts for the full lifetime fuel savings that would accrue to vehicles affected by the proposed standards.

68 See 2022 TSD, at 68.

69 Meyer, R. 2020. Trump’s New Auto Rollback Is an Economic Disaster. The Atlantic. April 13, 2020. Available at:
https://www.theatlantic.com/science/archive/2020/04/trumps-auto-rollback-will-eliminate-13500-jobs-cafe/609748. (Accessed: May 31, 2023).

70 National Research Council. 2015. Cost, Effectiveness, and Deployment of Fuel Economy Technologies for Light-Duty Vehicles. Washington, DC: The
National Academies Press. p. 31. Available at: https://nap.nationalacademies.org/catalog/21744/cost-effectiveness-and-deployment-of-fuel-economy-
technologies-for-light-duty-vehicles. (Accessed: May 31, 2023). (hereinafter, "2015 NAS report").

71 National Academies of Sciences, Engineering, and Medicine. 2020. Reducing Fuel Consumption and Greenhouse Gas Emissions of Medium- and
Heavy-Duty Vehicles, Phase Two: Final Report. Washington, DC: The National Academies Press. p. 296. Available at:
https://nap.nationalacademies.org/catalog/25542/reducing-fuel-consumption-and-greenhouse-gas-emissions-of-medium-and-heavy-duty-vehicles-phase-
two. (Accessed: May 31, 2023).
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pickup trucks with higher payloads and towing capacity and hence lower fuel economy. This analysis,
like all the CAFE analyses preceding it, uses an average value to represent these preferences for the
CAFE fleet and the HDPUYV fleet. The analysis balances the risks of estimating too low of a payback
period, which would preclude most technologies from consideration regardless of potential cost
reductions due to learning, against the risk of allowing too high of a payback period, which would allow
an unrealistic cost increase from technology addition in the baseline fleet.

Third, as in previous CAFE analyses, our fuel price projections assume sustained increases in real fuel
prices over the course of the rule (and beyond). As readers are certainly aware, fuel prices have
changed over time — sometimes quickly, sometimes slowly, but generally over time upward:

Figure 1-6: Real Fuel Prices Over Time

In the 1990s, when fuel prices were historically low (as shown above), manufacturers did not tend to
improve their fuel economy, likely because there simply was very little consumer demand for improved
fuel economy and CAFE standards remained flat. In subsequent decades, when fuel prices were higher,
many of them have exceeded their standards in multiple fleets, and for multiple years. Our current fuel
price projections look more like the last two decades, where prices have been more volatile, but also
closer to $3/gallon on average. In recent years, when fuel prices have generally declined on average
and CAFE standards have continued to increase, fewer manufacturers have exceeded their standards.
However, our compliance data show that at least some manufacturers do improve their fuel economy if
fuel prices are high enough, even if they are not able to respond perfectly to fluctuations precisely when
they happen. This highlights the importance of fuel price assumptions both in the analysis and in the real
world on the future of fuel economy improvements.

1.4.2. Action Alternatives for Passenger Cars, Light Trucks, and HDPUVs

In addition to the No-Action Alternative, NHTSA has considered four “action” alternatives for PCs and LTs and
three action alternatives for HDPUVs, each of which is more stringent than the No-Action Alternative during
the rulemaking time frame. These action alternatives are specified below and demonstrate different possible
approaches to balancing the statutory factors applicable for PCs, LTs, and HDPUVs. Section V of the Notice
of Proposed Rulemaking (NPRM) discusses in more detail how the different alternatives reflect different
possible balancing approaches.
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1.4.2.1. Alternative PC1LT3

Alternative PC1LT3 would increase CAFE stringency by 1 percent per year, year over year for MYs 2027-
2032 PCs, and by 3 percent per year, year over year for MYs 2027-2032 LTs.

Table 1-14: Passenger Car CAFE Target Function Coefficients for Alternative PC1LT37?

2027 2028 2029 2030 2031 2032
a (mpg) 67.63 68.31 69.00 69.70 70.40 71.11
b (mpg) 50.60 51.11 51.63 52.15 52.68 53.21
g ]E%pm PEr 1 0.000332 | 0.000328 | 0.000325 | 0.000322 | 0.000319 | 0.000316
d (gpm) 0.001184 | 0.001172 | 0.001161 | 0.001149 | 0.001138 | 0.001126

Table 1-15: Light Truck CAFE Target Function Coefficients for Alternative PC1LT3"3

2027 2028 2029 2030 2031 2032
a (mpg) 55.39 57.10 58.87 60.69 62.56 64.50
b (mpg) 33.30 34.33 35.39 36.48 37.61 38.78
g ]E%pm PEr 1 0.000363 | 0.000352 | 0.000342 | 0.000331 | 0.000321 | 0.000312
d (gpm) 0.003173 | 0.003078 | 0.002986 | 0.002896 | 0.002809 | 0.002725

These equations are represented graphically below:

72 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
73 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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Figure 1-7: Alternative PC1LT3, Passenger Car Fuel Economy, Target Curves
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Figure 1-8: Alternative PC1LTS3, Light Truck Fuel Economy, Target Curves
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Under this alternative, the MDPCS is as follows:

Table 1-16: Alternative PC1LT3 — Minimum Domestic Passenger Car Standard (MPG)

2027
54.6

2028
55.2

2029
55.7

2030
56.3

2031
56.9

2032
57.4

1.4.2.2. Alternative PC2LT4 - Preferred Alternative

Alternative PC2LT4 would increase CAFE stringency by 2 percent per year, year over year for MYs 2027-
2032 PCs, and by 4 percent per year, year over year for MYs 2027-2032 LTs.

Table 1-17: Passenger Car CAFE Target Function Coefficients for Alternative PC2LT474

2027 2028 2029 2030 2031 2032
a (mpg) 68.32 69.71 71.14 72.59 74.07 75.58
b (mpg) 51.12 52.16 53.22 54.31 55.42 56.55
g g%pm PEr 1 0.000328 | 0.000322 | 0.000315 | 0.000309 | 0.000303 | 0.000297
d (gpm) 0.001172 | 0.001149 | 0.001126 | 0.001103 | 0.001081 | 0.001060

74 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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Table 1-18: Light Truck CAFE Target Function Coefficients for Alternative PC2LT4"®

2027 2028 2029 2030 2031 2032
a (mpg) 55.96 58.30 60.73 63.26 65.89 68.64
b (mpg) 33.64 35.05 36.51 38.03 39.61 41.26
g gg)pm PEr 1 0.000359 | 0.000345 | 0.000331 | 0.000318 | 0.000305 | 0.000293
d (gpm) 0.003141 | 0.003015 | 0.002894 | 0.002779 | 0.002668 | 0.002561

These equations are represented graphically below:

Figure 1-9: Alternative PC2LT4, Passenger Car Fuel Economy, Target Curves
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7> The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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Figure 1-10: Alternative PC2LT4, Light Truck Fuel Economy, Target Curves
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Under this alternative, the MDPCS is as follows:

Table 1-19: Alternative PC2LT4 — Minimum Domestic Passenger Car Standard (MPG)

2028 2030
56.3 58.6

2027
55.2

2029
57.5

2031
59.8

2032
61.1

1.4.2.3. Alternative PC3LT5

Alternative PC3LT5 would increase CAFE stringency by 3 percent per year, year over year for MYs 2027-
2032 PCs, and by 5 percent per year, year over year for MYs 2027-2032 LTs.

Table 1-20: Passenger Car CAFE Target Function Coefficients for Alternative PC3LT57¢

2027 2028 2029 2030 2031 2032
a (mpg) 69.02 71.16 73.36 75.63 77.97 80.38
b (mpg) 51.64 53.24 54.89 56.58 58.33 60.14
g g%pm PEr 1 0.000325 | 0.000315 | 0.000306 | 0.000297 | 0.000288 | 0.000279
d (gpm) 0.001160 | 0.001125 | 0.001092 | 0.001059 | 0.001027 | 0.000996

76 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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Table 1-21: Light Truck CAFE Target Function Coefficients for Alternative PC3LT5"/

2027 2028 2029 2030 2031 2032
a (mpg) 56.55 59.53 62.66 65.96 69.43 73.09
b (mpg) 34.00 35.79 37.67 39.65 41.74 43.94
g gg)pm PEr 1 0.000355 | 0.000338 | 0.000321 | 0.000305 | 0.000290 | 0.000275
d (gpm) 0.003108 | 0.002953 | 0.002805 | 0.002665 | 0.002531 | 0.002405

These equations are represented graphically below:

Figure 1-11: Alternative PC3LT5, Passenger Car Fuel Economy, Target Curves
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77 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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Figure 1-12: Alternative PC3LT5, Light Truck Fuel Economy, Target Curves
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Under this alternative, the MDPCS is as follows:

Table 1-22: Alternative PC3LT5 — Minimum Domestic Passenger Car Standard (MPG)

2027 2028 2029 2030 2031 2032
55.8 57.5 59.3 61.1 63.0 64.9

1.4.2.4. Alternative PC6LTS8

Alternative PC6LT8 would increase CAFE stringency by 6 percent per year, year over year for MYs 2027-
2032 PCs, and by 8 percent per year, year over year for MYs 2027-2032 LTs.

Table 1-23: Passenger Car CAFE Target Function Coefficients for Alternative PC6LT8"8

2027 2028 2029 2030 2031 2032
a (mpg) 71.23 75.77 80.61 85.75 91.23 97.05
b (mpg) 53.29 56.69 60.31 64.16 68.26 72.61
g g%pm PET 1 0.000315 | 0.000296 | 0.000278 | 0.000262 | 0.000246 | 0.000231
d (gpm) 0.001124 | 0.001057 | 0.000993 | 0.000934 | 0.000878 | 0.000825

78 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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2027 2028 2029 2030 2031 2032
a (mpg) 58.40 63.48 69.00 74.99 81.52 88.60
b (mpg) 35.11 38.16 41.48 45.09 49.01 53.27
g gg)pm PET 1 0.00034 0.00032 0.00029 0.00027 0.00025 0.00023
d (gpm) 0.00301 0.00277 0.00255 0.00234 0.00216 0.00198

These equations are represented graphically below:

Figure 1-13: Alternative PC6LT8, Passenger Car Fuel Economy, Target Curves
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7 The Function Coeffiecnts ‘a’,’b’,’c’, and ‘d’ are defined in Equation 1-1 of Chapter 1.2.1.
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Figure 1-14: Alternative PC6LTS8, Light Truck Fuel Economy, Target Curves
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Under this alternative, the MDPCS is as follows:

Table 1-25: Alternative PC6LT8 — Minimum Domestic Passenger Car Standard (MPG)

2031 2032
73.7 78.4

2027
57.5

2028
61.2

2029
65.1

2030
69.3

1.4.2.5. Alternative HDPUV4

Alternative HDPUV4 would increase HDPUV standard stringency by 4 percent per year for MYs 2030-2035
HDPUVs. The four-wheel drive coefficient is maintained at 500 (coefficient ‘a’) and the weighting multiplier
coefficient is maintained at 0.75 (coefficient ‘b’).

Table 1-26: Characteristics of Alternative HDPUV4 — Cl Vehicle Coefficients8®

2030 2031 2032 2033 2034 2035
e 0.0003281 0.0003150 0.0003024 0.0002903 0.0002787 0.0002675
f 2.528 2.427 2.330 2.236 2.147 2.061
Table 1-27: Characteristics of Alternative HDPUV4 - Sl Vehicle Coefficients®!
\ | 2030 2031 2032 2033 2034 2035

80 In the CAFE Model, these are Linear work-factor-based function where coefficients e and f are for diesels, BEVs and FCEVs. See Equation 1-3 in

Chapter 1.2.1.

81 |In the CAFE Model, these are Linear work-factor-based function where coefficients ¢ and d are for gasoline, CNG, strong hybrid vehicles and PHEVs.
See Equation 1-3 in Chapter 1.2.1.
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0.0003986

0.0003826

0.0003673

0.0003526

0.0003385

0.0003250

3.068

2.945

2.828

2.715

2.606

2.502

These equations are represented graphically below:

Figure 1-15: Alternative HDPUV4, HDPUV Fuel Efficiency — Cl Vehicles, Target Curves

Figure 1-16: Alternative HDPUV4, HDPUV Fuel Efficiency — Sl Vehicles, Target Curves

1.4.2.6. Alternative HDPUV10 - Preferred Alternative

Alternative HDPUV10 would increase HDPUV standard stringency by 10 percent per year for MYs 2030-2035
HDPUVs. The four-wheel drive coefficient is maintained at 500 (coefficient ‘a’) and the weighting multiplier
coefficient is maintained at 0.75 (coefficient ‘b’).
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Table 1-28: Characteristics of Alternative HDPUV10 — Cl Vehicle Coefficients82

2030 2031 2032 2033 2034 2035
e 0.0003076 0.0002769 0.0002492 0.0002243 0.0002018 0.0001816
f 2.370 2.133 1.919 1.728 1.555 1.399
Table 1-29: Characteristics of Alternative HDPUV10 — Sl Vehicle Coefficients®8?
2030 2031 2032 2033 2034 2035
0.0003737 0.0003363 0.0003027 0.0002724 0.0002452 0.0002207
2.876 2.589 2.330 2.097 1.887 1.698

These equations are represented graphically below:

Figure 1-17: Alternative HDPUV10, HDPUV Fuel Efficiency — CI Vehicles, Target Curves

82 |n the CAFE Model, these are linear work-factor-based functions where coefficients e and f are for diesels, BEVs and FCEVs. See Equation 1-3 in
Chapter 1.2.1.

83 In the CAFE Model, these are linear work-factor-based functions where coefficients ¢ and d are for gasoline, CNG, strong hybrid vehicles and PHEVs.
See Equation 1-3 in Chapter 1.2.1.
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Figure 1-18: Alternative HDPUV10, HDPUV Fuel Efficiency — Sl Vehicles, Target Curves

1.4.2.7. Alternative HDPUV14

Alternative HDPUV14 would increase HDPUV standard stringency by 14 percent per year for MYs 2030-2035

HDPUVs. The four-wheel drive coefficient is maintained at 500 (coefficient ‘a’) and the weighting multiplier
coefficient is maintained at 0.75 (coefficient ‘b’).

Table 1-30: Characteristics of Alternative HDPUV14 — Cl Vehicle Coefficients8*

2030 2031 2032 2033 2034 2035
e 0.0002939 0.0002528 0.0002174 0.0001870 0.0001608 0.0001383
f 2.264 1.947 1.675 1.440 1.239 1.065
Table 1-31: Characteristics of Alternative HDPUV14 — Sl Vehicle Coefficients®®
2030 2031 2032 2033 2034 2035
0.0003571 0.0003071 0.0002641 0.0002271 0.0001953 0.0001680
d 2.749 2.364 2.033 1.748 1.503 1.293

These equations are represented graphically below:

84 In the CAFE Model, these are linear work-factor-based functions where coefficients e and f are for diesels, BEVs and FCEVs. See Equation 1-3 in

Chapter 1.2.1.

85 |In the CAFE Model, these are linear work-factor-based functions where coefficients ¢ and d are for gasoline, CNG, strong hybrid vehicles and PHEVs.
See Equation 1-3 in Chapter 1.2.1.
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Figure 1-19: Alternative HDPUV14, HDPUV Fuel Efficiency — Cl Vehicles, Target Curves

Figure 1-20: Alternative HDPUV14, HDPUV Fuel Efficiency — Sl Vehicles, Target Curves
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2. What Inputs Does the Compliance Analysis Require?

The CAFE Model simulates the possible effects of proposed

standards on society. The model accomplishes this by CAFE Model Files Referenced in

simulating, first, the actions industry may take to comply with a this Chapter

proposed set of standards, and second, simulating and

calculating the resulting societal costs and benefits caused by Below is a list of CAFE Model

those actions. Files referenced in this chapter.
See Chapter 2.1.9 “Where can |

The actions of industry are simulated when the CAFE Model find the internal NHTSA files?” for

applies various technologies to different vehicle models in each a full list of files referenced in this

manufacturer’s product line to simulate how each manufacturer document and their respective file

might make progress toward compliance with the specified locations.

standard. Subject to a variety of user-controlled constraints, the

CAFE Model applies technologies based on their relative cost- * CAFE Model Documentation

effectiveness, the cost of compliance, and the value of avoided e CAFE Model Input File

fuel expenses. Cost-effectiveness is determined by several e Parameters Input File

input assumptions regarding the cost and effectiveness of each

technology. The cost of compliance is determined by the * Technologies Input File

change in CAFE, CAFE-related civil penalties, or value of CO> * Scenarios Input File
credits, depending on the compliance program being evaluated. e CAFE Model Executable File
For a given manufacturer, the compliance simulation algorithm e Market Data Input File

applies technologies either until the manufacturer runs out of

cost-effective technologies, until the manufacturer exhausts all © GRS AGElEE AR

available technologies, or, if the manufacturer is assumed to be e e

willing to pay civil penalties or acquire credits from another e Autonomie Input and
manufacturer (if applicable in a given scenario), until paying civil Assumptions Description Files
penalties or purchasing credits becomes more cost-effective e CAFE Model Output File

than ingreasing vehicle_ fuel economy. Once complete, the e Argonne National Laboratory
simulation assigns an incurred technology cost and updated fuel Autonomie Results Dataset

economy to each vehicle model, as well as any civil penalties
incurred by each manufacturer. This compliance simulation
process is repeated for each MY of both the rulemaking time
frame and study period. This analysis runs through MY 2050.

Once the compliance simulation is complete the CAFE Model transitions to effects calculations. At the
conclusion of the compliance simulation for a given regulatory scenario, the model produces a full
representation of the registered light-duty vehicle population in the United States for each MY and calendar
year. The CAFE Model then uses this fleet to generate estimates of the following (for each MY and calendar
year included in the analysis): lifetime travel, fuel consumption, carbon dioxide and criteria pollutant
emissions, the magnitude of various economic externalities related to vehicular travel (e.g., congestion and
noise), and energy consumption (e.g., the economic costs of short-term increases in petroleum prices, or
social damages associated with GHG emissions). The model then uses these estimates to measure the
benefits and costs associated with each regulatory alternative relative to a No-Action Alternative.

To perform this analysis, the CAFE Model uses millions of data points contained in several input files that
have been populated by engineers, economists, and safety and environmental program analysts at both
NHTSA and the DOT’s Volpe National Transportations Systems Center (Volpe). In addition, some of the
input data comes from modeling and simulation analysis performed by experts at ANL using their Autonomie
full vehicle simulation model and BatPaC battery cost model.8¢ Other inputs are derived from other models,
such as the U.S. Energy Information Administration’s (EIA’s) NEMS, Argonne’s “GREET” fuel-cycle emissions

86 Argonne Natinoal Laboratory’s report is titled “Vehicle Simulation Process to Support the Analysis for MY 2027 and Beyond CAFE and MY 2030 and
Beyond HDPUV FE Standards” which for ease of use and consistency in the TSD document, it is being referred as “CAFE Analysis Autonomie
Documentation”.

Chapter 2 What Inputs Does the Compliance Analysis Require? | 2-1
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analysis model, U.S. EPA’s “MOVES” vehicle emissions analysis model, Ingenieurgesellschaft Auto und
Verkehr’s (IAV) engine models, and Southwest Research Institute’s (SWRI) engine models.

Chapter 2 and Chapter 3 describe the inputs that the compliance simulation requires, including an in-depth
discussion of the technologies used in the analysis, how they are defined in the CAFE Model, how they are
characterized on vehicles that already exist in the market, how they can be applied to realistically simulate
manufacturer’s decisions, and their effectiveness and cost. The inputs and analyses for the effects
calculations, including economic, safety, and environmental effects, are discussed later in Chapter 4 through
Chapter 7, although the overview of inputs below provides a brief description of the information contained in
the input files that supports those calculations. Throughout these chapters we will occasionally use DOT to
refer to the collaborative work performed by both NHTSA and Volpe, because both organizations are part of
the DOT.

2.1. Overview of Analysis Inputs and Assumptions

The CAFE Model Input File is used to define the analysis fleet,®” the characteristics of the fuel-saving
technologies considered in the analysis, safety considerations, and major economic factors. The input files
contain about 150 thousand records and data points, all considered in the course of running the CAFE Model.
The nature and function of many of these inputs remains mostly unchanged relative to previous versions of
the CAFE Model, although DOT staff regularly updates the values of the inputs to represent the latest
information available at the time of the rulemaking analysis.

The CAFE Model Documentation accompanying today’s NPRM lists all the inputs, defines them and
describes how the inputs are used by the model.® However, this subsection provides an overview of the
CAFE Model Input File, their general purpose and a brief description of the data they contain. Similar to the
CAFE Model Documentation, this subsection is organized based on CAFE Model Input File types.

2.1.1. Technology Options and Pathways

We define the technology options available for the CAFE Model analysis and group those options into
pathways. The pathways define relations of mutual exclusivity between conflicting sets of technologies.
Additionally, each path designates the direction in which vehicles are allowed to advance as the modeling
system evaluates specific technologies for application. Figure 2-1 shows the technology options and
pathways used in the LD and HDPUV analyses.

87 Discussed further below, the “analysis fleet” or “baseline fleet” (used interchangeably) located in the “Vehicles” worksheet of the Market Data Input File
is our representation of the fleet of vehicles to which the CAFE Model adds technology; in some cases, this might be every vehicle model produced for
sale in a specific MY, or it may be a combination of vehicle models produced in different MYs, depending on data avilability.

88 CAFE Model Documentation.
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Figure 2-1: CAFE Model Technology Pathways
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Table 2-1 and Table 2-2 list the technology options available for the LD and HDPUV analyses. The tables

show each technology name, its abbreviation used in the analysis, and the technology group for each

technology.

Table 2-1: Light-Duty Fleet Technologies

Technology Name Abbreviation Technology Group
Single Overhead Camshaft Engine with VVT SOHC Basic Engines
Double Overhead Camshaft Engine with VVT DOHC Basic Engines
Variable Valve Lift VVL Basic Engines
Stoichiometric Gasoline Direct Injection SGDI Basic Engines
Cylinder Deactivation DEAC Basic Engines
Turbocharged Engine TURBOO Advanced Engines
Turbocharged Engine with Cooled Exhaust Gas Recirculation | TURBOE Advanced Engines
Turbocharged Engine with Cylinder Deactivation TURBOD Advanced Engines
Advanced Turbocharged Engine, Level 1 TURBO1 Advanced Engines
Advanced Turbocharged Engine, Level 2 TURBO2 Advanced Engines
DOHC Engine with Advanced Cylinder Deactivation ADEACD Advanced Engines
SOHC Engine with Advanced Cylinder Deactivation ADEACS Advanced Engines
High Compression Ratio Engine HCR Advanced Engines
ggcr;rglj)lgi[gﬁssion Ratio Engine with Cooled Exhaust Gas HCRE Advanced Engines
High Compression Ratio Engine with Cylinder Deactivation HCRD Advanced Engines
Variable Compression Ratio Engine VCR Advanced Engines
Variable Turbo Geometry Engine®® VTG Advanced Engines
Variable Turbo Geometry Engine with eBooster VTGE Advanced Engines
Turbocharged Engine with Advanced Cylinder Deactivation TURBOAD Advanced Engines
Advanced Diesel Engine ADSL Advanced Engines
Advanced Diesel Engine with Improvements DSLI Advanced Engines
Compressed Natural Gas Engine CNG Advanced Engines
5-Speed Automatic Transmission AT5 Transmissions
6-Speed Automatic Transmission AT6 Transmissions
;;;Sa?t?gs (,:uEt%Tatic Transmission with Level 2 high efficiency AT7L2 Transmissions
8-Speed Automatic Transmission AT8 Transmissions
8-Speed Automatic Transmission with Level 2 HEG AT8L2 Transmissions
8-Speed Automatic Transmission with Level 3 HEG AT8L3 Transmissions
9-Speed Automatic Transmission with Level 2 HEG ATOL2 Transmissions
10-Speed Automatic Transmission with Level 2 HEG AT10L2 Transmissions
10-Speed Automatic Transmission with Level 3 HEG AT10L3 Transmissions
6-Speed Dual Clutch Transmission DCT6 Transmissions

89 Technology that enables Miller Cycle ICE.
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8-Speed Dual Clutch Transmission DCT8 Transmissions
Continuously Variable Transmission® CVvT Transmissions
Continuously Variable Transmission with Level 2 HEG®! CVTL2 Transmissions
Conventional Powertrain (Non-Electric) CONV Electrification
12V Micro-Hybrid Start-Stop System SS12v Electrification
48V Belt Mounted Integrated Starter/Generator BISG Electrification
Parallel Strong Hybrid/Electric Vehicle with DOHC Engine P2D Electrification
Eﬁg?rlllzl Strong Hybrid/Electric Vehicle with DOHC+SGDI P2SGDID Electrification
Parallel Strong Hybrid/Electric Vehicle with SOHC Engine P2S Electrification
Eﬁ;lrl:gl Strong Hybrid/Electric Vehicle with SOHC+SGDI P2SGDIS Electrification
Parallel Strong Hybrid Electric Vehicle with TURBOO Engine P2TRBO Electrification
Parallel Strong Hybrid Electric Vehicle with TURBOE Engine | P2TRBE Electrification
Parallel Strong Hybrid Electric Vehicle with TURBO1 Engine P2TRB1 Electrification
Parallel Strong Hybrid Electric Vehicle with TURBO2 Engine | P2TRB2 Electrification
Parallel Strong Hybrid Electric Vehicle with HCR Engine P2HCR Electrification
Parallel Strong Hybrid Electric Vehicle with HCRE Engine P2HCRE Electrification

Power Split Strong Hybrid/Electric Vehicle with Full Time

Atkinson Engine SHEVPS Electrification
Plug-l_n Hybrid Vehicle with TURBO1 Engine and 20 miles of PHEV20T Electrification
electric range

Plug—lln Hybrid Vehicle with TURBO1 Engine and 50 miles of PHEV50T Electrification
electric range

Plug-lln Hybrid Vehicle with HCR Engine and 20 miles of PHEV20H Electrification
electric range

Plug-l_n Hybrid Vehicle with HCR Engine and 50 miles of PHEV50H Electrification
electric range

PI_ug—ln Hybrld. Vehicle with Full Time Atkinson Engine and 20 PHEV20PS Electrification
miles of electric range

Pllug-ln Hybrld. Vehicle with Full Time Atkinson Engine and 50 PHEV50PS Electrification
miles of electric range

Battery Electric Vehicle with 200 miles of range BEV1 Electrification
Battery Electric Vehicle with 250 miles of range BEV2 Electrification
Battery Electric Vehicle with 300 miles of range BEV3 Electrification
Battery Electric Vehicle with 350 miles of range BEV4 Electrification

Fuel Cell Vehicle FCV Electrification
Baseline Tire Rolling Resistance ROLLO Rolling Resistance
Tire Rolling Resistance, 10% Improvement ROLL10 Rolling Resistance
Tire Rolling Resistance, 20% Improvement ROLL20 Rolling Resistance
Tire Rolling Resistance, 30% Improvement ROLL30 Rolling Resistance

9 Note that the CVT and CVTL2 technologies are not applicable to the Pickup and PickupHT technology classes.
91 Note that the CVT and CVTL2 technologies are not applicable to the Pickup and PickupHT technology classes.
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Baseline Aerodynamic Drag Technology AEROO Aerodynamic Drag
Aerodynamic Drag, 5% Drag Coefficient Reduction AERO5 Aerodynamic Drag
Aerodynamic Drag, 10% Drag Coefficient Reduction AERO10 Aerodynamic Drag
Aerodynamic Drag, 15% Drag Coefficient Reduction AERO15 Aerodynamic Drag
Aerodynamic Drag, 20% Drag Coefficient Reduction AERO20 Aerodynamic Drag
Baseline Mass Reduction Technology MRO Mass Reduction
Mass Reduction — 5.0% of Glider MR1 Mass Reduction
Mass Reduction — 7.5% of Glider MR2 Mass Reduction
Mass Reduction — 10.0% of Glider MR3 Mass Reduction
Mass Reduction — 15.0% of Glider MR4 Mass Reduction
Mass Reduction — 20.0% of Glider MR5 Mass Reduction

Table 2-2: Heavy-Duty Pickup Truck and Van Technolog

ies

Technology Name

Abbreviation

Technology Group

Single Overhead Camshaft Engine with VVT

SOHC

Basic Engines

Double Overhead Camshaft Engine with VVT DOHC Basic Engines
Stoichiometric Gasoline Direct Injection SGDI Basic Engines
Cylinder Deactivation DEAC Basic Engines
Turbocharged Engine TURBOO Advanced Engines
Advanced Diesel Engine ADSL Advanced Engines
Advanced Diesel Engine with Improvements DSLI Advanced Engines
5-Speed Automatic Transmission AT5 Transmissions
6-Speed Automatic Transmission AT6 Transmissions
8-Speed Automatic Transmission AT8 Transmissions
9-Speed Automatic Transmission with Level 2 HEG ATIL2 Transmissions
10-Speed Automatic Transmission with Level 2 HEG AT10L2 Transmissions
Conventional Powertrain (Non-Electric) CONV Electrification

12V Micro-Hybrid Start-Stop System SS12v Electrification

Belt Mounted Integrated Starter/Generator BISG Electrification
Parallel Strong Hybrid/Electric Vehicle with SOHC Engine%2%3 (PPZZSD P2TRBO) Electrification
Plug-i_n Hybrid Vehicle with SOHC Engine and 50 miles of PHEV50H Electrification
electric range®*9° (PHEV50T)

Battery Electric Vehicle with 150 miles of range (for van BEV1 Electrification

classes) or 200 miles of range (for pickup classes)

92 The P2S, P2D, and P2TRBO technologies listed in Table 2-2 are all representation of the same “Parallel Strong Hybrid/Electric Vehicle with SOHC
Engine” (P2S) technology. The P2S technology was originally simulated by Argonne using the Autonomie model. However, due to limitations of the
CAFE Model version used for today’s analysis (with respect to technology pathway traversal), DOT staff created duplicates of P2S and copied its
effectiveness and cost into the P2D and P2TRBO nodes.

98 The transmission used for HDPUV P2 HEVs would be equivalent to an AT8L2 even though that technology is not available to be selected by the model.
9 The PHEV50H and PHEV50T technologies listed in Table 2-2 are both representation of the same “Plug-in Hybrid Vehicle with SOHC Engine and 50
miles of electric range” (PHEV50H) technology. As with the P2S technology, PHEV50H was originally simulated by Argonne; however, due to the current
CAFE Model limitations, DOT staff duplicated PHEV50H into the PHEV50T node.

9 The transmission used for HDPUV PHEVs would be equivalent to an AT8L2 even though that technology is not available to be selected by the model.

Chapter 2 What Inputs Does the Compliance Analysis Require? | 2-6



@l Al

NHTS ! CAFE Standards for Passenger Cars and Light Trucks for Model Years 2027 and Beyond and

Fuel Efficiency Standards for Heavy-Duty Pickup Trucks and Vans for Model Years 2030 and Beyond

classos) or 300 miles of ange (fo piokup dlsees) | BEV2 Electrification
Fuel Cell Vehicle FCV Electrification
Baseline Tire Rolling Resistance ROLLO Rolling Resistance
Tire Rolling Resistance, 10% Improvement ROLL10 Rolling Resistance
Tire Rolling Resistance, 20% Improvement ROLL20 Rolling Resistance
Baseline Aerodynamic Drag Technology AEROO Aerodynamic Drag
Aerodynamic Drag, 10% Drag Coefficient Reduction AERO10 Aerodynamic Drag
Aerodynamic Drag, 20% Drag Coefficient Reduction AERO20 Aerodynamic Drag
Baseline Mass Reduction Technology MRO Mass Reduction
Mass Reduction — 1.4% of Glider MR1 Mass Reduction
Mass Reduction — 13.0% of Glider MR2 Mass Reduction

2.1.2. Market Data Input File

The Market Data Input File contains the detailed description of the vehicle model and model configurations
each manufacturer produces for sale in the United States. The file also contains a range of other inputs that
are not specific to individual vehicle models but are specific to individual manufacturers.

The file contains a set of worksheets, as follows:

“Manufacturers” worksheet: Lists specific manufacturers, indicates whether manufacturers are
expected to prefer paying CAFE fines to applying technologies that would not be cost-effective, indicates
what “payback period” defines buyers’ willingness to pay for fuel economy improvements, enumerates
CAFE and COz: credits banked from MYs prior to those represented explicitly, indicates amounts of each
manufacturer’s production that are relevant to compliance with ZEV mandates, and indicates how sales
“‘multipliers” are to be applied when simulating compliance with CO2 standards.

“Credits and Adjustments” worksheet: Enumerates estimates—specific to each manufacturer and
fleet—of expected CO2 and CAFE adjustments reflecting improved air conditioner (AC) efficiency,
reduced AC refrigerant leakage, off cycle technologies, and production of flexible fuel vehicles (FFVs).
The model applies AC refrigerant leakage adjustments only to CO:2 levels and applies FFV adjustments
only to CAFE levels.

“Vehicles” worksheet: Lists vehicle models and model configurations each manufacturer produces for
sale in the United States; indicates which platform, engine, and transmission is present in each vehicle
platform configuration; specifies each vehicle platform configuration’s fuel economy level, production
volume, and average price; specifies several engineering characteristics (e.g., curb weight, footprint, and
fuel tank volume); assigns each vehicle platform configuration to a regulatory class, technology class,
engine class, and safety class; indicates which platforms might reasonably be treated as candidates to be
replaced with vehicles earning credit toward compliance with ZEV mandates; specifies schedules on
which specific vehicle models are expected to be redesigned and freshened; specifies how much U.S.
labor is involved in producing each vehicle model/configuration; and indicates whether specific
technologies are already present on specific vehicle model configurations, or, due to engineering or
product planning considerations, should be skipped. DOT staff have updated this worksheet with
additional inputs pertaining to compliance with ZEV mandates, specifying the earliest MY when a vehicle
may become a ZEV, and a “reference vehicle” that may be used as the source for shifting production
volumes into a ZEV candidate, as further discussed in Chapter 2.5.1, Simulating the ZEV Programs.

“Platforms” worksheet: Identifies specific platforms used by each manufacturer and for each platform,
lists a unique code (referenced by the platform code specified for each vehicle model configuration),
specifies the name of the platform, indicates optional platform-specific redesign and refresh schedules,
and indicates whether specific technologies are already present on specific platforms, or, due to
engineering or product planning considerations, should be skipped. For today’s rule, DOT staff have
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added the Platforms worksheet to the Market Data Input File to discretely represent each platform’s
configuration and to better account for the vehicle models that use that platform.

e “Engines” worksheet: Similar to the Platforms worksheet, identifies specific engines used by each
manufacturer and for each engine, lists a unique code (referenced by the engine code specified for each
vehicle model configuration), identifies the fuel(s) with which the engine is compatible, specifies the
valvetrain design (e.g., dual overhead cam [DOHC]), specifies the engine’s displacement, cylinder
configuration and count, identifies the engine’s aspiration type (e.g., naturally aspirated, turbocharged),
and indicates whether specific technologies are already present on specific engines, or, due to
engineering or product planning considerations, should be skipped. DOT staff have updated this
worksheet to include optional engine-specific redesign and refresh schedules.

¢ “Transmissions” worksheet: Similar to the Platforms and Engines worksheet, identifies specific
transmissions used by each manufacturer and for each transmission, lists a unique code (referenced by
the transmission code specified for each vehicle model configuration), identifies the type (e.g., automatic
or continuously variable transmission (CVT)), specifies the number of forward gears, and indicates
whether specific technologies are already present, or, due to engineering or product planning
considerations, should be skipped. As with the Engines worksheet, DOT staff have updated this
worksheet to include optional transmission-specific redesign and refresh schedules.

2.1.3. Technologies Input File

The Technologies Input File identifies approximately six dozen technologies to be included in the analysis,
indicates when and how widely each technology can be applied to specific types of vehicles, provides most of
the inputs involved in estimating what costs will be incurred, and provides some of the inputs involved in
estimating impacts on vehicle fuel consumption and weight.

The file contains the following types of worksheets:

e “Parameters” worksheet: Not to be confused with the Parameters Input File discussed below, this
worksheet in the Technologies Input File indicates, for each technology class, the share of the vehicle’s
curb weight represented by the “glider” (the vehicle without the powertrain).

e “Technologies” worksheet: For each named technology, specifies the share of the entire fleet to which
the technology may be additionally applied in each MY and indicates the amount of ZEV credits that may
be earned from application of specific technologies.

e “Technology Class” worksheets: In a separate worksheet for each of the 14 technology classes
(discussed below), identifies whether and how soon the technology is expected to be available for wide
commercialization, specifies the percentage of miles a vehicle is expected to travel on a secondary fuel (if
applicable, as for PHEVS), indicates a vehicle’s expected electric power and all-electric range (AER) (if
applicable), specifies expected impacts on vehicle weight, specifies estimates of costs for technologies in
each MY (and factors by which electric battery costs are expected to be reduced in each MY), specifies
any estimates of maintenance and repair cost impacts, and specifies any estimates of consumers’
willingness to pay for the technology.

e “Engine Technology Class” worksheets: In a separate worksheet for each of the 52 initial engine
types identified by cylinder count, number of cylinder banks, and configuration (DOHC, unless identified
as OHV or single overhead cam [SOHC]), specifies estimates of costs in each MY, as well as any
estimates of impacts on maintenance and repair costs.

2.1.4. Parameters Input File

The Parameters Input File contains inputs spanning a range of considerations, such as economic and labor
utilization impacts, vehicle fleet characteristics, fuel prices, scrappage and safety model coefficients, fuel
properties, and emission rates.

The file contains a set of specific worksheets, as follows:

e “Economic Values” worksheet: Specifies a variety of inputs, including social and consumer discount
rates to be applied, the “base year” to which to discount social benefits and costs (i.e., the reference years
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for present value analysis), discount rates to be applied to the SC of CO2 emissions, the elasticity of
highway travel with respect to per-mile fuel costs (also referred to as the rebound effect), the gap between
test (for certification) and on-road (i.e., real world) fuel economy, the fixed amount of time involved in each
refuel event, the share of the tank refueled during an average refueling event, the value of travel time (in
dollars per hour per vehicle), the estimated average number of miles between mid-trip EV recharging
events (separately for each BEV considered in the analysis), the rate (in miles of capacity per hour of
charging) at which EV batteries are recharged during such events, the values (in dollars per vehicle mile)
of congestion and noise costs, costs of vehicle ownership and operation (e.g., sales tax), economic costs
of oil imports, estimates of future macroeconomic measures (e.g., GDP), and rates of growth in overall
highway travel (separately for low, reference, and high oil prices).

e “Vehicle Age Data” worksheet: Specifies nominal average survival rates and annual mileage
accumulation for cars, vans and SUVs, pickup trucks, and heavy-duty pickup trucks and vans. These
inputs are used only for displaying estimates of avoided fuel savings and CO2 emissions while the model
is operating. Calculations reported in the CAFE Model Output File reflect, among other things, application
of the scrappage model.

e “Fuel Prices” worksheet: Separately for gasoline, E85, diesel, electricity, hydrogen, and compressed
natural gas (CNG), specifies historical and estimated future fuel prices (and average rates of taxation).

e “Dynamic Fleet Share (DFS) Model Values” worksheet: Specifies coefficients used by the dynamic
fleet share model, which estimates the relative proportions of passengers and LTs in the total U.S. market
for new vehicles. This page also includes an annual forecast of PC share used if the static fleet share
option is selected.

e “Sales Model Values” worksheet: Specifies coefficients applied by the nominal sales forecast model,
which the CAFE Model uses to estimate the number of Light-Duty Vehicles (LDVs) sold in each MY of the
analysis period. Also contains an annual forecasted level of sales by class which the CAFE Model uses to
estimate the number of HDPUVs sold in each MY of the analysis.

e “Scrappage Model Values” worksheet: Specifies coefficients applied by the scrappage model, which
the CAFE Model uses to estimate rates at which vehicles will be scrapped (removed from service) during
the period covered by the analysis.

e “Historic Fleet Data” worksheet: For MYs not simulated explicitly (here, MYs through 2021), and
separately for cars, vans and SUVs, pickup trucks, and HDPUVs, specifies the initial size (i.e., number
new vehicles produced for sale in the United States) of the fleet, the number still in service in the indicated
calendar year (here, 2021), the relative shares of different fuel types, and the average fuel economy
achieved by vehicles with different fuel types, and the averages of horsepower (HP), curb weight, fuel
capacity, and price (when new).

o “Safety Values” worksheet: Specifies coefficients used to estimate the extent to which changes in
vehicle mass impact highway safety. Also, specifies the values assigned to preventing highway fatalities,
nonfatal injuries, and property damaged vehicles, as well as the share of incremental risk (of any
additional driving) internalized by drivers and the base year for annual growth. Chapter 7 discusses these
estimation procedures.

e “Fatality Rates (FR)” worksheet: Separately for each MY from 1975-2050 and vehicle age (through a
maximum of 39 years), specifies the estimated number of fatalities, non-fatal injuries, and vehicles
sustaining property damage in crashes per billion miles of travel. Vehicles produced during each MY
reach a unique age in each subsequent calendar year; for example, those produced during MY 2020 are
defined to have age=0 in calendar year 2020, and to have reached age=10 in calendar year 2030.

e “Credit Trading Values” worksheet: Specifies whether various provisions related to compliance credits
are to be simulated (currently limited to credit carry-forward and transfers) and specifies the maximum
number of years’ credits may be carried forward to future MYs. Also, specifies statutory (for CAFE only)
limits on the quantity of credits that may be transferred between fleets, and specifies amounts of lifetime
mileage accumulation to be assumed when adjusting the value of transferred credits. Also,
accommodates a setting indicating the maximum number of MYs to consider when using expiring credits.

e “ZEV Credit Values” worksheet: Specifies the percentage requirements of states’ zero-emission vehicle
programs (Advanced Clean Cars Il and Advanced Clean Trucks), by MY. Also includes PHEV cap where
applicable.
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¢ “Employment Values” worksheet: Specifies the estimated average revenue original equipment
manufacturers (OEMs) and suppliers earn per employee, the RPE factor applied in developing technology
costs, the average quantity of annual labor (in hours) per employee, a multiplier to apply to U.S. final
assembly labor utilization in order to obtain estimated direct automotive manufacturing labor, and a
multiplier to be applied to all labor hours.

¢ “Fuel Properties” worksheet: Separately for gasoline, E85, diesel, electricity, hydrogen, and CNG,
specifies energy density, mass density, carbon content, and vehicle-based SOz emissions (grams per unit
of energy).

¢ “Fuel Import Assumptions” worksheet: Separately for gasoline, E85, diesel, electricity, hydrogen, and
CNG, specifies the extent to which (a) changes in fuel consumption lead to changes in net imports of
finished fuel, (b) changes in fuel consumption lead to changes in domestic refining output, (c) changes in
domestic refining output lead to changes in domestic crude oil production, and (d) changes in domestic
refining output lead to changes in net imports of crude oil.

e “Emissions Health Impacts” worksheet: Separately for NOx, SO2 and PM2.s emissions, separately for
upstream and vehicular emissions, and for each of calendar years 2020, 2025, and 2030, specifies
estimates of various health impacts, such as premature deaths, acute bronchitis, and respiratory hospital
admissions. Consulting with technical staff at EPA and ANL, DOT staff have refined the structure of these
inputs to account separately for refining, petroleum extraction, finished fuel distribution (i.e., transportation,
storage, and distribution), and electricity generation, and to differentiate between gasoline and diesel,
light-duty and heavy-duty vehicle emissions.

e “Greenhouse Emission Costs” worksheet: For each calendar year through 2080, specifies low,
average, high, and very high estimates of the SC of CO2 emissions, in dollars per metric ton.
Accommodates analogous estimates for methane (CHa) and Nz0.

e “Criteria Pollutant Emission Costs” worksheet: Separately for NOx, SO2 and PMz.5 emissions,
separately for upstream and vehicular emissions, and for each of calendar years 2020, 2025, and 2030,
specifies SCs on a per-ton basis.

e “Upstream Emissions (UE)” worksheets: Separately for gasoline, E85, diesel, electricity, hydrogen,
and CNG, and separately for calendar years 2020, 2025, 2030, 2035, 2040, 2045, and 2050, and
separately for various upstream processes (e.g., petroleum refining), specifies emission factors (in grams
per million British thermal unit [BTU]) for each included criteria pollutant (e.g., NOx) and toxic air
contaminant (e.g., benzene).

e “Tailpipe Emissions (TE)” worksheets: Separately for gasoline and diesel, for each of MYs 1975-2050,
for each vehicle vintage through age 39, specifies vehicle-based emission factors (in grams per mile) for
CO, volatile organic compounds (VOC), NOx, PM2s, CH4, N20O, acetaldehyde, acrolein, benzene,
butadiene, formaldehyde, and diesel particulate matter (PM) 10 microns or less in diameter (PMu1o).

e “BTW Emissions” worksheet: Specifies BTW emission rates across fuels, separately for gasoline, E85,
diesel, electricity, hydrogen, and CNG and by vehicle class.

2.1.5. Scenarios Input File

The CAFE Model represents each regulatory alternative as a discrete scenario, identifying the first-listed
scenario as the baseline relative to which impacts are calculated. Each scenario is described in a worksheet
in the Scenarios Input File, with standards and related provisions specified separately for each regulatory
class (which are identified in the input file as “Passenger Car,” “Light Truck,” or “Light Truck 2b/3”) and each
MY. Inputs specify the standards’ functional forms and define coefficients in each MY, separately for the
CAFE and CO2 compliance programs. For functional forms not native to the CO2 program, multiplicative
factors and additive offsets may be used to convert fuel economy targets to CO2 targets, the two being directly
mathematically related by a linear transformation. Additional inputs specify minimum CAFE standards for
domestic PC fleets, determine whether upstream emissions from electricity and hydrogen are to be included
in CO2 compliance calculations, identify specific MYs for which new standards are being proposed or
finalized, specify the governing rates for CAFE civil penalties, identify how FFVs and PHEVs are to be
accounted for in CAFE compliance calculations, define per-credit costs and caps on the adjustments
reflecting improvements to OC and AC efficiency and emissions, and specify any estimated amounts of
average Federal tax credits earned by HEVs, PHEVs, BEVs, and FCVs. DOT staff have updated this
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worksheet to accommodate discrete inputs for the PEF applicable to PHEVs and BEVs. Additionally, Federal
tax credit provisions have been extended to include a scaling factor on the credit amount, as well as to
account for the tax credits attributed to the suppliers of HEV batteries.

2.1.6. Runtime Settings

In addition to inputs contained in the above-mentioned files, the CAFE Model makes use of additional settings
selected when operating the model. These include which compliance program (CAFE, COz2, or both) is to be
evaluated; the range of MYs to evaluate for analysis; the initial MY when technology application begins; the
MYs during which technology application and vehicle sales under each regulatory alternative remain
unchanged from the No-Action Alternative (i.e., the baseline); whether the use of compliance credits is to be
simulated; the assumed amount of accumulated driving (in miles) to use when estimating impacts on new
vehicle sales and used vehicle scrappage; whether low, average, or high estimates are to be applied for
fatality rates; the amount by which to scale benefits to consumers; and whether to calculate and report an
implicit opportunity cost. Further settings include the ability to enable the dynamic economic models, along
with various accompanying configuration options that specify the number of sales model iterations to be
undertaken, the price elasticity multiplier, which dynamic fleet share models to use, and whether fleet shares
from the No-Action Alternative are applied to each regulatory alternative. For today’s analysis, DOT staff
have introduced new settings to the model, supporting a selection of a dynamically computed or a user-
defined sales forecast for the No-Action Alternative, and supporting the ability to adjust fleet shares from the
No-Action Alternative prior to applying them in the regulatory alternatives.

2.1.7. Simulation Inputs

As mentioned above, the CAFE Model makes use of databases of estimates of fuel consumption impacts
and, as applicable, battery costs for different combinations of fuel saving technologies. For today’s analysis,
DOT developed these databases using a large set of full vehicles and accompanying battery cost model
simulations developed by ANL. To ensure accuracy of the input data and maintain computational efficiency,
DOT has integrated the databases into the CAFE Model Executable File. When the model is run, the
databases are processed and loaded into memory for analysis. However, the CAFE Model also provides a
menu option to extract the databases and place them in an accessible location on the user’s disk drive.

The extracted databases, each of which is in the form of a simple (if somewhat large) text file, are as follows:

e “FE1_Adjustments.csv”: Defines the main database of fuel consumption improvement estimates. Each
record contains such estimates for a specific indexed combination of technologies (using a
multidimensional “key”) for each of the technology classes in the Market Data and Technologies Input
Files. Each estimate is specified as a percentage of the “base” technology combination for the indicated
technology class.

e “FE2_Adjustments.csv”: Specific to PHEVs, defines a database of fuel consumption improvement
estimates applicable to operation on electricity, specified in the same manner as those in the main
database.

e “Battery_Costs.csv”: Specific to technology combinations involving vehicle electrification, defines a
database of estimates of corresponding baseline costs (before learning effects) for batteries in these
systems.

2.1.8. Autonomie Vehicle Simulation Databases

As discussed above, the technology effectiveness values used in the CAFE Model come from a set of full
vehicle simulations developed by ANL using the Autonomie model. While DOT adapts these prohibitively
large simulation databases into the CAFE Model Executable File, DOT provides a summary of simulation
outputs for each vehicle technology class. Argonne also provides Autonomie Input and Assumptions
Descriptions Files to describe the assumptions used in building vehicle models and for the BatPaC battery
cost modeling.

For the light-duty fleet, the workbooks Argonne provides for the full vehicle simulations are, as follows:
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e “CompactNonPerfo_2206.csv; CompactPerfo_2206.csv; MidsizeNonPerfo_2206.csv;
MidsizePerfo_2206.csv; MidsizeSUVNonPerfo_2206.csv; MidsizeSUVPerfo_2206.csv;
PickupNonPerfo_2206.csv; PickupPerfo_2206.csv; SmallSUVNonPerfo_2206.csv;
SmallSUVPerfo_2206.csv”: These are the ten databases that contain the outputs of the Autonomie full
vehicle simulations for the light-duty vehicle fleet. These ten vehicle classes account for approximately
150 thousand simulations (in each vehicle class) that have been considered for this analysis. These
results are in raw absolute mpg form, which are then converted to the appropriate incremental
effectiveness value for use in the CAFE Model.%

e  “ANL - All Assumptions_Summary_NPRM_2206.xlsx”: This summary workbook provides broad
summaries of assumptions used for the Autonomie full vehicle simulations, such as component weights,
cold start penalties, component specifications, etc.

e “ANL - Data Dictionary_NPRM_2206.xIsx”: This workbook contains descriptions of inputs and units for
the Autonomie simulation results.

e “ANL - Summary of Main Component Performance Assumptions_NPRM_2206.xlsx”: This workbook
contains another set of characteristics data for transmission efficiencies, engine fueling rates, and electric
motor (EM) efficiencies. It also contains the inputs, assumptions, and outputs of the battery pack
modeling performed by Argonne for this analysis.

For the HDPUV fleet, the workbooks Argonne provides for the full vehicle simulations are, as follows:

e “C2P_Processed_220811.csv; C2V_Processed 220811.csv; C3P_Processed 220811.csv;
C3V_Processed _220811.csv”: These are the four databases that contain the outputs of the Autonomie
full vehicle simulations for the HDPUV fleet, and account for approximately 2,500 full vehicle simulations
considered in this analysis. As with the light-duty vehicle simulations, the HDPUV results are specified in
raw absolute mpg form and are converted accordingly prior to use with the CAFE Model.

e  “ANL - All Assumptions Summary - (2b-3) FY22 NHTSA - 220811.xIsx”: This summary workbook
provides broad summaries of assumptions used for the Autonomie full vehicle simulations, such as
component weights, cold start penalties, component specifications, etc.

e “ANL - Data Dictionary - (2b-3) FY22 NHTSA - 2200811.xIsx”: This workbook contains descriptions of
inputs and units for the Autonomie simulation results.

e “ANL - Summary of Main Component Performance Assumptions - (2b-3) FY22 NHTSA -
220811.xIsx”: This workbook contains another set of characteristics data for transmission efficiencies,
engine fueling rates, and EM efficiencies. It also contains the inputs, assumptions, and outputs of the
battery pack modeling performed by Argonne for this analysis.

2.1.9. Where can | find the internal NHTSA files?

As in the past NHTSA rulemaking, for the purpose of transparency and easier review of the files used for this
analysis we post our CAFE Model source code, inputs and outputs on our website. This is located on
https://www.nhtsa.gov/laws-regulations/corporate-average-fuel-economy.®’

Below is a table of all CAFE Model Files referenced in this TSD and their respective file locations. See text
box at the beginning of each chapter to find all CAFE Model Files referenced in that particular chapter.

Table 2-3: Internal NHTSA Files

NHTSA Internal File File Location

NHTSA CAFE Model Website > Downloads > CAFE Model
Documentation

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > input

CAFE Model Documentation

CAFE Model Input File

9% |t is important to note that while absolute fuel economy values are calculated by the Autonomie model, the CAFE Model only uses the relative fuel
economy values to determine the effectiveness of any given technology key.
97 See https://www.nhtsa.gov/laws-regulations/corporate-average-fuel-economy.
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Market Data Input File

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > input > market_data_ref.xIsx

Parameters Input File

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > input > parameters_ref.xlsx

Technologies Input File

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > input > technologies_ref.xIsx

tran.f NEMS Source File

EIA Website > Annual Energy Outlook > Information on Obtaining NEMS
> NEMS Archive zip file > reference > source > tran.f

Scenarios Input File

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > input > scenarios_ref.xlsx

SS CAFE Model Scenarios Input
File (standard settings)

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > input > scenarios_ref.xIsx

EIS CAFE Model Scenarios Input
File (environmental impact
statement mode)

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > input > scenarios_eis.xIsx

CAFE Model Output File

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > output

Vehicle Report Output File

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > output > ref > reports-csv > vehicles_report.xIsx

CAFE Model Compliance Output
File

NHTSA CAFE Model Website > Downloads > Central & EIS Analysis >
Central Analysis Zip > output > ref > reports-csv > compliance_report.xIsx

CAFE Model Executable File

CAFE Model Program Directory

CAFE Model Battery Costs File

CAFE Model Fuel Economy
Adjustment Files

NHTSA CAFE Model Website > Downloads > Model Software > CAFE
Model (installed directory)

CAFE Analysis Autonomie
Documentation

Argonne National Laboratory
Autonomie Results Dataset

Autonomie Input and Assumptions
Description Files

Argonne National Laboratory
Autonomie Results Data Dictionary

BatPaC Assumptions Tab in the
BatPac Lookup Tables

BatPac Lookup Tables

Argonne National Laboratory
Autonomie Results Dataset

Docket > Browse Documents > Argonne Autonomie Inputs and
Documents (Supporting and Related Material)

BenMAP Health Incidence Files

BenMAP EC/OC Health Incidence
Files

Docket > Browse Documents > EPA Reports

2.2. The Market Data Input File

The starting point for the evaluation of different stringency levels for future fuel economy standards is the
analysis fleet (also known as the baseline fleet, and we use the two terms interchangeably throughout this

Chapter 2

What Inputs Does the Compliance Analysis Require? | 2-13



@l Al

CAFE Standards for Passenger Cars and Light Trucks for Model Years 2027 and Beyond and
NHTS A Fuel Efficiency Standards for Heavy-Duty Pickup Trucks and Vans for Model Years 2030 and Beyond

document), which is a snapshot of the recent light-duty or HDPUV vehicle markets. For this analysis two
baseline fleets were constructed, a LD fleet that represents the MY 2022 fleet of LD vehicles sold, and the
HDPUYV fleet that represents a composite fleet of vehicles sold in recent MYs. Each analysis fleet provides a
reference point to project how manufacturers could apply additional technologies to vehicles to cost-effectively
improve vehicle fuel economy, in response to regulatory action and market conditions.®® As the scope of
CAFE analysis has widened over successive rulemakings, the range of data that must be included for each
vehicle in the analysis fleet has, in turn, widened, currently including nearly half a million pieces of information
used and referenced in the CAFE Model analysis.

The Market Data Input File contains information about manufacturer credit banks, fine payment preferences,
and whether a manufacturer has voluntarily adopted the California Framework Agreements, in which they
committed to exceed standards set in the 2020 final rule. Additionally, the Market Data Input File includes
some information about the distribution of vehicle sales within the United States, recognizing the proportion of
vehicles sold in California and Section 177 states, and in the rest of the United States. This information
supports the representation of ZEV mandates, discussed in detail below. Credit banks, fine payment
preferences, and other information described in this paragraph appear on the “Manufacturers” tab of the
Market Data Input File.

The “Credits and Adjustments” tab of the Market Data Input File summarizes additional credits previously
claimed by manufacturer, by regulatory class. On this tab, the Market Data Input File includes historical data
about claimed AC efficiency, AC leakage, OC improvement values, and FFV credits, as well as forward
looking projections about AC and OC improvement values that DOT believes may be claimed in the future.

The “Vehicles” tab of the Market Data Input File includes information about the vehicles sold in the United
States in a given MY. In this tab, DOT staff catalogue the types of vehicles sold, the number sold, the
regulatory class, the footprint, the fuel economy FE, and other information about those vehicles that informs
the baseline for the analysis. Of particular importance is an assessment of which fuel saving technologies
already appear on the vehicles. The vehicles tab includes information necessary to link observed vehicles to
effectiveness estimates for additional fuel saving technologies and technology costs, by linking each vehicle
to a vehicle technology class, engine class, or platform. The Market Data Input File contains additional
information about projected refresh and redesign cycles, and current part sharing of structural parts, engines,
and transmissions. These factors are all taken into account by the CAFE Model when applying additional fuel
saving technologies. Estimates of manufacturer suggested retail price (MSRP), labor hours per vehicle, and
percent U.S. content provide reference information used in CAFE Model effects calculations.

The Market Data Input File “Platforms,” “Engines,” and “Transmissions” tabs characterize technology content
of vehicle platforms, as well as engine and transmission systems in use in the observed fleet and link these
systems back to observed vehicles via the “platform code,” “engine code,” and “transmission code.”

A reasonable characterization of the analysis fleet is key to estimating costs and benefits resulting from the
rulemaking action. The baseline sales volumes, fuel economies, and manufacturer fleet fuel economies act
as the starting place for the CAFE Model compliance simulations that evaluate how manufacturers may
respond to any projected future standards. The analysis fleet inputs, as characterized in the Market Data
Input File, also provide a technology starting point for the CAFE Model when the compliance model begins
consideration of what technologies may be adopted in the future, based on redesign cycle and parts sharing.
The definition of this technology starting point is important because it reduces the likelihood of “double-
counting” the effectiveness of technologies, which can occur if the analysis assumes already applied
technologies are still available to improve a vehicle’s fuel economy. The analysis fleet also accounts for the
idea that some fuel saving technologies may not meet functional requirements for all vehicle types, or
performance applications. The Market Data Input File, and information outlined in this TSD, endeavors to
make clear the baseline assumptions with respect to the fleet used in a rulemaking analysis.

The market for automotive equipment in the United States is highly heterogeneous, and even half a million
data points may not be enough to characterize every potentially relevant nuance of the automotive

9% The CAFE Model does not generate compliance paths a manufacturer should, must, or will deploy. It is intended as a tool to demonstrate a compliance
pathway a manufacturer could choose. It is almost certain all manufacturers will make compliance choices differing from those projected by the CAFE
Model.
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marketplace. As with every fuel economy rulemaking, today’s analysis fleets reflect a balance between the
exigencies of the rulemaking and the availability of supporting data.

The following subchapters discuss the inputs included in the Market Data Input File for the LD and HDPUV
analyses, including vehicles and their technology content (i.e., the analysis fleet or baseline fleet), and
baseline safety, economic, and manufacturer compliance positions.

2.2.1. Characterizing Vehicles and their Technology Content

Most of the information in the Market Data Input File is about specific vehicles, including sales, fuel
economies, regulatory class, and the vehicle specifications. The input file is based on best information
available at the time DOT staff assemble the Market Data Input File. Beyond specifications, information in the
Market Data Input File links parts of the analysis. For instance, while the analysis fleet sets the baseline for
fuel saving technology content already in use, by vehicle, the Market Data Input File also includes information
linking individual vehicles to technology effectiveness estimates and technology costs. These values may
vary by the type of vehicle, and the configuration of equipment on the vehicle.

In the Market Data Input File, DOT staff assign each vehicle a “technology class.” The technology class is
used to link the observed vehicle to effectiveness estimates and technology costs. The CAFE Model
references the ANL Autonomie simulations for many effectiveness estimates used in the compliance
simulation. In these simulations, Argonne projects the fuel economies for ten different types of light-duty
vehicles and four different types of HDPUVs, for many combinations of fuel saving technologies. The
technology class in the Market Data Input File points the CAFE Model to the most relevant reference set of
effectiveness estimates for each vehicle. Similarly, some costs for fuel saving technologies vary by the type
of vehicle. The technology class in the Market Data Input File also points the CAFE Model to the most
relevant reference costs in the “Technologies Input File,” with costs for vehicle technologies being listed on
the associated technology class tab.

Just as some vehicle technology costs vary by type of vehicle (or technology class, as listed in the Market
Data and Technologies Input Files), the cost of fuel saving engine technologies and some electrification
systems vary by the engine architecture, or peak power output most closely associated with an engine
architecture. For instance, the cost of adding dynamic cylinder deactivation (DEAC) to a naturally aspirated
DOHC inline four-cylinder engine is not projected to be the same as adding DEAC to a naturally aspirated
overhead valve (OHV) V eight-cylinder engine. Similarly, some naturally aspirated inline four-cylinder engines
may retain four cylinders when turbocharged (“4C1B” engine technology class, meaning an engine with four
cylinders and one bank), but lower power variants might go to three cylinders when turbocharged (“4C1B_L"
engine technology class), and thereby have lower projected costs in comparison for the step to turbocharging.
For a more detailed discussion of the mechanics of engine technology classes, naming conventions, and
engine costs, see Chapter 3.1. The engine technology class in the Market Data Input File points the CAFE
Model to the most relevant engine technology costs.

For each configuration of a vehicle, referred to as a row, the Market Data Input File lists a certification fuel
economy, sales volume, regulatory class, and footprint. These are the bare minimum pieces of information
needed to understand if a manufacturer is under or over complying with standards. The Market Data Input
File often includes a few rows for vehicles that may have identical certification fuel economies, regulatory
classes, and footprints (with compliance sales volumes divided out among rows), because other pieces of
information used in the CAFE Model may be dissimilar.

For instance, for a given nameplate, the curb weight may vary by trim level, with premium trim levels often
weighing more on account of additional equipment on the vehicle; or, a manufacturer may provide consumers
the option to purchase a larger fuel tank size for their vehicle. These pieces of information may not impact the
observed compliance position directly, but curb weight, in relation to other vehicle attributes, is important to
assess MR (MR) technology already used on the vehicle, and fuel tank size is directly relevant to saving time
at the gas pump, which the CAFE Model uses when calculating the value of avoided time spent refueling.

The Market Data Input File also provides an inventory of fuel saving technologies already equipped on the
observed vehicles. A reasonable characterization is important: underestimating the amount of fuel saving
technology content on a vehicle would allow the CAFE Model to apply that technology again in the
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compliance simulation and create a “phantom” projection of potential fuel economy savings. In contrast,
overestimating the amount of fuel saving technology content already on a vehicle would also remove the
misapplied technologies from consideration, and confuse the cost accounting if that technology is replaced
with another. For example, if the assigned amount of engine technology content is higher than actually used,
the projected incremental cost to switch to electrified technologies may be underestimated, because the cost
of removed technologies will be overestimated. The baseline fleet assignment process for each technology is
described in detail in Chapter 3.

For some fuel saving technologies, manufacturers share parts or systems to get the most from economies of
scale. The CAFE Model accounts for some relationships between vehicles that are important to consider.
For instance, similar engines and transmissions often appear on many types of vehicles. Manufacturers often
use platforms (with shared MR technologies) on a family of vehicles. The CAFE Model includes measures to
maintain complexity in compliance simulations as it evaluates cost-effective compliance pathways. DOT staff
assign each vehicle in the Market Data Input File a “platform code,” an “engine code,” and a “transmission
code.” With few exceptions, vehicles that share engines codes, and thus engines, will adopt engine
technologies together, while vehicles that share transmissions will adopt TRANS together.?® Likewise,
vehicles that share platforms will adopt MR technologies together. Redesign cycles for all of the vehicles that
share components may not always be in sync; as a result, vehicles with shared components and laggard
redesigns and refreshes will inherit shared technologies at the first available opportunity.

In limited cases, the Market Data Input File includes information about technologies that the CAFE Model may
not apply. For the row on the vehicle, platform, engine, or transmission tabs, and for the associated
technology column listed on those tabs, “SKIP” appears in the spreadsheet cell for any technology that is not
applicable to vehicle or component of a given row. Generally, the logic for applying these skips is derived
from engineering data and stakeholder provided information. Examples of SKIP logic includes SKIPs to high
levels of aerodynamic improvements that need to take into account form drag for some vehicle body styles,
SKIPs to high levels of rolling resistance for performance vehicles that have high needs for traction to meet
handling objectives, and SKIPs to some engine packages to account for low specific power output and torque
requirements. If SKIP is applicable for a technology, the rules for restricting technology for a specific set of
vehicles are described in Chapter 3.

The CAFE Model considers many types of fuel saving technologies, but some are very difficult to observe
from public information available. For instance, the rolling resistance of a set of tires may not appear on a
public specifications sheet, and the inner workings and efficiencies of a transmission may be hard for DOT
staff to assess without detailed study, or CBI. In these cases, DOT staff rely on best information available,
and, occasionally, analyst or engineering judgement, or described analytical techniques, like in the case of
MR technology. When manufacturers or suppliers do provide CBI, we often verify the information in due time,
usually through contracted analysis at independent labs. We often try to gather multiple sources of
information to support each data point.

For today’s analysis, when assembling the light-duty vehicle fleet, for some technologies, such as rolling
resistance and aerodynamic improvements, DOT staff relied on confidential information provided by
manufacturers about their MY 2016 light-duty fleet, and carried these values forward, by nameplate, for the
MY 2022 fleet. With this approach, it is possible that DOT underestimates the extent to which manufacturers
have added harder-to-observe technologies in the MY 2022 fleet since MY 2016, increasing the risk of
“double counting” effectiveness, especially for aerodynamics, and rolling resistance. While some
technologies are difficult to observe, many technologies are straightforward to identify via specification sheets,
marketing materials, or published technical papers. These technologies can be directly linked with the most
representative Argonne simulation, and technology cost estimate. Whether a technology is easy to observe,
or difficult to observe, DOT staff assign baseline technology content for each vehicle in the Market Data Input
File.

The Market Data Input Files catalogues DOT’s understanding of technologies already equipped on vehicles,
with many vehicles not yet exhausting all technologies that may improve internal combustion engine (ICE)
efficiency. The current technology assessment in the baseline fleet shows that many vehicles, even ones with

99 One exception to sharing is between light-duty and HDPUYV fleets; even though some engines, transmissions, or platforms might be shared, the
underlying Autonomie simulations are different thus sharing was severed.
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advanced engine or transmission technologies, still may be marginally improved with the application of
additional technologies. Often, recently released engines or transmissions may be reasonably characterized
as early adopters of some technologies already considered in the analysis, in combination with a
representation of a previous generation, widely adopted technology.

The following subchapters discuss the data sources used to populate the analysis fleets, and how DOT staff
accurately characterize the starting point for the compliance simulation.

2.2.1.1. Data Sources Used to Populate the Analysis Fleet

The Market Data Input File integrates information from many sources, including manufacturer compliance
submissions, publicly available information, and CBI. At times, information is still incomplete, and DOT staff
use analyst judgement to complete populating the analysis fleet. When analyst judgement is used, DOT staff
try to make clear the underlying data and logic informing the analysis. Forward looking refresh/redesign
cycles are one example of when analyst judgement is necessary.

DOT staff make every effort to use current, credible sources with information that may be shared with the
public or independently verified. For the light-duty fleet, DOT staff used pre-MY 2022 compliance data as the
basis of the analysis fleet.1°® Due to different reporting requirements for HDPUV fleet, DOT staff relied on
compliance data from MYs ranging between MY 2014 and MY 2022.1°! For light-duty vehicles, compliance
data contains information about projected sales volumes, vehicle fuel economies, vehicle footprints, and often
contains some information about engine architecture, transmission architecture, and vehicle drive
configuration. For HDPUV vehicles, compliance data similarly contains sales volumes, fuel consumption
values, vehicle work factors, engine displacement, fuel type, axle ratios, body configurations, and some other
relevant information for identifying the vehicles.1%> For each vehicle nameplate, DOT staff identified and
downloaded manufacturer specification sheets, usually from the manufacturer media website, or from online
marketing brochures.'%3 From specification sheets, DOT staff gathered information to identify engine
technologies, engine families, transmission technologies, transmission families, and electrified drivetrain
technologies. We also recorded curb weights (often varying by powertrain, by drive configuration, and by trim
level), peak HP, and occasionally a manufacturer reported vehicle’s aerodynamic drag coefficient. For
additional information about how specification sheets informed the assignment of a technology to a vehicle in
the MY 2022 fleet, see the technology specific “baseline assignment” subchapters in Chapter 3.

Often, one entry in the compliance record (typically including a nameplate, sales volume, fuel economy,
footprint, drive configuration, and basic description of the engine and transmission) describes a range of
vehicles with attributes that may vary meaningfully for the CAFE Model analysis. For instance, one
compliance record may represent a range of trim levels, offered for sale at a range of prices, or spanning a
range of curb weights. In most of these cases, DOT staff averaged the MSRP and curb weights of the
multiple trims that would match the row presented in the compliance record.

One consequence of using historical compliance data to populate the Market Data Input File is that the
analysis carries forward fleet composition, or at least iterates the fleet from an observation taken in the past.
In other words, the Market Data Input File does not use forward looking information to project which
nameplates may be introduced, or which nameplates will be retired, or evaluate how competitive positions

100 pre-MY compliance data comprises of manufacturer’s predictions of the volume of vehicles they will be producing in the upcoming MY. There is a high
probability that these numbers will differ from the actual production volumes for that MY. We intend to update volumes with mid-MY data for the final rule
to more accurately reflect sales.

101 The compliance data used as the basis of the HDPUV fleet differed by manufacturer as follows: pre-MY 2014 for Mercedes-Benz, final MY 2018 for
Ford and GM, final MY 2019 for Stellantis, final MY 2020 for Nissan, and pre-MY 2022 for Rivian. The specifications for these vehicles in the Market Data
Input File match the vintage of compliance data. Vehicles that were observed to have been redesigned since the compliance year were given redesigns
in 2023.

102 For this NPRM, vehicles were divided between light-duty and HDPUV solely on GVWR being above or below 8,500 Ibs. We will revisit the distribution
of vehicles in the final rule to include the MDPV distinction.

103 The catalogue of reference specification sheets (broken down by manufacturer, by nameplate) used to populate information in the Market Data Input
File is available on NHTSA'’s website. BMW Data, FCA Data, Ford Data, Hyundai Data, Kia Data, Mercedes Data, Nissan Data, Toyota Data, Volvo Data,
GM Data, Honda Data, Mitsubishi Data, VW Data, and Jaguar Land Rover (JLR) Data.
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may evolve as manufacturers add fuel saving technologies and adjust product plans over time.104.105

Similarly, manufacturers who submitted no compliance information in the baseline compliance year (perhaps
because they had not yet commercialized products), are not included in the forward looking compliance
simulation. The Market Data Input File does identify some vehicle models/configurations for which each
manufacturer may adopt ZEV candidate technology (in today’s case, BEV technology), and more detail about
how DOT staff selected these vehicles is described in Chapter 2.5.1.2, Calculation of ZEV Credit Targets per
Manufacturer. As a result, it is reasonable to expect the composition of the fleet (in terms of nameplates
offered, and manufacturer market shares) to look very different in the future years beyond the rulemaking time
frame than the CAFE Model’'s projected compliance pathways.

221.1.1. Source and Vintage of Fleet Data

Using recent data for baseline assessments is more likely to reflect current market conditions than older data.
Recent data will inherently include manufacturer’s practical considerations about fuel saving technology
characterization and efficiency, mix shifts in response to consumer preferences, and industry sales volumes
that incorporate substantive macroeconomic events. Also, using recent data decreases the likelihood that the
CAFE Model selects compliance pathways for future standards that affect vehicles already built, in previous
MYs.106

While current data are highly desirable, real-time data to support fleet characterization in the Market Data
Input File are extremely difficult to come by. There is a lag time for finalized MY compliance data and
finalized compliance data for a given MY may not be available for a year or more after the last product for that
MY rolls off the assembly line. Further complicating matters, once DOT staff identify a suitable set of
compliance data, it takes significant effort to translate those compliance data into the Market Data Input File,
augment that information with data from specification sheets and CBI, characterize fuel saving technology
content on each vehicle, and produce a high-quality file that is suitable for use in the CAFE Model. DOT must
balance the resources required to create the Market Data Input File (i.e., several staff for several months),
with the availability of data and the timing of the rulemaking effort.

As noted above, for today’s analysis, DOT staff used pre-MY compliance submissions from MY 2022 for the
light-duty fleet, and varying compliance submissions for MY's ranging between 2014-2022 for the HDPUV
fleet, to serve as the basis for the analysis fleet characterized in the Market Data Input File. While the data
used for today’s analysis is not the “final” data for MY 2022, the compliance submissions and sales
projections used therein provide the most up to date information available at the time the Market Data Input
File was assembled. Since the CAFE Model must project any missing years between the baseline year (i.e.,
MY 2022) and the initial analysis year (i.e., MY 2027 for light-duty, or MY 2030 for HDPUV), relying on newer
information (even if preliminary) is likely to improve the overall accuracy of compliance simulations.%”

MY 2022 continued to be a disruptive year for the automotive industry. While the light-duty and HDPUV
production volumes saw a resurgence from the low levels observed during MY 2020, new vehicle sales have
yet to return to the pre-pandemic levels. Ongoing supply chain factors, along with various component
shortages (such as semiconductor chips), continue to play a role in the slower recovery process.
Nevertheless, manufacturers continued to integrate more fuel saving technology in redesigned vehicles, likely
in response to steady increases in fuel economy stringency and consumer preferences. Also, prices for new
vehicles continued to rise, and many consumers continued to work with dealers and banks to finance or lease
new cars and trucks. The compliance data from MY 2022 reflect the extent to which manufacturers

104 The sales model in the CAFE Model does, at an industry level, adjust overall sales volume up or down, and sales share between LTs and passenger
cars in response to technology costs, fuel economies, and fuel prices.

105 DOT staff understand that nameplates are often retired. Rows in the Market Data Input File should be considered proxies for vehicles in a specific
category for a specific manufacturer. In most instances, a manufacturer will maintain their position in that category with a new vehicle in the future which
will be represented by that retired nameplate.

106 For example, in this analysis the CAFE Model must apply technology to the MY 2022 fleet from MYs 2023-2026 for the compliance simulation that
begins in MY 2027 (for the light-duty fleet), and from MYs 2023-2029 for the compliance simulation that begins in MY 2030. While manufacturers have
already built MY 2022 and later vehicles, the most current, complete dataset with regulatory fuel economy test results to build the analysis fleet at the time
of writing remains MY 2022 data for the light-duty fleet, and a range of MYs between 2014 and 2022 for the HDPUV fleet.

107 In the case of the HDPUYV fleet, for some manufacturers recent compliance submissions were not made available for use by DOT staff. Since the
HDPUYV vehicle fleet is considerably smaller than the light-duty fleet, omitting manufacturers for which no recent data exists may adversely affect
compliance simulation within the CAFE Model, as well as produce an incomplete picture of the overall industry’s compliance posture. As such, in the
cases where no new data were available, DOT staff have decided to rely on manufacturer’s older compliance information.
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successfully integrated additional fuel saving technology into their products, and the extent to which the
market adopted the products offered.

Upon assembly of the MY 2022 Market Data Input File, on occasion the DOT staff had to disaggregate
compliance data to capture variation in curb weights, manufacturer suggested retail prices, and other market
data fields that varied by trim level. As a result, the specific trim level sales volumes are estimates that reflect
a mostly even distribution of sales volume as reported at the compliance level across sub-divisions. However,
the combined compliance level reporting data are still reflected, exactly, in the Market Data Input File, when
the atomized rows are aggregated. With respect to the luxury option content, and sales volumes of an
individual trim level (to the extent that the Market Data Input File row volume reflects a disaggregated
compliance row), the Market Data Input File can only go so far. However, the rows (and vehicle
characteristics recorded) are well suited for use in the CAFE Model for projecting compliance pathways in
response to regulatory alternatives.

22112 Treatment of Confidential Business Information in Fleet Development

Some data in the Market Data Input File are informed by confidential business information (CBI). For
instance, some pre-MY manufacturer compliance submissions are marked as confidential. DOT staff
occasionally considers CBI to assess vehicle engineering characteristics that, like rolling resistance and
aerodynamic drag, are neither included in compliance data nor reliably available.

Prior to the 2018 NPRM, DOT staff gave manufacturers the opportunity to confidentially share rolling
resistance values and drag coefficients. Manufacturers had commented extensively, in response to the Draft
Technical Assessment Report (TAR), that their prior efforts to improve aerodynamics and tire rolling
resistance (ROLL) had not been reasonably characterized in the Draft TAR Market Data Input File. Many
manufacturers volunteered engineering data (aerodynamic drag coefficients, and ROLL values) to inform
DOT staff, resulting in a more informed characterization of fuel saving technology already equipped on
vehicles, and a more informed mapping of observed vehicles onto reference Argonne simulations and
projected technology costs. However, this took place in 2017. The Market Data Input File for today’s analysis
still, in many cases, references previously submitted CBI, even though manufacturers may have integrated
additional rolling resistance and aerodynamic technology over the past few years. DOT staff have
supplemented the older CBI with recent studies and public information, when more recent, credible,
information is available, such as data from published specification sheets. Generally, DOT recognizes
benefits from referencing recent, credible information to inform the characterization of vehicles in the Market
Data Input File and baseline fleet.

In addition, some transmission content, accessory efficiency improvements, and other vehicle technologies
are difficult for DOT staff to objectively verify. As a practical matter, DOT cannot do a teardown study of every
vehicle in the fleet every time staff produce a new analysis fleet. Agency staff use engineering judgement,
and occasionally rely upon supplier, manufacturer, and Argonne’s Advanced Mobility Technology Laboratory
(AMTL) presented information to inform the Market Data Input File.

2.2.1.2. Technology Classes in the Fleet

The Market Data Input File includes information the CAFE Model uses to connect each observed vehicle, with
estimates of the effectiveness of other possible combinations of fuel saving technologies and estimated costs
of those technologies. The “technology class” assigned in the Market Data Input File is the link the CAFE
Model uses and is based on compliance data and DOT staff characterization of vehicle attributes.

During the compliance simulations, the CAFE Model evaluates adding fuel saving technologies to each
vehicle appearing in the Market Data Input File, at some level of projected fuel economy benefit. The CAFE
Model references incremental effectiveness estimates to project how the fuel efficiency of a vehicle may
improve with the additional fuel saving technologies. For the CAFE Model to select the most relevant
reference effectiveness estimate, from a catalogue of approximately 150 thousand Autonomie simulations, the
Market Data Input File defines a “type,” or technology class, for each vehicle. The Market Data Input File also
defines the combination of fuel saving technologies already applied to that vehicle, or technology key, as the
technologies listed as “USED” on the vehicles, platforms, engines, and transmissions tabs of the Market Data
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Input File. With this information, the CAFE Model identifies the reference point, along with the effectiveness
and cost estimates, for the vehicles as they progress through the compliance simulations.

The CAFE Model considers costs of additional fuel saving technologies when forecasting which technologies
manufacturers are likely to adopt in future scenarios. Technology costs can vary by vehicle type. The
Technologies Input File lists the technology costs, with the CAFE Model using the technology class and
engine technology class information from the Market Data Input File to lookup the appropriate costs for each
vehicle and fuel saving technology. The CAFE Model also references battery costs for electrification
technologies, with base year battery costs being derived from Argonne’s BatPaC Model and Autonomie
simulations. These costs often vary significantly by technology class and by combination of road load
reducing technologies.

As noted in Chapter 2.1.3, the Technologies Input File lists fourteen technology classes that are supported by
the CAFE Model. Of those, ten are designated for the light-duty fleet, while the remaining four are applicable

to the HDPUV fleet. The assignment of a technology class to each vehicle model is discussed in the following
two subchapters.

22121 Light-Duty Classes

The CAFE Model defines ten technology classes for use by the light-duty fleet: SmallCar, MedCar,
SmallSUV, MedSUV, Pickup, SmallCarPerf, MedCarPerf, SmallSUVPerf, MedSUVPerf, and heavy-duty
pickup truck (PickupHT). The algorithm by which each vehicle model/configuration is assigned to one of
these technology classes is a two-step process. First, a “size” of a technology class is assigned to each
nameplate; only the SmallCar, MedCar, SmallSUV, MedSUV, and Pickup classes are eligible to be assigned
in this step. The algorithm then evaluates whether to assign the performance variant of the initial assignment
to each vehicle within the nameplate. Performance variants include the SmallCarPerf, MedCarPerf,
SmallSUVPerf, MedSUVPerf, and PickupHT classes.

The evaluations in both steps of the algorithm are conducted quantitatively using “fit scores,” which are
calculations that consider key characteristics of vehicles in the fleet and compare those to the baseline
characteristics of each technology class.%® A vehicle receives a fit score for every technology class for which
it is eligible. The lower the fit score, the more closely aligned a vehicle’s characteristics are with the baseline
characteristics for a given technology class. Therefore, the algorithm will assign the technology class with the
lowest fit score to a given vehicle.

In the first step of the algorithm, the fit score used to assign the “size” of a technology class evaluates each
vehicle’s footprint and curb weight according to Equation 2-1. The difference in curb weight between the
vehicle and the class baseline is divided by a “pounds per 1 second” quantity'%® that normalizes the equation
such that curb weight and footprint are more equally weighted. Note that the equation is also weighted by the
ratio of individual vehicle sales to total sales for the nameplate, so that the initial assignment favors higher-
selling vehicle models. The MRO curb weight is calculated as part of the MR level assignment process.'1°

108 Baseline 0 to 60 mph acceleration times are assumed for each technology class as part of the full vehicle simulations conducted in Autonomie. For
more information, see Chapter 2.3 Technology Effectiveness Values. DOT staff calculated class baseline curb weights and footprints by averaging the
curb weights and footprints of vehicles within each technology class as assigned in previous analyses.

109 This quantity is calculated by multiplying the vehicle’s HP by 2.744 due to unit coversion for the fit which is calculated on kW/kg basis rather than using
Ibs and hp as the Market Data Input File does, additional details on the fit curve development are in Draft TAR 5-328, available at
https://www.nhtsa.gov/sites/nhtsa.gov/files/draft-tar-final.pdf. For example, a vehicle with 200 hp would have a value of roughly 548.8 Ibs per 1 second. A
200 Ib weight difference between MRO curb weight and class baseline would have a value of 0.36 instead of 200. This allows us to compare to the delta
in footprint without orders of magnitude difference between the two which would completely cancel out the effects of one.

10 For more information on how MRO curb weight is calculated, see Chapter 3.4.2 Mass Reduction Analysis Light-Duty Fleet Assignments.
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Equation 2-1: Size Fit Score

Size Fit Score
Vehicle Sales

B Nameplate Salesii1

y MRO Curb Weight Class Baseline Curb Weigh
Pounds per 1 second Pounds per 1 second

2
t
) + (Vehicle footprint — Class Average Fooz‘prim‘)2
In the second step, the fit score that evaluates the performance variant of the technology class, as seen in
Equation 2-2, takes a 0 to 60 miles per hour (mph) acceleration time into account.
Equation 2-2: Performance Fit Score
Performance Fit Score = | (Vehicle estimated 0 to 60 time) - (Class Baseline 0 to 60 time) |

This characteristic is not consistently reported in publicly available data, so a 0 to 60 mph acceleration time for
each vehicle is estimated based on its weight-to-HP ratio, as calculated in Equation 2-3.

Equation 2-3: Vehicle Estimated 0 to 60 mph Acceleration Time

. . . ehicle curb weight [kg]
Vehicle estimated 0 to 60 time = - x 0.5991 / +1.8514
Vehicle power [kW)]

The Pickup and PickupHT classes are evaluated slightly differently. They use a different fit score calculation
that considers the same vehicle characteristics as Equation 2-1, Equation 2-2, and Equation 2-3. The first
step of the algorithm will initially assign the Pickup class if a vehicle has been assigned the “pickup” body
style. The second step then assigns a fit score to Pickup and PickupHT that takes into account footprint, curb
weight, and a 0 to 60 mph acceleration time, as seen in Equation 2-4.

Equation 2-4: Pickup Fit Score

Pickup Fit Score

( MROQ Curb Weight Class Baseline Curb Weigh

2
t
_ . . o
Pounds per 1 second Pounds per 1 second ) +(Vehicle footprint-Class Average Footprint)

+ (Vehicle estimated 0 to 60 mph acceleration time-Class Baseline 0 to 60 mph acceleration z‘ime)2

22122 Medium Duty Classes

The CAFE Model defines four technology classes for the HDPUV fleet: Pickup2b, Van2b, Pickup3, and Van3.
The algorithm for assigning a technology class for each HDPUV model/configuration differs from what was
used for the light-duty fleet and is predominantly based on the classification and body style of the vehicle.
That is, “class 2b” vehicles (with GVWR between 8,501 and 10,000 Ibs.) are initially assigned to the Pickup2b
or Van2b technology class, while “class 3” vehicles (GWVR between 10,001 and 14,000 Ibs.) are initially
assigned to the Pickup3 and Van3 classes. From here, fleet SUVs, work trucks, and chassis cab trucks are
assigned to one of the “pickup” classes, while work vans, cutaways, and chassis cab vans are assigned to
one of the “van” technology classes.!'?

11 n previous rulemakings, each row was treated individually and some instances of vehicles having different size technology classes would happen
(some variants might be MedSUV and other SmallSUVPerf). All of the rows for a nameplate now receive the same size tech class assignment and to do
so the fit scores of each row are sales weighted so that the overall fit for a nameplate is dependent on the bulk of the vehicle sales.

112 The following will be reassigned to the LD fleet for the final rule: all Rivian vehicles, Ford F150 Lightnings, and some Ford Transits Wagons with
GVWR of 8,550 Ibs.
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2.2.1.3. Fuel Saving Technology Content

The CAFE Model considers the application of many technologies to improve vehicle fuel economy. For each
of these technologies, on each vehicle application, the CAFE Model needs the reference cost and
effectiveness values. The CAFE Model must also consider which technologies are already equipped on
vehicles in the baseline fleet, information that is specified in the Market Data Input File. If a technology is
included in the analysis for possible application, that technology appears in the heading row of the Market
Data Input File, either on the vehicles, platforms, engines, or transmissions tabs. The baseline fleet identifies
which combination of modeled technologies most reasonably represents the fuel saving technologies on each
vehicle in the compliance data. If a technology is present in a vehicle the term “USED” will appear in the
vehicles row, under the column with the technology named in the heading.

Many of the technologies in the CAFE Model may be applied in combination. For instance, an engine and
transmission may be selected independent of one another, and road load reducing technologies (MR,
aerodynamic drag, and rolling resistance) may be applied in any combination. Basic engine technologies
(defined in Chapter 3.1) may be applied in any combination. In the effectiveness estimates, some
technologies have synergies, while others offer efficiency improvements from the same mechanism,'3 and
therefore provide less benefit in combination than the sum of their efficiency improvements generated
independently.

Some technologies cannot appear together, on one vehicle (defined as a single row in the Market Data Input
File), in the analysis. For instance, a vehicle may only have one advanced engine at a time. Similarly, BEVs
combine a fixed drive gear box with the EM and do not have an ICE or a conventional transmission.14

The following two subchapters provide a listing of technologies supported by the CAFE Model, along with their
locations within the Market Data Input File. For additional information on the characterization of these
technologies including their cost, prevalence in the MY 2022 fleet, effectiveness estimates, and
considerations for their adoption, see the appropriate technology subchapters in Chapter 3 for more
information.

22131 Light-Duty Vehicles

The products offered in the U.S. light-duty automotive marketplace are highly heterogeneous, and
manufacturers routinely update their products. Over time, some innovation efforts and investments in
research and development can pay off, and manufacturers may bring to market new fuel saving technologies.
The CAFE Model considers many technologies; some are nearly universally adopted in the MY 2022 fleet,
some are used occasionally but show great future potential, and others have yet to be commercialized but are
reasonable to include in the analysis based on reported activities in the supply chain and manufacturer
interest. Similarly, costs of technologies in the future may be uncertain, but the analysis inputs assume that
innovations will occur to lower the costs of many fuel saving technologies over time. As manufacturers and
suppliers bring technologies to market, intellectual property can significantly influence which manufacturers
adopt technologies, and at what cost. While every application of technology may have its own nuance, the
CAFE Model effectiveness and cost assumptions attempt to represent a general characterization of fuel
saving technologies that is a reasonable representation of the technology for any manufacturer.

The fuel saving technologies considered in today’s analysis for the light-duty fleet are listed in Table 2-4.

Table 2-4: Fuel Saving Technologies that the CAFE Model May Apply for the Light-Duty Fleet

Market Data
Technology Name Abbreviation Input File Technology Group
Location
Single Overhead Camshaft Engine with VVT SOHC Engines tab Basic Engines
Double Overhead Camshaft Engine with VVT DOHC Engines tab Basic Engines

113 For example, SHEVP2 paired with advanced engine technologies. See Chapter 3.1.1 for further discussion.
114 See Chapter 3.3.3 for additional discusion on the battery electric vehicle adoption features and cost considerations.
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Variable Valve Lift VVL Engines tab Basic Engines
Stoichiometric Gasoline Direct Injection SGDI Engines tab Basic Engines
Cylinder Deactivation DEAC Engines tab Basic Engines
Turbocharged Engine TURBOO Engines tab Advanced Engines
E(Jerct??ccur;:tri%?]d Engine with Cooled Exhaust Gas TURBOE Engines tab Advanced Engines
Turbocharged Engine with Cylinder Deactivation TURBOD Engines tab Advanced Engines
Advanced Turbocharged Engine, Level 1 TURBO1 Engines tab Advanced Engines
Advanced Turbocharged Engine, Level 2 TURBO2 Engines tab Advanced Engines
DOHC Engine with Advanced Cylinder Deactivation | ADEACD Engines tab Advanced Engines
SOHC Engine with Advanced Cylinder Deactivation | ADEACS Engines tab Advanced Engines
High Compression Ratio Engine HCR Engines tab Advanced Engines
g(%gfggfzséiﬂﬁgﬁoﬁngine with Cooled HCRE Engines tab Advanced Engines
Bieg;ct(i:voarggrr]ession Ratio Engine with Cylinder HCRD Engines tab Advanced Engines
Variable Compression Ratio Engine VCR Engines tab Advanced Engines
Variable Turbo Geometry Engine''® VTG Engines tab Advanced Engines
Variable Turbo Geometry Engine with eBooster VTGE Engines tab Advanced Engines
gi?&ﬁ/g?{gfd Engine with Advanced Cylinder TURBOAD Engines tab Advanced Engines
Advanced Diesel Engine ADSL Engines tab Advanced Engines
Advanced Diesel Engine with Improvements DSLI Engines tab Advanced Engines
Compressed Natural Gas Engine CNG Engines tab Advanced Engines
5-Speed Automatic Transmission ATS Transmissions tab | Transmissions
6-Speed Automatic Transmission AT6 Transmissions tab | Transmissions
Zﬁ?ggﬁgyzu;ggzic(ggg)s mission with Level 2 high AT7L2 Transmissions tab | Transmissions
8-Speed Automatic Transmission AT8 Transmissions tab | Transmissions
8-Speed Automatic Transmission with Level 2 HEG | AT8L2 Transmissions tab | Transmissions
8-Speed Automatic Transmission with Level 3 HEG | AT8L3 Transmissions tab | Transmissions
9-Speed Automatic Transmission with Level 2 HEG | AT9L2 Transmissions tab | Transmissions
10-Speed Automatic Transmission with Level 2 HEG | AT10L2 Transmissions tab | Transmissions
10-Speed Automatic Transmission with Level 3 HEG | AT10L3 Transmissions tab | Transmissions
6-Speed Dual Clutch Transmission DCT6 Transmissions tab | Transmissions
8-Speed Dual Clutch Transmission DCT8 Transmissions tab | Transmissions
Continuously Variable Transmission'*® CVT Transmissions tab | Transmissions
Continuously Variable Transmission with Level 2 CVTL2 Transmissions tab | Transmissions

HEG!"

115 Technology that enables Miller Cycle ICE.

116 Note that the CVT and CVTL2 technologies are not applicable to the Pickup and PickupHT technology classes.
117 Note that the CVT and CVTL2 technologies are not applicable to the Pickup and PickupHT technology classes.
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Conventional Powertrain (Non-Electric) CONV Vehicles tab Electrification
12V Micro-Hybrid Start-Stop System SS12v Vehicles tab Electrification
48V Belt Mounted Integrated Starter/Generator BISG Vehicles tab Electrification
Pargllel Strong Hybrid/Electric Vehicle with DOHC P2D Vehicles tab Electrification
Engine

Parallel Strong Hybrid/Electric Vehicle with : R
DOHC+SGDI Engine P2SGDID Vehicles tab Electrification
Para_lllel Strong Hybrid/Electric Vehicle with SOHC P2S Vehicles tab Electrification
Engine

Parallel Strong Hybrid/Electric Vehicle with , e
SOHC+SGDI Engine P2SGDIS Vehicles tab Electrification
Para_lllel Strong Hybrid Electric Vehicle with TURBOO P2TRBO Vehicles tab Electrification
Engine

Para_lllel Strong Hybrid Electric Vehicle with TURBOE P>TRBE Vehicles tab Electrification
Engine

Pargllel Strong Hybrid Electric Vehicle with TURBO1 P2>TRB1 Vehicles tab Electrification
Engine

Para_lllel Strong Hybrid Electric Vehicle with TURBO2 P2>TRB2 Vehicles tab Electrification
Engine

Para_lllel Strong Hybrid Electric Vehicle with HCR P2HCR Vehicles tab Electrification
Engine

Pargllel Strong Hybrid Electric Vehicle with HCRE POHCRE Vehicles tab Electrification
Engine

P_ower Spht Strong _Hybrld/EIectnc Vehicle with Full SHEVPS Vehicles tab Electrification
Time Atkinson Engine

Pl_ug-ln Hybrld_ Vehicle with TURBO1 Engine and 20 PHEV20T Vehicles tab Electrification
miles of electric range

PI_ug—ln Hybrld. Vehicle with TURBOL1 Engine and 50 PHEV50T Vehicles tab Electrification
miles of electric range

PI.UQ'm Hyb”d. Vehicle with HCR Engine and 20 PHEV20H Vehicles tab Electrification
miles of electric range

Pl_ug-ln Hyb”d. Vehicle with HCR Engine and 50 PHEV50H Vehicles tab Electrification
miles of electric range

Plug—ln Hybrid Vghlcle with Fl.J” Time Atkinson PHEV20PS Vehicles tab Electrification
Engine and 20 miles of electric range

Plug_-ln Hybrid Ve_hlcle with Fl.J” Time Atkinson PHEV50PS Vehicles tab Electrification
Engine and 50 miles of electric range

Battery Electric Vehicle with 200 miles of range BEV1 Vehicles tab Electrification
Battery Electric Vehicle with 250 miles of range BEV2 Vehicles tab Electrification
Battery Electric Vehicle with 300 miles of range BEV3 Vehicles tab Electrification
Battery Electric Vehicle with 350 miles of range BEV4 Vehicles tab Electrification
Fuel Cell Vehicle FCV Vehicles tab Electrification
Baseline Tire Rolling Resistance ROLLO Vehicles tab Rolling Resistance
Tire Rolling Resistance, 10% Improvement ROLL10 Vehicles tab Rolling Resistance
Tire Rolling Resistance, 20% Improvement ROLL20 Vehicles tab Rolling Resistance
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Tire Rolling Resistance, 30% Improvement ROLL30 Vehicles tab Rolling Resistance
Baseline Aerodynamic Drag Technology AEROO Vehicles tab Aerodynamic Drag
Aerodynamic Drag, 5% Drag Coefficient Reduction AERO5 Vehicles tab Aerodynamic Drag
Aerodynamic Drag, 10% Drag Coefficient Reduction | AERO10 Vehicles tab Aerodynamic Drag
Aerodynamic Drag, 15% Drag Coefficient Reduction | AERO15 Vehicles tab Aerodynamic Drag
Aerodynamic Drag, 20% Drag Coefficient Reduction | AERO20 Vehicles tab Aerodynamic Drag
Baseline Mass Reduction Technology MRO Platforms tab Mass Reduction
Mass Reduction — 5.0% of Glider MR1 Platforms tab Mass Reduction
Mass Reduction — 7.5% of Glider MR2 Platforms tab Mass Reduction
Mass Reduction — 10.0% of Glider MR3 Platforms tab Mass Reduction
Mass Reduction — 15.0% of Glider MR4 Platforms tab Mass Reduction
Mass Reduction — 20.0% of Glider MR5 Platforms tab Mass Reduction

22132 Medium Duty Vehicles

Although the HDPUV automotive marketplace is not as heterogeneous as its light-duty counterpart, most of
the same considerations applicable to the light-duty vehicle fleet (discussed above) apply here as well.
Manufacturers regularly update their offerings, albeit at a slightly slower cadence than in the light-duty sector,
with investments in research and development resulting in application of new fuel saving technologies and
increased capability. The CAFE Model considers many technologies for analysis, with some nearly
universally adopted in the baseline fleet, while some others are used occasionally but show future potential.
Several emerging technologies included in the analysis, particularly in the hybridization and electrification
space, are beginning to appear within this market segment, providing manufacturers the opportunity to attain
significant fuel saving gains. As with the light-duty fleet, the CAFE Model effectiveness and cost assumptions
attempt to represent a general characterization of fuel saving technologies that may be reasonably applicable
for any manufacturer. Some of the technologies that the CAFE Model may apply to HDPUVs use the same
technology name and abbreviation as the LD technologies; however, the HDPUV technologies are
represented by different technology effectiveness values (discussed further below) and when applicable,
different technology costs. In addition, this segment includes vehicles whose capability to do “work” is a
priority for the vehicle manufacturers and consumers and the standard for HDPUVs reflects this: the work-
factor-based standard explicitly accounts for a vehicle’s payload and towing capacity.''® The selected
technology options also reflect our engineering judgment about which technologies fulfill the reliability and
durability requirements of HDPUVs to perform the aforementioned work.

The fuel saving technologies considered in today’s analysis for the HDPUV fleet are listed in Table 2-5.

Table 2-5: Fuel Saving Technologies that the CAFE Model May Apply for the HDPUV Fleet

Market Data Technolo
Technology Name Abbreviation Input File G 9y

. roup

Location

Single Overhead Camshaft Engine with VVT SOHC Engines tab Basic Engines
Double Overhead Camshaft Engine with VVT DOHC Engines tab Basic Engines
Stoichiometric Gasoline Direct Injection SGDI Engines tab Basic Engines
Cylinder Deactivation DEAC Engines tab Basic Engines

Turbocharged Engine TURBOO Engines tab Advgnced

Engines

118 49 CFR 535.5(a).

Chapter 2 What Inputs Does the Compliance Analysis Require? | 2-25



®)
NHTSA

CAFE Standards for Passenger Cars and Light Trucks for Model Years 2027 and Beyond and
Fuel Efficiency Standards for Heavy-Duty Pickup Trucks and Vans for Model Years 2030 and Beyond

Advanced Diesel Engine ADSL Engines tab Adv._’;mced
Engines
Advanced Diesel Engine with Improvements DSLI Engines tab édvgnced
ngines
5-Speed Automatic Transmission AT5 ;;rgnsmssmns Transmissions
6-Speed Automatic Transmission AT6 ;’irta)msmlssmns Transmissions
8-Speed Automatic Transmission AT8 :[I;snsmssmns Transmissions
8-Speed Automatic Transmission with Level 2 HEG!*® AT8L2 ;;rgnsmssmns Transmissions
9-Speed Automatic Transmission with Level 2 HEG ATIL2 ;’irta)msmlssmns Transmissions
10-Speed Automatic Transmission with Level 2 HEG AT10L2 :[I;snsmssmns Transmissions
Conventional Powertrain (Non-Electric) CONV Vehicles tab Electrification
12V Micro-Hybrid Start-Stop System SS12v Vehicles tab Electrification
Belt Mounted Integrated Starter/Generator BISG Vehicles tab Electrification
. . . . P2S
Eﬁr?rlllgllzftrong Hybrid/Electric Vehicle with SOHC (P2D. Vehicles tab Electrification
9 P2TRBO)
Plug-in Hybrid Vehicle with Basic Engine and 50 miles of PHEV50H . L
electric rangel?: (PHEV50T) Vehicles tab Electrification
Battery Electric Ve_hlcle with 150 m|I<_as of range (for van BEV1 Vehicles tab Electrification
classes) or 200 miles of range (for pickup classes)
Battery Electric V¢h|cle with 250 mllgs of range (for van BEV?2 Vehicles tab Electrification
classes) or 300 miles of range (for pickup classes)
Fuel Cell Vehicle FCV Vehicles tab Electrification
: . . . . Rolling
Baseline Tire Rolling Resistance ROLLO Vehicles tab :
Resistance
. . . . Rolling
Tire Rolling Resistance, 10% Improvement ROLL10 Vehicles tab .
Resistance
. : . . Rolling
Tire Rolling Resistance, 20% Improvement ROLL20 Vehicles tab .
Resistance
Baseline Aerodynamic Drag Technology AEROO Vehicles tab g(;:‘arlgdynamm
Aerodynamic Drag, 10% Drag Coefficient Reduction AERO10 Vehicles tab g?;gdynamm
Aerodynamic Drag, 20% Drag Coefficient Reduction AERO20 Vehicles tab [A)?;c;dynamm

119 This transmisison is only used for HDPUV P2S and PHEV50H technologies.

120 The P2S, P2D, and P2TRBO technologies listed in Table 2-2 are all representation of the same “Parallel Strong Hybrid/Electric Vehicle with SOHC
Engine” (P2S) technology. The P2S technology was originally simulated by Argonne using the Autonomie model. However, due to limitations of the
CAFE Model version used for today’s analysis (with respect to technology pathway traversal), DOT staff created duplicates of P2S and copied its

effectiveness and cost into the P2D and P2TRBO nodes.

21 The PHEV50H and PHEV50T technologies listed in Table 2-2 are both representation of the same “Plug-in Hybrid Vehicle with HCR Engine and 50

miles of electric range” (PHEV50H) technology. As with the P2S technology, PHEV50H was originally simulated by Argonne; however, due to the current
CAFE Model limitations, DOT staff duplicated PHEV50H into the PHEV50T node.
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Baseline Mass Reduction Technology MRO Platforms tab Mass
Reduction
. . Mass
Mass Reduction — 1.4% of Glider MR1 Platforms tab .
Reduction
Mass Reduction — 13.0% of Glider MR2 Platforms tab | MaSS
) Reduction

2.2.1.4. AC and Off-Cycle Fuel Consumption Improvement Values

The Market Data Input File includes information about AC and OC technologies; however, this information is
not currently broken out at a vehicle model level. Instead, historical data and forecast projections are listed
for each manufacturer, by regulatory class on the “Credits and Adjustments” tab of the Market Data Input File.
The AC and OC data is used for analysis regardless of regulatory scenario. AC and OC fuel consumption
improvement values (FCIV), or credits,'?? may significantly impact compliance pathways manufacturers
choose. Chapter 3.7 “Simulating OC and AC Efficiency Technologies,” shows model inputs specifying
estimated adjustments (all in grams/mile) for improvements to air conditioner efficiency and other OC energy
consumption, and for reduced leakage of air conditioner refrigerants with high global warming potential.

For the light-duty fleet, DOT estimated future values based on an expectation that manufacturers already
relying heavily on these adjustments would continue do so, and that other manufacturers would, over time,
also approach the limits on adjustments allowed for such improvements. Regulatory provisions regarding
reporting OC technologies are new, and manufacturers have only recently begun including related detailed
information in compliance reporting data. For today’s analysis, though, such information was not sufficiently
complete to support a detailed representation of the application of OC technology to specific vehicle
model/configurations in the MY 2022 fleet.

At this time, there are no applications for OC and AC in the baseline fleet for HDPUVs. As such, DOT did not
consider AC and OC FCIVs in the HDPUYV fleet for the current analysis.

2.2.1.5. Engine Configurations

Different engine configurations may affect the cost of the engine and hybridization technologies.*?® In the
Market Data Input File, the “engine technology class” column on the vehicles tab identifies the representative
engine classification for each vehicle model, allowing the CAFE Model to reference the appropriate powertrain
costs in the Technologies Input File that most reasonably align with the observed vehicle (or row). DOT staff
assign engine technology classes for all vehicle models present within the analysis fleet, including vehicles
that do not otherwise operate using an ICE (e.g., BEVs). If an electric powertrain replaces an ICE, the EM
specifications (and hence the associated costs) may be different depending on the capabilities of the engine
that is being replaced. The costs in the Technologies Input File (on the engine tab) account for the power
output and capability of the gasoline or electric drivetrain.

2.2.1.6. Shared Engines, Transmissions, and Vehicle Platforms

Parts sharing across products is important and common in the industry. Parts sharing helps manufacturers
achieve economies of scale, deploy capital efficiently, and make the most of shared research and
development expenses, while still presenting a wide array of consumer choices to the market. The CAFE
Model takes part sharing into account, with shared engines, transmissions, and MR platforms. Multiple
vehicles that share a common part (as recognized in the CAFE Model), will adopt fuel saving technologies
affecting that part together. Furthermore, to maintain parts sharing, if a particular technology upgrade cannot
be applied to a vehicle, that upgrade also will not be applied to any vehicle sharing the relevant part. In the
Market Data Input File vehicle model/configurations that share engines are assigned the same engine

122 Adjustments to a vehicle’s fuel economy value based on OC technologies are termed FCIV in NHTSA’s program because they increase the rated fuel
economy of a vehicle, whereas the OC benefits are called credits in the EPA program.
123 See Chapter 3.1.2 for a detailed discussion of engine classification based on cylinder count and configuration.
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code,'?* vehicles that share transmissions have the same transmission code, and vehicles that adopt MR
technologies together share the same platform code.

2.2.1.7. Product Design Cycles

Manufacturers often introduce fuel saving technologies at a major redesign of their product or adopt
technologies at minor refreshes in between major product redesigns. In most cases, the CAFE Model may
apply new fuel saving technologies to a vehicle only in redesign years. If a vehicle shares an engine or
transmission, and the shared powertrain part has already incorporated additional fuel savings technology on
other vehicle applications, the vehicle may inherit the upgraded shared engine or transmission at refresh or
redesign.

To support the CAFE Model accounting for new fuel saving technology introduction as it relates to product
lifecycle, the Market Data Input File includes a projection of redesign and refresh years (identified by the
“‘Redesign Years” and “Refresh Years” columns) for each vehicle. DOT staff projected future redesign years
and refresh years based on the historical cadence of that vehicle’s product lifecycle. For new nameplates,
DOT staff considered the manufacturer’s treatment of product lifecycles for past products in similar market
segments.

221.7.1. Light-Duty Vehicles

Redesigns are major investments, and require coordination of product development, manufacturing, and
marketing and sales. For their light-duty fleet, many manufacturers have redesigned a large portion of
products sold in MY 2022 recently, as shown in Table 2-6.

Table 2-6: Sales Distribution by Age of Vehicle Engineering Design for the Light-Duty Fleet

_MosF Recent _ % of MY 2022 Fleet Age of Vehicle Portion of MY_ 2022 New Vt_’-}hicle
Engineering Redesign (th S_ales) by Engineering Sales with Engmeer"mg DeS|gns_ as
Year of the Obs_erved Engineering Design Design New or Nevx_/er th_an Agg of"Vehche

MY 2022 Vehicle Age Engineering Design
2010 1.2% 12 100.0%
2011 0.9% 11 98.8%
2012 0.1% 10 97.9%
2013 0.1% 9 97.8%
2014 0.8% 8 97.6%
2015 3.3% 7 96.9%
2016 8.3% 6 93.5%
2017 7.4% 5 85.2%
2018 14.2% 4 77.8%
2019 17.2% 3 63.6%
2020 17.0% 2 46.4%
2021 13.0% 1 29.4%
2022 16.4% 0 16.4%

Manufacturers have different business strategies with respect to how frequently products are redesigned.
Some manufacturers use shorter product cycles, and others use longer product cycles. Some manufacturers
may use a shorter redesign cycle in one segment, and a longer redesign cycle in another. On average across
the industry, manufacturers redesign vehicles every 6.6 years, as shown in Table 2-7. Note, however, that

124 Engines (or transmissions) may not be exactly identical, as specifications or vehicle integration features may be different. However, the architectures
are similar enough that it is likely the powertrain systems share R&D, tooling, and production resources in a meaningful way.
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many manufacturers do not compete in the marketplace in every vehicle segment and with at least three
relatively new entrants we have yet to see redesigns.

Table 2-7: Sales Weighted Average Time between Engineering Redesigns, by Manufacturer and
Vehicle Technology Class, for the Light-Duty Fleet

Eldlg| 23|83 /¢&)s|%] %

Manufacturer = O B 5 = D % 2 @ 3 8

o | E| =286 | 8| =8| |8z

7 D p=

BMW 6.4 7.1 7.0 7.1 7.0 6.7 7.0 7.1 - 7.0
Ford - - - 9.0 7.1 7.2 8.6 8.2 7.0 6.0 7.2
GM 6.8 6.0 6.4 6.3 5.4 - 6.1 6.4 8.7 6.0 6.2
Honda 6.0 5.7 4.9 5.2 5.0 6.0 6.7 7.0 6.0 - 5.8
Hyundai Kia-H 5.8 6.2 6.0 5.9 6.3 6.1 8.5 6.4 6.0 - 6.2
Hyundai Kia-K 55 5.3 5.0 5.7 5.5 5.1 6.3 6.0 - - 5.5
JLR - 9.0 8.5 8.5 6.4 6.3 7.5 8.4 - - 8.0
Karma - - - 5.2 - - - - - - 5.2
Lucid - - - 10.0 - - - - - - 10.0
Mazda 5.0 6.1 - - 6.3 7.0 7.0 - - - 6.4
Mercedes-Benz 5.2 - 5.5 6.1 6.3 7.0 8.1 7.4 - - 6.7
Mitsubishi 10.0 - - - 8.8 - - - - - 9.0
Nissan 6.1 - 6.0 6.2 6.8 7.2 6.1 6.2 8.0 7.4 6.6
Stellantis 7.0 - 7.5 7.0 7.3 7.3 7.5 6.4 9.0 6.5 6.9
Subaru 5.1 7.5 5.0 - 5.0 5.0 5.0 - - - 5.1
Tesla - - 9.0 9.0 - - - 9.0 - - 9.0
Toyota 6.0 9.2 6.1 6.8 6.9 6.9 7.5 6.2 8.0 9.0 6.9
Volvo - - 7.1 7.2 7.0 7.0 7.0 7.0 - - 7.0
VWA 6.2 6.5 6.3 7.5 6.3 7.3 6.1 7.4 - - 6.5
Industry Average 6.0 6.6 6.1 7.3 6.2 6.7 7.1 7.1 7.7 6.4 6.6

Even for manufacturers with similar times between redesigns, offering products in similar segments, the
expected timing of product redesigns is often out of phase. When considering year-by-year analysis of
standards, the timing of redesigns and the timing between redesigns often affect projected compliance
pathways. As shown in Table 2-8, many manufacturers have very recently redesigned significant products,
and will have some time before they are expected to redesign these products again. The timing of redesigns,
and the duration between redesigns affect how quickly manufacturers may respond to standards.
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Table 2-8: Sales Weighted Average Age of Engineering Design in MY 2022, by Manufacturer and
Vehicle Technology Class, for the Light-Duty Fleet

Manufacturer = O B 5 = D % 2 = E 8
o E|= |8 |6 |8 |=]28|% ¢z
n h =

BMW 6.0 3.6 3.0 2.9 4.1 3.8 3.0 2.7 - - 3.4
Ford - - - 7.0 1.9 1.4 5.2 2.5 15 1.0 2.2
GM 5.7 2.0 5.6 3.7 3.3 - 2.1 2.7 6.6 3.0 3.5
Honda 2.2 0.5 3.9 3.2 0.0 3.0 2.3 4.9 5.0 - 25
Hyundai Kia-H 2.8 2.2 2.0 2.4 1.7 3.1 0.4 14 0.0 - 1.8
Hyundai Kia-K 2.7 2.7 1.0 3.1 3.2 1.2 0.2 1.6 - - 2.4
JLR - 8.0 6.0 6.0 2.8 2.3 3.9 4.8 - - 4.4
Karma - - - 1.0 - - - - - - 1.0
Lucid - - - 0.0 - - - - - - 0.0
Mazda 3.0 3.8 - - 4.1 2.0 6.0 - - - 4.3
Mercedes-Benz 3.0 - 2.1 1.6 1.9 5.8 2.2 2.4 - - 3.0
Mitsubishi 8.0 - - - 2.7 - - - - - 3.7
Nissan 2.1 - 3.0 4.1 2.4 4.6 0.0 2.6 0.0 6.0 2.3
Stellantis 6.0 - 110 | 7.5 4.5 1.0 4.1 1.3 6.0 3.7 3.6
Subaru 5.0 0.0 2.0 - 3.0 2.0 3.0 - - - 2.9
Tesla - - 5.0 3.8 - - - 2.5 - - 3.4
Toyota 2.7 0.7 4.0 45 4.6 4.3 1.6 1.9 6.0 0.0 3.6
Volvo - - 3.1 1.5 3.0 2.7 4.4 55 - - 4.0
VWA 2.9 1.9 3.3 3.5 2.5 4.9 3.4 3.9 - - 2.9
Industry Average 2.8 1.7 3.6 4.4 2.9 3.1 3.1 2.6 4.0 2.3 3.0

Table 2-9 shows the resultant portion of each manufacturers MY 2022 total light-duty vehicle production
volume (for the U.S. market) expected to be redesigned in each MY through 2035.

Table 2-9: Portion of Production Redesigned in Each MY Through 2035 for the Light-Duty Fleet

Manufacturer | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035

BMW 4% | 4% | 17% | 22% | 41% | 0% | 10% | 5% | 12% | 7% | 27% | 39% | 0% | 13%
Ford 7% | 5% | 13% | 0% | 4% | 43% | 18% | 15% | 2% | 5% | 7% | 34% | 21% | 7%
GM 1% | 0% | 33% | 44% | 9% | 13% | 0% | 17% | 8% | 45% | 9% | 20% | 17% | 3%
Honda 46% | 39% | 0% | 9% | 3% | 24% | 41% | 12% | 11% | 4% | 45% | 5% | 23% | 12%
Ey””da' Kia- | 3306 | 4% | 0% | 27% | 20% | 7% | 33% | 2% | 0% | 15% | 43% | 5% | 35% | 2%
ryundaiiia o eg | 1006 | 20 | 0% | 55% | 2% | 0% | 37% | 6% | 33% | 24% | 0% | 14% | 19%
JLR 17% | 28% | 8% | 4% | 41% | 0% | 0% | 1% | 4% | 25% | 46% | 6% | 13% | 9%
Karma 0% | 0% | 0% | 0% | 100% | 0% | 0% | 0% | 0% | 0% |100% | 0% | 0% | 0%
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Lucid 100% | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 100% | 0% | 0% | 0%
Mazda 0% | 62% | 12% | 4% | 0% | 23% | 0% | 58% | 15% | 0% | 0% | 0% | 38% | 47%
g"eerzgedes' 15% | 27% | 7% | 5% | 21% | 17% | 19% | 7% | 35% | 12% | 7% | 4% | 21% | 5%
Mitsubishi 48% | 0% | 31% | 0% | 21% | 0% | 0% | 0% | 0% | 48% | 12% | 0% | 40% | 0%
Nissan 229% | 7% | 13% | 16% | 18% | 2% | 33% | 5% | 26% | 13% | 21% | 0% | 10% | 29%
Stellantis 26% | 4% | 23% | 41% | 1% | 17% | 1% | 13% | 27% | 4% | 24% | 20% | 10% | 1%
Subaru 4% | 26% | 38% | 31% | 0% | 0% | 26% | 42% | 31% | 0% | 1% | 26% | 38% | 31%
Tesla 0% | 0% | 0% | 6% | 40% | 0% | 0% | 45% | 9% | 0% | 0% | 0% | 6% | 40%
Toyota 13% | 10% | 29% | 18% | 24% | 2% | 4% | 10% | 18% | 25% | 42% | 2% | 4% | 3%
Volvo 0% | 30% | 2% | 29% | 30% | 0% | 0% | 10% | 30% | 2% | 29% | 30% | 0% | 0%
VWA 20% | 3% | 37% | 19% | 13% | 2% | 18% | 5% | 32% | 19% | 18% | 4% | 20% | 1%
X]\?;?Sé 16% | 11% | 19% | 21% | 15% | 13% | 14% | 15% | 15% | 16% | 23% | 13% | 16% | 10%

221.7.2 Medium Duty Vehicles

Unlike for the light-duty fleet, recent compliance data was not readily available for a large portion of the
HDPUYV fleet that was used in today’s analysis. The fleet also included new entrants to the market who have
only one generation of vehicle. As such, for some vehicle models/configurations evaluated, DOT staff could
not reliably determine the most recent engineering design. Thus, when projecting future redesign cycles for
those vehicles, DOT staff relied on product lifecycles of past and current products in similar market segments.
For electric-vehicle-only manufacturers that are relatively new entrants to the market, we assumed that their
vehicles would not be “redesigned” (as defined for our modeling purposes) for several years. This is because
these vehicles already use a significant amount of advanced fuel-economy-improving technologies, like
electrified powertrains and lightweight and aerodynamic body styles.

As can be seen from Table 2-10, about a quarter of the entire HDPUYV fleet includes only the DOT projections
of future engineering design cycles. However, of the information that was available, and as shown in Table
2-10, approximately half of the HDPUYV fleet’'s age was five years or newer in MY 2022.

Table 2-10: Sales Distribution by Age of Vehicle Engineering Design for the HDPUV Fleet

Most Recent Engineering % of MY 2022 Fleet Age of Vehicle Portion of MY 2022 New Vehicle
Redesign Year of the (Unit Sales) by Ign ineerin Sales with Engineering Designs
Observed MY 2022 Engineering Design gesi n 9 as New or Newer than "Age of

Vehicle Age 9 Vehicle Engineering Design"
2003 8.2% 19 100.0%
2012 1.6% 10 91.8%
2015 19.4% 7 90.2%
2016 0.1% 6 70.7%
2017 17.1% 5 70.6%
2019 21.9% 3 53.5%
2022 6.2% 0 31.6%
2023 and later 25.4% - 25.4%

On average across the industry, manufacturers redesigned their HDPUV vehicles every 6.3 years, as shown
in Table 2-11. However, as shown in Table 2-12, MY 2022 HDPUYV fleet for many manufacturers was
generally older when compared to their light-duty counterparts. As with the light-duty fleet, the timing and the
duration between redesigns affect how quickly manufacturers may respond to standards within the HDPUV
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compared to LD segment. HDPUYV consumers value the vehicles for capability and being able to do work
consistently and reliably.

Table 2-11: Sales Weighted Average Time between Engineering Redesigns, by Manufacturer and
Vehicle Technology Class, for the HDPUV Fleet

Manufacturer Pickup2b Van2b Pickup3 | Van3 All Classes
Ford 6.0 5.9 6.0 5.8 5.9
GM 55 9.2 55 9.2 6.5
Mercedes-Benz - 5.0 - 5.0 5.0
Nissan 6.2 6.3 - - 6.3
Rivian 10.0 - - - 10.0
Stellantis 6.0 5.2 6.0 - 5.8
Industry Average 6.3 6.4 5.8 7.0 6.3

Table 2-12: Sales Weighted Average Age of Engineering Design in MY 2022, by Manufacturer and
Vehicle Technology Class, for the HDPUV Fleet

Manufacturer Pickup2b Van2b Pickup3 | Van3 All Classes
Ford 4.9 7.0 5.0 7.0 6.0
GM - 19.0 - 19.0 19.0
Mercedes-Benz* - - - - -
Nissan 6.0 10.0 - - 9.7
Rivian 0.0 - - - 0.0
Stellantis 3.0 3.0 3.0 - 3.0
Industry Average 3.2 9.0 4.1 13.2 6.2

Table 2-13 shows the resultant portion of each manufacturers MY 2022 total HDPUV vehicle production
volume (for the U.S. market) expected to be redesigned in each MY through 2035.

Table 2-13: Portion of Production Redesigned in Each MY Through 2035 for the HDPUV Fleet

Fuel Efficiency Standards for Heavy-Duty Pickup Trucks and Vans for Model Years 2030 and Beyond

Manufacturer | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035
Ford 1% | 59% | 0% | 41% | 0% | 12% | 1% | 46% | 41% | 0% | 0% | 12% | 1% | 87%
GM 0% | 73% | 0% | 27% | 0% | 73% | 0% | 0% | 0% |27% | 0% | 73% | 0% | 0%
'\B/':rr]‘;edes' 0% |100% | 0% | 0% | 0% | 0% |100% | 0% | 0% | 0% | 0% |100% | 0% | 0%
Nissan 0% | 93% | 0% | 0% | 0% | 7% | 0% | 0% | 93% | 0% | 7% | 0% | 0% | 93%
Rivian 100% | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 0% |100% | 0% | 0% | 0%
Stellantis 0% | 0% | 0% |100% | 0% | 0% | 0% | 0% | 29% | 71% | 0% | 0% | 0% | 29%
'A”\‘/j;géi 6% | 49% | 0% | 45% | 0% | 27% | 3% | 17% | 23% | 24% | 6% | 30% | 0% | 40%

2.2.2. Characterizing Safety, Economic, and Compliance Positions

In addition to characterizing technologies, some information in the Market Data Input File supports economic

calculations in the CAFE Model.
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2.2.2.1. Safety Classes

The CAFE Model considers the potential safety effect of MR technologies and crash compatibility of different
vehicle types. Mass reduction technologies lower the vehicle’s curb weight, which may change crash
compatibility and safety, depending on the type of vehicle. DOT staff assign each vehicle in the Market Data
Input File a “safety class” (identified by the “Safety Class” column on the vehicles tab) that best aligns with the
mass-size-safety analysis. The three safety classes are as follows: PC, CM, and LT. All HDPUVs are
categorized in the LT safety class.

Baseline curb weight data, as recorded in the Market Data Input File, factor into the mass-size-safety
analysis. In nearly all cases, DOT staff sourced curb weight data appearing in the Market Data Input File from
manufacturer specification sheets. The curb weight data on the specification sheets may be generally
representative of the weight of a vehicle row, but some deviation from that reported curb weight is expected
depending on the option content of represented vehicles, and manufacturing variations.

2.2.2.2. Labor and Modeled Vehicles

The CAFE Model includes procedures to consider the direct labor impacts of manufacturers’ response to
CAFE regulations, considering the assembly location of vehicles, engines, and transmissions, the percent
U.S. content (that reflects percent U.S. and Canada content),'?®> and the dealership employment associated
with new vehicle sales. Baseline labor information, by vehicle, is included in the Market Data Input File.
Sales volumes included in and adapted from the market data also influence total estimated direct labor
projected in the analysis. See Chapter 6.2.5 for further discussion of the labor utilization analysis.

For the duration of the analysis, the percent U.S. content is held constant for each vehicle row. In practice,
this may not be the case. Changes to trade policy, tariff policy, and the EV tax incentive (see Chapter 2.5.2.2)
may affect percent U.S. content in the future. Also, some technologies may be more or less likely to be
produced in the United States, and if that is the case, their adoption could affect future U.S. content.

The labor hours projected in the Market Data Input File per unit transacted at dealerships, per unit produced
for final assembly, per unit produced for engine assembly, and per unit produced for transmission assembly

are projected to remain constant for the duration of the analysis, and the origin of these activities is projected
to remain unchanged. In practice, it is reasonable to expect that plants could move locations, or engine and

TRANS are replaced by another fuel saving technology (like EMs and fixed gear boxes) that could require a

meaningfully different amount of assembly labor hours.

Table 2-14 shows sales weighted percent U.S. content by manufacturer, by regulatory class, for PCs (PC)
and LTs (LT), collected through American Automotive Labeling Acts (AALA) reports required by Part 583.
Information was not available for most vehicles in the HDPUV because Part 583 only covers vehicles up to
8,500 GVWR. We used the AALA data available for HDPUVs and supplemented it further through data
collected directly from manufacturers’ websites. The methodology is described in greater detail in Chapter
6.2.5.

Table 2-14: Sales Weighted Percent U.S. Content by Manufacturer, by Light-Duty Regulatory Class?!?®

Total MY
Sales | Fomlonol | Pottonol | poionol
LIRS RS LT V\étzig:létr?td Assembled | Assembled Assembled in
us. in the U.S. in the U.S. the U.S.
Content
BMW 7.0% 35.8% 20.2% 18.2% 0.0% 0.0%

125 percent U.S. content was informed by the MY 2022 Part 583 American Automobile Labeling Act Reports, appearing on NHTSA’s website. See
https://www.nhtsa.gov/part-583-american-automobile-labeling-act-reports.

126 Manufacturers within the fleet but not included in this table (Karma, Lucid) have no percent content data available through the Part 583 American
Automotive Labeling Act (AALA) Reports.
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Meg;endzes' 0.5% | 33.4% | 17.0% 21.6% 2.0% 0.0%
Stellantis 54.9% | 56.0% | 54.4% 37.0% 18.5% 34.6%
Ford 36.8% | 42.9% | 39.1% 63.6% 63.6% 86.4%
GM 30.4% | 39.8% | 37.5% 81.1% 61.1% 72.2%
Honda 54.3% | 66.8% | 54.0% 84% 82.0% 70.0%
Hyundai Kia-H | 12.2% | 11.6% | 14.9% 17.7% 10.1% 6.3%
Hyundai Kia-K | 16.6% | 29.2% | 23.8% 30.8% 17.9% 15.4%
JLR 5.9% | 2.8% 0.3% 0.0% 0.0% 14.3%
Mazda 3.7% | 1.3% 1.7% 0.0% 0.0% 0.0%
Mitsubishi 1.3% | 1.6% 9.4% 11.3% 14.5% 12.9%
Nissan 28.5% | 36.1% | 30.2% 57.9% 33.3% 0.0%
Subaru 36.50% | 25.5% | 27.3% 50.0% 0.0% 0.0%
Teslal?’ 55.206 | 59.9% | 61.2% 100.0% 100.0% 100.0%
Toyota 39.1% | 32.5% | 37.6% 34.0% 38.3% 20.2%
Volvo 9.5% | 1.0% 5.4% 18.9% 0.0% 0.0%
VWA 4.7% | 12.7% | 0.0% 8.3% 0.0% 0.0%

As observed from Table 2-14 manufacturers employ U.S. labor with varying intensity. In many cases,
vehicles certifying in the LT regulatory class have a slightly larger percent U.S. content than vehicles certifying
in the PC regulatory class.

2.2.2.3. Credit Banks

Manufacturers may over-comply with CAFE standards and bank so-called over compliance credits. As
discussed further in Preamble Section II.C.2, manufacturers may use these credits later, sell them to other
manufacturers, or let them expire. The CAFE Model does not explicitly trade credits between and among
manufacturers, but analysts have adjusted starting credit banks to reflect trades that are likely to happen
when the simulation begins (in MY 2022). Considering information manufacturers have reported regarding
compliance credits, and considering recent manufacturers’ compliance positions, DOT staff estimated
manufacturers’ potential use of compliance credits in earlier MYs. The outcome of these efforts attempts to
capture manufacturers’ choices to deplete their credit banks rather than producing high volume vehicles with
fuel saving technologies in earlier MYs. Use of these simulated credit banks also avoids unrealistic
application of technologies in early analysis years for manufacturers that typically rely on credits. These
assumptions are included in the Market Data Input File.

To estimate the size and potential disposition of manufacturer's CAFE compliance credit banks, staff make
use of data in NHTSA’s CAFE Public Information Center (PIC), which provides public access to a range of
information regarding the CAFE program,*?® including manufacturers’ credit balances. Compliance data
reported in the CAFE PIC is not published in real time, and a gap exists between a given manufacturer’'s
current credit bank status and the data available in the PIC; this lag varies by manufacturer and can be on the

127 Tesla does not have internal combustion engines, or multi-speed transmissions, even though they are identified as producing engine and transmission
systems in the United States in the Market Data Input File.

128 U.S. Department of Transportation, National Highway Traffic Safety Administration (NHTSA). CAFE: Corporate Average Fuel Economy, Public
Information Center. Available at: https://one.nhtsa.gov/cafe _pic/home. (Accessed: May 31, 2023).
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order of weeks to years. To address the limitations of the publicly available data, DOT staff examined
preliminary compliance data for each manufacturer’s fleets in recent MYs, as well as verified credit
transactions between manufacturers that have been reported to NHTSA. From these sources, staff estimated
compliance deficits or surpluses for each fleet based on fuel economy performance, then combined those
estimates with credits either acquired from another manufacturer or traded from a MY fleet’s surplus.

CAFE credits that are traded between manufacturers are adjusted to preserve the gallons saved that each
credit represents.'2%13% The adjustment occurs at the time of application rather than at the time the credits are
traded. This means that a manufacturer that has acquired credits through trade, but has not yet applied them,
may show a credit balance that is either considerably higher or lower than the real value of the credits when
they are applied. For example, a manufacturer that buys 40 million credits from Tesla may show a credit
balance in excess of 40 million. However, when those credits are applied, they may be worth only 1/10 as
much — making that manufacturer’s true credit balance closer to 4 million than 40 million. In this example,
such a large discrepancy between the initial and actual credit balances occurs because the adjustment that is
applied to Tesla’s credits. This adjustment attempts to preserve the total number of consumed gallons by
taking into account the CAFE ratings and standards of both manufacturers at the time those credits are
applied. Considering that the CAFE rating of an all-electric manufacturer, such as Tesla, ranges between 100
and 700 mpg (depending on the MY being evaluated), when compared to a more typical manufacturer with
CAFE ratings in the 30 to 60 mpg range, Tesla’s original credits are likely to be devaluated by as much as ten
times.

In order to accurately determine each manufacturer’s current credit position—inclusive of earned credits (or
deficits), acquired credits that have not yet been applied, or transferred credits that have not yet been
applied—DOT staff adjusted each credit transaction to reflect the true value of the credit in the current MY
and fleet where it resides.*3! Staff reevaluated existing compliance positions for MYs 2019-2021 after
adjusting credit values and used analyst judgment to resolve deficits in those years. The CAFE program
allows manufacturers to pay civil penalties for non-compliance; however, manufacturers cannot comply with
the minimum domestic PC standard with transferred credits,3? so a manufacturer must pay civil penalties if it
fails to meet that standard. Credits can then be applied to any remaining deficit between the domestic car
fleet CAFE and the calculated standard. However, in most other instances, manufacturers have preferred to
apply credits when possible. Credits expire five years after they are earned, so in MY 2018 (for example)
expiring credits would have been earned in MY 2013. Manufacturers typically find trading partners for
expiring credits, and we let no expiring credits go unused if there were opportunities to resolve deficits in MYs
leading up to MY 2022.

Some manufacturers faced deficits in the MYs prior to 2021 that had not yet been resolved, despite holding
positive credit balances (of mostly traded credits). These credits were also applied, where appropriate to
resolve compliance deficits — including transfers between fleets and credit carry-forward from older MYs. In a
small number of cases, we assume some small amount of fine payment (aside from the minimum domestic
standard) would be required to resolve deficits. All of these actions were required to estimate credit banks in
MYs 2017-2021 across the industry because all of those credits can be carried forward into the analysis —
beginning with MY 2017 credits that expire in MY 2022 and can be used to offset compliance deficits in the
first year of the simulation.

Staff reviewed credit balances, estimated the potential that some manufacturers could trade credits based on
their projected compliance positions in the No-Action Alternative, and developed inputs that make carried-
forward credits available in each of MYs 2022-2026, after subtracting credits assumed to be traded to other
manufacturers, adding credits assumed to be acquired from other manufacturers through such trades, and
adjusting any traded credits (up or down) to reflect their true value for the fleet and MY into which they were

129 See 49 U.S.C. 32903(f), which requires the credit trading program preserve total oil savings.

130 COz credits for EPA’s program are denominated in metric tons of CO2 rather than gram/mile compliance credits and require no adjustment when
traded between manufacturers or fleets.

131 Because compliance credits are specific to the MY and fleet in which they are earned, even if they are traded between manufacturers, traded credits
must be traded into a specific MY and fleet.

18249 U.S.C. 32903(g)(4).
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traded.'3® When identifying trading partners for credit transactions, staff examined hundreds of individual
credit transactions that have occurred over the last decade and attempted to avoid trading credits between
manufacturers that have not previously traded. While the specific transactions are considered CBI,
manufacturers report to NHTSA the fleet and MY in which the credits were earned, the fleet and MY into
which they are traded, and the (unadjusted) quantity of traded credits. DOT staff took a conservative
approach, preserving credits in a manufacturer’s bank for future use if it was forced to take aggressive
compliance actions (defined as applying technologies that did not “pay back” for new car buyers in the first
three years of ownership). This ensures that the CAFE Model has the maximal ability to balance the need for
technology application against the need to minimize compliance costs in the early years of the program for
manufacturers who have accumulated compliance credits.

Manufacturers’ estimated credit banks for the domestic car, imported car, and LT fleets are shown below.
While the CAFE Model will transfer expiring credits into another fleet (e.g., moving expiring credits from the
domestic car credit bank into the LT fleet), staff moved some of these credits into the initial banks to improve
the efficiency of application and to reflect better both the projected shortfalls of each manufacturer’s regulated
fleets and to represent observed behavior. For context, a manufacturer that produces one million vehicles in
a given fleet and experiences a shortfall of 2 mpg would need 20 million credits, adjusted for fuel savings, to
offset the shortfall completely.

Table 2-15: Estimated Domestic Car CAFE Credit Banks

MY 2017 MY 2018 MY 2019 MY 2020 MY 2021
BMW - - - -
Mercedes-Benz - - - -
Stellantis 2,011,000 4,023,000 5,028,000 5,028,000 8,045,000
Ford 995,000 - 2,484,000 4,968,000 1,031,000
GM - 1,958,000 3,209,000 2,807,000 3,367,000
Honda - - 1,500,000 1,416,000 -
Hyundai Kia-H - - - 570,000 1,072,000
Hyundai Kia-K - - - - 3,196,000
JLR - - - - -
Mazda - 653,000 - - -
Mitsubishi - - - - -
Nissan 2,346,000 4,222,000 - 1,129,000 -
Subaru - - - - -
Tesla - - - - -
Toyota - - 16,900,000 5,156,000 9,736,000
Volvo - - - - 632,000
VWA 281,000 125,000 2,032,000 3,557,000 5,589,000
Table 2-16: Estimated Imported Car CAFE Credit Banks
MY 2017 MY 2018 MY 2019 MY 2020 MY 2021
BMW - 990,000 1,320,000 1,452,000 2,639,000
Mercedes-Benz - 1,020,000 1,564,000 2,380,000 2,720,000

133 The adjustments, which are based upon the CAFE standard and MY of both the party originally earning the credits and the party applying them, were
implemented assuming the credits would be applied to the MeY in which they were set to expire. For example, credits traded into a domestic passenger
car fleet for MY 2017 were adjusted assuming they would be applied in the domestic passenger car fleet for MY 2022.
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Stellantis - - - - -
Ford 6,164,000 - - - -
GM - - 4,253,000 3,756,000 -
Honda - 4,522,000 - 435,000 1,769,000
Hyundai Kia-H - - - - -
Hyundai Kia-K - 1,946,000 3,363,000 4,460,000 3,568,000
JLR 5,383,000 5,580,000 2,036,000 5,120,000 5,248,000
Mazda 1,425,000 - - - -
Mitsubishi 742,000 1,519,000 - - -
Nissan - - - - -
Subaru | 14,329,000 15,235,000 7,228,000 8,431,000 12,231,000
Tesla - - - - -
Toyota 1,081,000 1,359,000 1,336,000 2,550,000 1,188,000
Volvo - 146,000 - - -
VWA - - - - -
Table 2-17: Estimated Light Truck CAFE Credit Banks
MY 2017 MY 2018 MY 2019 MY 2020 MY 2021
BMW - 776,000 1,553,000 1,941,000 2,329,000
Mercedes-Benz - - - - -
Stellantis - - 230,000 1,484,000 1,257,000
Ford 1,231,000 1,382,000 - 3,720,000 -
GM - 920,000 2,514,000 942,000 -
Honda - - - - -
Hyundai Kia-H 402,000 - - 908,000 564,000
Hyundai Kia-K - - - - -
JLR - 2,750,000 2,750,000 2,858,000 2,863,000
Mazda 1,116,000 1,840,000 640,000 - -
Mitsubishi 500,000 136,000 - - -
Nissan 1,457,000 1,473,000 - 1,280,000 -
Subaru 3,532,000 3,178,000 4,087,000 91,000 1,860,000
Tesla - - - - -
Toyota 8,835,000 5,145,000 11,300,000 7,126,000 5,817,000
Volvo 330,000 2,406,000 993,000 - 2,265,000
VWA - - 4,616,000 3,077,000 -
Table 2-18: Estimated HDPUV Credit Banks
MY 2017 MY 2018 MY 2019 MY 2020 MY 2021
Mercedes-Benz - 2,820,000 - - -
Stellantis | 63,160,000 - - - -
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Ford | 262,000,000 - - - -
GM | 193,000,000 - - - -
Nissan | 12,713,000 1,173,000 574,000 233,000 -

Manufacturers have not set up HDPUYV credit trading accounts with NHTSA, so credit trading in this segment
is not currently possible. Therefore, we take reported credits as given and do not conduct any pre-trading
steps across manufacturers for HDPUV credits. Staff utilized some within-manufacturer credit trades (i.e.,
transfers from future MYs) to smooth technology application prior to the analysis start year for Ford and GM.
Manufacturers are projected to generate excess credits in this space, and these credits can be used during
the initial simulation period (e.g., MYs 2022 and 2023) for compliance where imposed redesign schedules in
these years prevent sufficient technology application to meet standards.

The CAFE Model includes a similar representation of existing credit banks in EPA’s CO2z program. As inputs
to today’s analysis, staff developed the CO2 compliance credit banks presented below for manufacturers’ PC
(unlike EPCA, the CAA does not require EPA to differentiate between domestic and imported cars) and LT
fleets.

Table 2-19: Estimated Passenger Car CO2 Credit Banks (metric tons)

MY 2017 MY 2018 MY 2019 MY 2020 MY 2021
BMW | 2,490,000 102,000 186,000 73,000 -
Mercedes-Benz 800,000 500,000 400,000 400,000 70,000
Stellantis 914,000 2,350,000 2,127,000 1,302,000 2,143,000
Ford - - - 499,000 -
GM 929,000 2,060,000 - 1,686,000 877,000
Honda | 3,288,000 5,894,000 3,078,000 1,644,000 186,000
Hyundai Kia-H - - - - -
Hyundai Kia-K - - 31,000 - 33,000
JLR 250,000 - - - -
Mazda 122,000 105,000 - - -
Mitsubishi 90,000 97,000 23,000 22,000 -
Nissan 435,000 - - - -
Subaru 861,000 582,000 633,000 555,000 -
Tesla - - - - -
Toyota 195,000 579,000 335,000 170,000 52,000
Volvo 42,000 374,000 141,000 95,000 65,000
VWA - 458,000 256,000 1,000 95,000
Table 2-20: Estimated Light Truck CO2 Credit Banks (metric tons)
MY 2017 MY 2018 MY 2019 MY 2020 MY 2021
BMW | 1,163,000 37,000 95,000 45,000 73,000
Mercedes-Benz | 1,000,000 1,000,000 1,000,000 1,000,000
Stellantis 3,815,000 9,609,000 8,947,000 7,313,000 9,546,000
Ford - - - 1,380,000 -
GM 1,200,000 3,483,000 - 3,446,000 1,437,000
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Honda 1,650,000 3,398,000 2,288,000 1,225,000 1,646,000
Hyundai Kia-H - - - - -
Hyundai Kia-K - - 15,000 - -

JLR 750,000 750,000 - - -
Mazda 49,000 59,000 - - -
Mitsubishi 81,000 106,000 29,000 29,000 -
Nissan 217,000 - - - -
Subaru 605,000 271,000 1,664,000 1,529,000 -
Tesla - - - - -
Toyota 917,000 1,028,000 838,000 516,000 -
Volvo 37,000 405,000 176,000 121,000 389,000
VWA - 553,000 256,000 2,000 104,000

While the CAFE Model does not simulate the ability to trade credits between manufacturers, it does simulate
the strategic accumulation and application of compliance credits, as well as the ability to transfer credits
between fleets to improve the compliance position of a less efficient fleet by leveraging credits earned by a
more efficient fleet. The model prefers to hold on to earned compliance credits within a given fleet, carrying
them forward into the future to offset potential future deficits. This assumption is consistent with observed
strategic manufacturer behavior dating back to 2009.

From 2009 to present, no manufacturer has transferred CAFE credits into a fleet to offset a deficit in the same
year in which they were earned. This has occurred with credits acquired from other manufacturers via trade
but not with a manufacturer’'s own credits. Therefore, the current representation of credit transfers between
fleets—where the model prefers to transfer expiring, or soon-to-be-expiring credits rather than newly earned
credits—is both appropriate and consistent with observed industry behavior.

This may not be the case for CO2 standards, though it is difficult to model exactly. The CO2 program seeded
the industry with a large quantity of early compliance credits (earned in MYs 2009-2011'3%) prior to the
existence formal CO2 standards. Early credits from MYs 2010 and 2011, however, did not expire until 2021.
Considering that under the CO2 program manufacturers simultaneously comply with PC and LT fleets, to more
accurately represent the CO:2 credit system the CAFE Model simulates (and, in effect, encourages) intra-year
transfers between regulated fleets for the purpose of simulating compliance with the CO2 standards.

2.2.2.4. Civil Penalty Payment Preferences

EPCA requires that if a manufacturer does not achieve compliance with a CAFE standard in a given MY and
cannot apply credits sufficient to cover the compliance shortfall, the manufacturer must pay civil penalties to
the federal government. Some manufacturers have sometimes elected to pay civil penalties rather than
achieving compliance with CAFE standards.*3> Until recently, such penalties were assessed at $5.50 per 0.1
mpg of residual shortfall (i.e., after applying compliance credits) per vehicle in the noncompliance fleet with
the penalty rate being adjusted to $14 for MYs 2019 through 2021, to $15 in MY 2022, and to $16 beginning
MY 2023 as required under a separate federal statute. Additional adjustments to the rate will be assessed
annually as required by law and otherwise as appropriate. If inputs indicate that a manufacturer treats civil
penalty payment as an economic choice (i.e., one to be taken if doing so would be economically preferable to
applying further technology toward compliance), the CAFE Model, when evaluating the manufacturer’s
response to CAFE standards in a given MY, will apply fuel-saving technology only up to the point beyond

34 In response to public comment, EPA eliminated the possible use of credits earned in MY 2009 for future MYs. However, credits earned in MY 2010
and MY 2011 remain available for use.

135 For MY2017, Stellantis (Fiat Chrysler at the time) paid $79,376,643.50 in civil penalties in December 2019. Volvo paid a civil penalty of $298,573.00
for failing to exceed the MY2013 LT CAFE standard. Afterwards, Volvo paid an additional civil penalty of $2,282,192.00 for defaulting on a credit
carryback plan by failing to earn and carryback sufficient credits from MY2016 to resolve its MY2013 credit shortfall. See
https://one.nhtsa.gov/cafe_pic/home/ldreports/civilPenalties.
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which doing so would be more expensive (after subtracting the value of avoided fuel outlays) than paying civil
penalties.

For today’s analysis, DOT has exercised the CAFE Model with inputs assuming that all light-duty
manufacturers will treat civil penalty payment as an economic choice through MY 2026. While DOT expects
that only manufacturers with some history of paying civil penalties would actually treat penalty payment as an
acceptable option, the CAFE Model does not currently simulate compliance credit trading between
manufacturers, and DOT expects that this treatment of penalty payment will serve as a reasonable proxy for
compliance credit purchases some manufacturers might actually make through MY 2026.%3¢ For example,
Stellantis is shown to be paying fines in 2030 in the Preferred Alternative but in reality they are most likely to
buy credits from Tesla, as they have done in the past. These input assumptions for MYs through 2026 reduce
the potential that the model will overestimate technology application in the MYs leading up to those for which
the agency is finalizing new standards. As in the past CAFE rulemaking analyses (except that supporting the
2020 final rule), DOT has treated manufacturers with some history of fine payment (i.e., BMW, Mercedes-
Benz [formerly Daimler], Stellantis [formerly Fiat Chrysler Automobiles (FCA)], Jaguar-Land Rover, Volvo, and
Volkswagen (VW)) as continuing to treat civil penalty payment as an acceptable option beyond MY 2026 but
has treated all other manufacturers as unwilling to do so beyond MY 2026. Conversely, for the HDPUV fleet,
only for purposes of model operation, DOT has treated all manufacturers as unwilling to consider civil
penalties as an economic choice during any of the MYs covered in today’s analysis. More information about
HDPUYV compliance is discussed in Preamble Compliance.

2.2.2.5. Payback

The CAFE Model uses an “effective cost” metric to evaluate options to apply specific technologies to specific
engines, transmissions, platforms, and vehicle model configurations. Expressed on a $/gallon basis, this
metric is computed by subtracting the estimated values of avoided fuel outlays, civil penalties, and Federal
incentives (i.e., tax credits) from the corresponding technology costs, then dividing the result by the quantity of
avoided fuel consumption. The value of fuel outlays is computed over a “payback period” representing the
manufacturer’s expectation that consumers will be willing to pay for some portion of fuel savings achieved
through higher fuel economy or fuel efficiency. Once the model has applied enough technology to a
manufacturer’s fleet to achieve compliance with CAFE and fuel efficiency standards (and CO: standards and
ZEV mandates) in a given MY, the model will apply any further fuel economy or efficiency improvements
estimated to produce a negative effective cost (i.e., any technology applications for which avoided fuel outlays
during the payback period are larger than the corresponding technology costs). As discussed above in
Chapter 1 and below in Chapter 4, DOT staff anticipate that manufacturers are likely to act as if the market is
willing to pay for avoided fuel outlays expected during the first 30 months of vehicle operation.

2.2.2.6. Zero Emissions Vehicles

When considering other standards that may affect fuel economy compliance pathways, NHTSA included
projected ZEVs that would be required for manufacturers to meet standards in California and Section 177
states, per the waiver submitted under the CAAA.

To support the inclusion of the ZEV programs (ACC Il and ACT) in the analysis, DOT staff identified specific
vehicle model/configurations that could adopt BEV technology in response to the ZEV program— independent
of CAFE standards. These ZEVs are identified in the Market Data Input File as future BEV1, BEV2, BEV3, or
BEV4 vehicles. The CAFE Model shifts sales to ZEVs as needed to comply with these programs, assuming
sales will be taken from a vehicle with a comparable price and market segment.'3” The Market Data Input File
also includes information about the portion of each manufacturer’s sales that occur in California and Section
177 states, which is helpful for determining how many ZEV credits each manufacturer will need to generate in
the future to comply with the ACC Il and ACT programs with their own portfolio. These new procedures are
described in more detail in Chapter 2.3.

136 From MY2012 to MY 2017, numerous manufactuers have conducted CAFE credits trades amongts themselves. See
https://one.nhtsa.gov/cafe_pic/home/ldreports/creditStatus.

137 While manufacturers may introduce BEVs that are entirely new designs, staff anticipate that simulating BEVs as new versions of existing vehicle
model/configurations should represent these designs reasonably for purposes of this analysis, given that CAFE Model inputs should account reasonably
for electric powertrains supplanting CONVs.
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2.3. Technology Effectiveness Values

The next inputs required to simulate manufacturers’ decision-making processes for the year-by-year
application of technologies to specific vehicles are estimates of how effective each technology would be at
reducing fuel consumption. For this analysis, we use full-vehicle modeling and simulation to estimate the fuel
economy improvements that manufacturers could achieve by applying technology to a fleet of vehicles,
considering the vehicles’ technical specifications and how combinations of technologies interact. Full-vehicle
modeling and simulation use physics-based models to predict how combinations of technologies perform as a
full system under defined conditions.

A model is a mathematical representation of a system, and simulation is the behavior of that mathematical
representation over time. In this analysis, the model is a mathematical representation of an entire vehicle,38
including its individual components such as the engine and transmission, overall vehicle characteristics such
as mass and aerodynamic drag, and the environmental conditions, such as ambient temperature and
barometric pressure. We simulate the model’s behavior over test cycles, including the 2-cycle laboratory
compliance tests (or 2-cycle tests),'3° to determine how the individual components interact. The 2-cycle tests
are test cycles used to measure fuel economy for CAFE compliance, and therefore are the relevant test
cycles for determining technology effectiveness when establishing CAFE standards. In the laboratory, 2-cycle
testing involves sophisticated test and measurement equipment, carefully controlled environmental conditions,
and precise procedures to ensure the most repeatable results possible with human drivers. These structured
procedures serve as a uniform assessment for fuel economy measurements.

Full-vehicle modeling and simulation was initially developed to avoid the costs of designing and testing
prototype parts for every new type of technology. For example, if a truck manufacturer has a concept for a
light-weight tailgate and wants to determine the fuel economy impact for the weight reduction, the
manufacturer can use physics-based computer modeling to estimate the impact. The vehicle, modeled with
the proposed change, can be simulated on a defined test route and under defined test conditions, such as city
or highway driving in warm ambient temperature conditions, and compared against the baseline vehicle
without the change. Full-vehicle modeling and simulation allows the consideration and evaluation of different
designs and concepts before building a single prototype. In addition, full vehicle modeling and simulation is
beneficial when considering technologies that provide small incremental improvements. These improvements
are difficult to measure in laboratory tests due to variations in how vehicles are driven over the test cycle by
human drivers, variations in measurement equipment, and variations in environmental conditions.4°

Full-vehicle modeling and simulation requires detailed data describing individual vehicle technologies and
performance-related characteristics. Those data generally come from design specifications, laboratory
measurements, and other subsystem simulations or modeling. One example of data used as an input to the
full vehicle simulation are engine maps for each engine technology that define how much fuel is consumed by
the engine technology across its operating range.

Using full-vehicle modeling and simulation to estimate technology efficiency improvements has two primary
advantages over using single or limited point estimates. An analysis using single or limited point estimates
may assume that, for example, one fuel economy improving technology with an effectiveness value of 5
percent by itself and another technology with an effectiveness value of 10 percent by itself, when applied
together achieve an additive improvement of 15 percent. Single point estimates generally do not provide
accurate effectiveness values because they do not capture complex relationships among technologies.
Technology effectiveness often differs significantly depending on the vehicle type (e.g., sedan versus pickup
truck) and the way in which the technology interacts with other technologies on the vehicle, as different
technologies may provide different incremental levels of fuel economy improvement if implemented alone or in

138 Each full vehicle model in this analysis is composed of sub-models, which is why the full vehicle model could also be referred to as a full system model,
composed of sub-system models.

139 EPA’s compliance test cycles are used to measure the fuel economy of a vehicle. For readers unfamiliar with this process, it is like running a car on a
treadmill following a program—or more specifically, two programs. The “programs” are the “urban cycle,” or Federal Test Procedure (abbreviated as
“FTP”), and the “highway cycle,” or Highway Fuel Economy Test (abbreviated as “HFET”), and they have not changed substantively since 1975. Each
cycle is a designated speed trace (of vehicle speed versus time) that all certified vehicles must follow during testing. The FTP is meant roughly to
simulate stop and go city driving, and the HFET is meant roughly to simulate steady flowing highway driving at about 50 mph.

140 Difficulty in controlling for such variability is reflected, for example, in 40 CFR 1065.210, Work input and output sensors, which describes complicated
instructions and recommendations to help control for variability in real world (non-simulated) test instrumentation set up.
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combination with other technologies. Any oversimplification of these complex interactions leads to less
accurate and often overestimated effectiveness estimates.

In addition, because manufacturers often add several fuel-saving technologies simultaneously when
redesigning a vehicle, it is difficult to isolate the effect of individual technologies using laboratory
measurement of production vehicles alone. Modeling and simulation offer the opportunity to isolate the
effects of individual technologies by using a single or small number of baseline vehicle configurations and
incrementally adding technologies to those baseline configurations. This provides a consistent reference
point for the incremental effectiveness estimates for each technology and for combinations of technologies for
each vehicle type. Vehicle modeling also reduces the potential for overcounting or undercounting technology
effectiveness.

An important feature of this analysis is that the incremental effectiveness of each technology and
combinations of technologies should be accurate and relative to a consistent baseline vehicle. We use the
absolute fuel economy values from the full vehicle simulations only to determine relative effectiveness, but not
to assign an absolute fuel economy value to any vehicle model or configuration.

For this analysis, the baseline absolute fuel economy value for each vehicle in the analysis fleet is based on
CAFE compliance data.'*! For subsequent technology changes, we apply the incremental effectiveness
values of one or more technologies to the baseline fuel economy value to determine the absolute fuel
economy achieved for applying the technology change. We determine the effectiveness values using full
vehicle simulations performed in Autonomie, a physics-based full-vehicle modeling and simulation software
developed and maintained by the U.S. Department of Energy’s (DOE) ANL.

As an example, if a Ford F-150 2-wheel drive crew cab and short bed in the analysis fleet has a fuel economy
value of 30 mpg for CAFE compliance, we consider 30 mpg the reference absolute fuel economy value. A
similar full vehicle model node in the Autonomie simulation may begin with an average fuel economy value of
32 mpg, and with the incremental addition of a specific technology X its fuel economy improves to 35 mpg, a
9.3 percent improvement. In this example, the incremental fuel economy improvement (9.3 percent) from
technology X is applied to the F-150’s 30 mpg absolute value.

We determine the incremental effectiveness of technologies as applied to the thousands of unique vehicle
and technology combinations in the analysis fleet. Although, as mentioned above, full-vehicle modeling and
simulation reduces the work and time required to assess the impact of moving a vehicle from one technology
state to another, it would be impractical—if not impossible—to build a unique vehicle model for every
individual vehicle in the analysis fleet. Therefore, as discussed in the following chapters, the Autonomie
analysis relies on 14 vehicle technology class models that are representative of large portions of the LD and
HDPUV analysis fleet vehicles. The vehicle technology classes ensure that we reasonably represent key
vehicle characteristics in the full vehicle models. The next subchapters discuss the details of the technology
effectiveness analysis input specifications and assumptions.

2.3.1. Full-Vehicle Modeling, Simulation Inputs, and Data Assumptions

This analysis uses Argonne’s full vehicle modeling and simulation tool, Autonomie, to build vehicle models
with different technology combinations to determine the effectiveness of those technologies over simulated
regulatory test cycles. We consider over 50 technologies as inputs to the Autonomie modeling.'4?> These
inputs consist of engine technologies, transmission technologies, powertrain electrification, light-weighting,
aerodynamic improvements, and ROLL improvements. Chapter 3 broadly discusses each of the technology
groupings definitions, inputs, and assumptions. We include a deeper discussion of the Autonomie modeled
subsystems, and how inputs feed the sub models resulting in outputs, in the CAFE Analysis Autonomie
Documentation that accompanies this analysis.

141 See Chapter 2.2.1 Characterizing Vehicles and their Technology Content for further discussion of CAFE compliance data.

142 CAFE Analysis Autonomie Documentation; CompactNonPerfo_2206.csv; CompactPerfo_2206.csv; MidsizeNonPerfo_2206.csv;
MidsizePerfo_2206.csv; MidsizeSUVNonPerfo_2206.csv; MidsizeSUVPerfo_2206.csv; PickupNonPerfo_2206.csv; PickupPerfo_2206.csv;
SmallSUVNonPerfo_2206.csv; SmallSUVPerfo_2206.csv; ANL - All Assumptions_Summary_NPRM_2206.xIsx; ANL - Data Dictionary_ NPRM_2206.xIsx;
ANL - Summary of Main Component Performance Assumptions_ NPRM_2206.xIsx; C2P_Processed_220811.csv; C2V_Processed_220811.csv;
C3P_Processed_220811.csv; C3V_Processed_220811.csv; ANL - All Assumptions Summary - (2b-3) FY22 NHTSA - 220811.xIsx; ANL - Data Dictionary
- (2b-3) FY22 NHTSA - 2200811.xlIsx; ANL - Summary of Main Component Performance Assumptions - (2b-3) FY22 NHTSA - 220811.xIsx.
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We develop Autonomie model inputs considering real-world and compliance test cycle constraints. Examples
include but are not limited to using an engine knock model in engine map development, noise-vibration-
harshness (NVH) constraints on DEAC logic in the engine map development, and NVH constraints on the
number of engine on/off events (e.g., from start/stop 12V micro hybrid systems).

One of the important inputs to the Autonomie model is the set of engine fuel map models. The engine map
models define the fuel consumption rate for an engine equipped with specific technologies when operating
over a variety of engine load (torque) and engine speed conditions. We developed the engine map models by
creating a base, or root, engine map and then modifying that root map, incrementally, to isolate the effects of
the added technologies. The LD engine maps, developed by IAV using their GT-Power modeling tool and the
HDPUV engine maps, developed by SWRI using their GT-Power modeling tool, are based on real-world
engine designs. One important feature of the IAV’'s GT Power modeling tool is the embedded IAV knock
model, which was also developed using real-world engine data.'#3144 This ensures that the engine maps
appropriately include real-world constraints as the Autonomie built vehicles are simulated on the test cycles.

Although the same engine map models are used for all vehicle technology classes, the effectiveness varies
based on the characteristics of each class. For example, a compact car with a turbocharged engine will have
a different effectiveness value than a pickup truck with the same engine technology type. The engine map
models development and specifications are discussed further in Chapter 3.

Other key Autonomie inputs and assumptions are default values and recommendations from Argonne’s
technical teams, based on test data and other technical publications.'*> For some Autonomie model inputs
(such as, for example, throttle time response and shifting strategies for different transmission technologies),
assumptions are based on the latest test data and current market information.**¢ The Autonomie tool did not
simulate vehicle attributes that were determined to have minimal impacts on fuel economy, like whether a
vehicle had a sunroof or leather seats, as those attributes would have trivial impact in the overall analysis.

Because this analysis models 14 different vehicle types (i.e., vehicle classes) to represent the thousands of
vehicles in the analysis fleet, improper assumptions about an advanced technology could lead to errors in
estimating effectiveness. Autonomie is a sophisticated full-vehicle modeling tool that requires extensive
technology characteristics based on both physical and intangible data, like proprietary software (e.g., control
strategies for DEAC). We can therefore be confident that using full-vehicle technology effectiveness
estimates for every combination of technologies considered in this analysis results in a well-constructed set of
relative vehicle fuel economy improvements for use in the CAFE Model.

2.3.2. Defining Vehicle Classes in Autonomie

Argonne builds full-vehicle models and runs simulations for many combinations of technologies, but it does
not simulate literally every single vehicle model/configuration in the analysis fleet. Not only would it be
impractical to assemble the requisite detailed information specific to each vehicle/model configuration, much
of which would likely only be provided on a confidential basis but doing so would increase the scale of the
simulation effort by orders of magnitude. Instead, Argonne simulates 14 different vehicle types, or what we
refer to as “technology classes.” Technology classes are a mean of specifying common technology input
assumptions for vehicles that share similar characteristics. Because each vehicle technology class has
unigue characteristics, the effectiveness of technologies and combinations of technologies is different for each
technology class. Conducting Autonomie simulations uniquely for each technology class provides a specific
set of simulations and effectiveness data for each technology class.

Ten of these classes correspond to the five LD “technology classes” generally used in CAFE analysis over the
past several rulemakings, each with two performance levels and corresponding vehicle technical
specifications (e.g., small car, small performance car, pickup truck, performance pickup truck, and so on).

143 Engine knock in Sl engines occurs when combustion of some of the air/fuel mixture in the cylinder does not result from propagation of the flame front
ignited by the spark plug, but one or more pockets of air/fuel mixture explodes outside of the envelope of the normal combustion front.

144 See IAV material submitted to the docket; IAV_20190430_Eng 22-26 Updated_Docket.pdf, IAV_Engine_tech_study Sept 2016_Docket.pdf,
IAV_Study for 4 Cylinder Gas Engines_Docket.pdf.

145 An example of a default assumption is the DEAC methodology within Autonomie. The controller within Autonomie has been developed, using test
data, to consider NVH and cold start operation when to enable cylinder deactivation.

146 See further details in Chapter 2.2 and in Chapter 3's individual technology pathway subchapters.
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The high performance and low performance vehicles classifications allow for better diversity in estimating
technology effectiveness across the fleet. The next four classes correspond to the two sets of HD pickups
and vans in the Class 2b and Class 3 weight categories.

Argonne developed a vehicle characteristics database to capture baseline vehicle attributes that are used to
build the full vehicle models for each technology class. Representative vehicle attributes and characteristics
are identified from publicly available information and automotive benchmarking databases such as
A2Mac1,'*” Argonne’s Downloadable Dynamometer Database (D3),#¢ EPA compliance and fuel economy
data,'*® EPA’s guidance on the cold start penalty on 2-cycle tests,'°0 the 215t Century Truck
Partnership,%1152.153 and industry partnerships.'>* The resulting vehicle technology class baseline
characteristics assumptions database consists of over 100 different attributes like vehicle frontal area, drag
coefficient, fuel tank weight, transmission housing weight, transmission clutch weight, hybrid vehicle
component weights, weights for components that comprise engines and electric machines, tire rolling
resistance, transmission gear ratios and final drive ratios.

Argonne then assigns each of the 14 vehicle types a set of baseline attributes based on representative values
determined from the compiled vehicle databases. For example, the characteristics of a MY 2022 Honda Civic
are considered along with a wide range of other compact cars to identify representative characteristics for the
compact car technology class models. These vehicle technology class attributes coupled with other
technology attributes are compiled as inputs for the full-vehicle Autonomie simulations. The simulations then
determine the fuel economy improvement from applying each combination of technologies to the baseline
technology set.

For each vehicle technology class and for each vehicle attribute, Argonne estimates the attribute value using
statistical distribution analysis of publicly available data and data obtained from the A2Macl benchmarking
database. Some vehicle attributes are based on test data and vehicle benchmarking, like the cold-start
penalty for the Federal Test Procedure (FTP) test cycle and vehicle electrical accessories load. Table 2-21
and Table 2-22 show some key attributes that are assigned to the baseline reference vehicles. The CAFE
Analysis Autonomie Documentation includes more detail about vehicle attributes used in this analysis,*®> and
values for each vehicle technology class are provided with the Autonomie Input and Assumptions Description
Files.1%®

147 A2Macl: Automotive Benchmarking. Proprietary data. Available at: https://www.a2macl.com. (Accessed: May 31, 2023). A2Macl is subscription-
based benchmarking service that conducts vehicle and component teardown analyses. Annually, A2Mac1 removes individual components from
production vehicles such as oil pans, electric machines, engines, transmissions, among the many other components. These components are weighed
and documented for key specifications which is then available to their subscribers.

148 Argonne National Laboratory, Energy Systems Division. Downloadable Dynamometer Database. Available at: https://www.anl.gov/es/downloadable-
dynamometer-database. (Accessed: May 31, 2023).

149 United States Environmental Protection Agency. 2023. Data on Cars used for Testing Fuel Economy: Compliance and Fuel Economy Data. Available
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Table 2-21: Reference Autonomie Technology Class Attributes, LD’

. . . . Frontal Sl Base Cold Start Penalty
Vehicle | Performance | 0-60 mph | Payload | Towing Drag Tire Rolling Curb
Class Category Time (s) (kg) (kg) Coefficient | Resistance AT Weight SIS A0E (egioRg o)
(m2) (kg) Load (w) NA:TC8
Coggra‘:t Low 9 N/A N/A 0.31 0.009 2.3 1337 250 14.3/1.084:15.8/1.096
Midsize .
Car Low 8 N/A N/A 0.3 0.009 2.35 1431 250 14.3/1.084:15.8/1.096
Small .
SUV Low 8 N/A N/A 0.36 0.009 2.65 1633 275 14.3/1.084:15.8/1.096
Midsize :
SUV Low 8 N/A N/A 0.38 0.009 2.85 1746 300 14.3/1.084:15.8/1.096
Pickup Low 7 650 3000 0.42 0.009 3.25 1675 300 14.3/1.084:15.8/1.096
Cog;’rad High 7 N/A N/A 0.31 0.009 2.3 1835 325 14.3/1.084:15.8/1.096
Midsize . :
Car High 6 N/A N/A 0.3 0.009 2.35 1801 325 14.3/1.084:15.8/1.096
Small . .
SUV High 7 N/A N/A 0.36 0.009 2.65 2103 350 14.3/1.084:15.8/1.096
Midsize . .
SUV High 7 N/A N/A 0.38 0.009 2.85 2011 350 14.3/1.084:15.8/1.096
Pickup High 7 900 4500 0.42 0.009 3.25 2481 350 14.3/1.084:15.8/1.096

157 These are the reference points for the baseline vehicles.
158 NA = Naturally Aspirated. TC = Turbocharged Aspiration.
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Table 2-22: Reference Autonomie Technology Class Attributes, HDPUV>®

Test
Vehicle | Performance O'Bg Towing Weight Drag Tire Rolling ezl IBase CokI)d St%t P;zr;alty
Class Category mp (Ibs) for sizing | Coefficient | Resistance Area Elec Acc (oayLdoag? v
Time (s) (Ibs) (m2) Load (w) NA:TC160
2b Van 16 6,000 10,000 0.50 0.009 5.38 1000 14.3/1.084:15.8/1.096
2b HD Pickup 13 15,000 10,000 0.50 0.009 3.95 1000 14.3/1.084:15.8/1.096
3 Van 20 6,500 14,000 0.60 0.009 5.60 1000 14.3/1.084:15.8/1.096
3 HD pickup 16 18,000 14,000 0.50 0.009 3.95 1000 14.3/1.084:15.8/1.096

159 These are the reference points for the baseline vehicles.
160 NA = Naturally Aspirated. TC = Turbocharged Aspiration.
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One notable vehicle attribute is engine mass. We did not believe it appropriate to assign a single engine
mass for each vehicle technology class. To account for the difference in weight for different engine types,
Argonne performed a regression analysis of engine peak power versus weight, based on attribute data taken
from the A2Macl benchmarking database. For example, to account for the weight of different engine sizes,
like 4-cylinder versus 8-cylinder or turbocharged versus naturally aspirated engines, Argonne developed a
relationship curve between peak power and engine weight based on the A2Macl benchmarking data.
Argonne uses the developed relationship to estimate mass for all engines. The analysis applies secondary
weight reduction associated with changes in engine technology by using this linear relationship between
engine power and engine weight.

For example, when a vehicle in the LD and HDPUV analysis fleets with an 8-cylinder engine adopts a more
fuel-efficient 6-cylinder engine, the total vehicle weight reflects the updated engine weight with two fewer
cylinders based on the peak power versus engine weight relationship. The Autonomie simulation data
accounts for the impact of engine MR on effectiveness directly in the Autonomie simulation data through the
application of the above relationship. Engine MR through downsizing is, therefore, appropriately not included
as part of vehicle MR technology that is discussed in Chapter 3.4, because doing so would result in double
counting the impacts. We use four separate curves for LD, two for naturally aspirated engines with gas and
diesel and two for turbocharged engines for gas and diesel, to improve the precision of the engine weight
estimates. We also use two separate curves for HDPUVs, one for gasoline engines and the other for diesel
engines.

In addition, we hold some attributes at constant levels within each technology class to maintain vehicle
functionality, performance, and utility, including NVH, safety, and other utilities important for customer
satisfaction. For example, in addition to the vehicle performance constraints discussed in Chapter 2.3.5, the
analysis does not allow the frontal area of the vehicle to change in order to maintain utility like ground
clearance, head-room space, and cargo space. Another example is the cold-start penalty used to account for
fuel economy degradation for heater performance and emissions system catalyst light-off.16 This allows the
analysis to capture discrete improvements in technology effectiveness while maintaining vehicle attributes that
are important like vehicle utility, consumer acceptance and compliance with criteria emission standards.
These constraints are considered as manufacturers consider them in the real world.

2.3.3. Building Representative Vehicles and Vehicle Optimization

Before any simulation is initiated in Autonomie, Argonne must “build” a vehicle by assigning reference
technologies and initial attributes to the components of the vehicle model representing each technology
class.’®? The reference technologies are baseline technologies that represent the first step on each
technology pathway used in the analysis. For example, a compact car is built by assigning it a baseline
engine (DOHCQC), variable valve timing (VVT), port fuel injection (PFI), a baseline transmission (5-speed
automatic transmission (AT5)), a baseline level of aerodynamic improvement (AEROQ), a baseline level of
rolling resistance improvement (ROLLO), a baseline level of MR technology (MRO), and corresponding
attributes from the Argonne vehicle assumptions database like individual component weights.'®® A baseline
vehicle will have a unique starting point for the simulation and a unique set of assigned inputs and attributes
based on its technology class.

The next step in the process is to run a powertrain sizing algorithm for both the LD and HDPUV classes that
ensures the built vehicle meets or exceeds defined performance metrics including low-speed acceleration
(time required to accelerate from 0-60 mph), high-speed passing acceleration (time required to accelerate
from 50-80 mph), gradeability (the ability of the vehicle to maintain constant 65 mph speed on a six percent
upgrade), and towing capacity. Together, these performance criteria are widely used by the automotive
industry as metrics to quantify vehicle performance attributes that consumers observe and that are important
for vehicle utility and customer satisfaction.

161 The catalyst light-off is the temperature necessary to initiate the catalytic reaction and this energy is generated from the engine’s heat.

162 Further discussion of this process is in Chapter “Vehicle and Component Assumptions” of the CAFE Analysis Autonomie Documentation.

163 Further discussion of this setup is in Subchapter “Vehicle and Component Assumptions—Vehicle Component Weight Selection” of the CAFE Analysis
Autonomie Documentation.
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In the compact car example used above, we assign an initial specific engine design and engine power,
transmission, aerodynamic drag technology (AERO), ROLL, and MR technologies, and other attributes like
vehicle weight. If the built vehicle does not meet all the performance criteria as the vehicle is simulated over
the defined test cycles in the first iteration, then the engine power is increased to meet the performance
requirement. The increase in power is achieved by increasing engine displacement, which might involve an
increase in the number of cylinders, which may lead to an increase in the engine weight. This iterative
process then determines if the compact car with increased engine power and corresponding updated engine
weight meets the required performance metrics. The iterative process stops once all the performance
requirements are met for the baseline vehicle, and it is at this point the compact car technology class vehicle
model is ready for simulation.

Autonomie then adopts a single fuel saving technology to the baseline vehicle model, keeping everything else
the same except for that one technology and the attributes associated with it. For example, the model applies
an 8-speed automatic transmission (AT8) in place of the baseline 6-speed automatic transmission (AT6),
which would lead either to an increase or decrease in the total weight of the vehicle based on the technology
class assumptions. Autonomie then confirms whether performance metrics are met for this new vehicle
model through the previously discussed sizing algorithm and iterations. Once a technology is assigned to the
vehicle model and the resulting vehicle meets its performance metrics, the vehicle model is used as an input
to the full vehicle simulation. As an example, for just the 6-speed to 8-speed automatic transmission
technology update, the initial 14 vehicle models (one for each technology class) are created, plus the 14 new
vehicle models with the updated 8-speed automatic transmission, for a total of 28 different vehicle models for
simulation. This permutation process is repeated for each of the over 50 technologies considered, which
results in hundreds of thousands of optimized vehicle models. Figure 2-2 shows a flow chart of the process
for building vehicle models in Autonomie for simulation.

Figure 2-2: Autonomie Technology Adoption Process for Vehicle Building with Compact Car
Technology Class as an Example

Some technologies require extra steps for optimization before the vehicle models are built for simulation. For
example, the sizing and optimization process is more complex for the electrified vehicles (e.g., HEVs, PHEVS)
compared to vehicles with only ICE, as discussed further below. During the vehicle building process, the
following items are considered for optimization:
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e Vehicle weight is adjusted in response to switching from one type of engine or transmission technology to
another.

e Vehicle performance is decreased or increased in response to the addition of MR technologies.

e Vehicle performance is decreased or increased in response to the addition of a new technology like AERO
or ROLL for the same hybrid electric machine.

e Electrified vehicle battery size is decreased or increased in response to the addition of MR, AERO and/or
ROLL technologies.

Every time a vehicle adopts a new technology, the vehicle weight is updated to reflect the new component
weight. For some technologies, the direct weight change is easy to assess. For example, when a vehicle is
updated to a higher geared transmission, the weight of the original transmission is replaced with the
corresponding transmission weight (e.g., the weight of a vehicle moving from a 6-speed automatic (AT6) to an
8-speed automatic (AT8) transmission is updated based on the 8-speed transmission weight).

For other technologies, like engine technologies, assessing the updated vehicle weight is more complex. As
discussed earlier, modeling a change in engine technology involves both the new technology adoption and a
change in power (because the reduction in vehicle weight leads to lower engine loads, and a resized engine).
When a vehicle adopts new engine technology, the associated weight change to the vehicle is accounted for
based on the earlier discussed regression analysis of weight versus power. The engine weight regression
analysis includes mass data for many different engine technologies that consist of unique components to
achieve fuel economy improvements. This regression analysis is technology-agnostic by taking the approach
of using engine peak power versus engine weight because it removes biases to any specific engine
technology in the analysis. Although using the regression does not estimate the specific weight for each
individual engine technology, such as VVT or stoichiometric gasoline direct injection (SGDI), this process
provides a reasonable estimate of the weight differences among engine technologies.

Figure 2-3 shows an example of the engine mass regression for the naturally aspirated, forced air induction
engines, and Figure 2-4 shows an example of the engine mass regression for diesel engines. Argonne
updated the regression for this analysis to reflect the latest data from A2Macl, which resulted in two changes.
First, small naturally aspirated 4-cylinder engines that adopt turbocharging technology reflect the increased
weight of associated components like ducting, clamps, the turbocharger itself, a charged air cooler, wiring,
fasteners, and a modified exhaust manifold. Second, larger cylinder count engines like naturally aspirated 8-
cylinder and 6-cylinder engines that adopt turbocharging and downsized technologies have less weight due to
having fewer engine cylinders. For example, a naturally aspirated 8-cylinder engine that adopts turbocharging
technology when downsized to a 6-cylinder turbocharged engine appropriately reflects the added weight of
turbocharging components, and the lower weight of fewer cylinders. New to this analysis, the same mass
regression is done for HDPUVs as shown Figure 2-5.
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Figure 2-3: Gasoline Engine Mass Determination as a Function of Power and Type of Air Induction and Engine Type
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Figure 2-4: Diesel Engine Mass Determination as a Function of Power and Type of Air Induction and

Engine Type
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Figure 2-5: HDPUV Engine Mass Determination as a Function of Power and Type of Air Induction and
Engine Type

Like conventional vehicle models, Autonomie also builds electrified vehicle models from the ground up. To
capture improvements for electrified vehicles for this analysis, Argonne applies the same mass regression
analysis process that considers EM weight versus EM power for vehicle models that adopt EMs. Argonne
analyzed benchmarking data for hybrid and EVs from the A2Mac1l database to develop a regression curve of
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EM peak power versus EM weight.?®* Figure 2-6 below shows the EM mass regression as a function of peak
power.

164 CAFE Analysis Autonomie Documentation Chapter titled “Vehicle and Component Assumptions—Vehicle Component Weight Selection—Light-Duty
Vehicles—Electric Drive System Weight Determination.”
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Figure 2-6: Electric Motor Mass Determination as Function of Peak Power
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2.3.4. Sizing Powertrains

We maintain performance neutrality in the full vehicle simulations by resizing engines, electric machines, and
HEV battery packs at specific incremental technology steps. To address product complexity and economies
of scale, engine resizing is limited to specific incremental technology changes that would typically be
associated with a major vehicle or engine redesign. This is intended to reflect manufacturers’ comments to
DOT on how they consider engine resizing and product complexity, and DOT automotive engineer’'s
experience with and observations about industry product complexity.

When a powertrain does need to be resized, Autonomie attempts to mimic manufacturers’ practices to the
greatest extent possible. As discussed earlier, the Autonomie vehicle building process is initiated by building
a baseline vehicle model with a baseline engine, transmission, and other baseline vehicle technologies. This
baseline vehicle model (for each technology class) is sized to meet a specific set of performance criteria,
including acceleration and gradeability.

The modeling also accounts for the industry practice of platform, engine, and transmission sharing to manage
component complexity and the associated costs.'®® At a vehicle refresh cycle, a vehicle may inherit an
already resized powertrain from another vehicle within the same engine-sharing platform that adopted the
powertrain in an earlier MY. In the Autonomie modeling, when a new vehicle adopts fuel saving technologies
that are inherited, the engine is not resized (the properties from the baseline reference vehicle are used
directly and unchanged) and there may be a small change in vehicle performance. For example, in Figure 2-2
above, Vehicle 2 inherits Eng01 from Vehicle 1 while updating the transmission. Inheritance of the engine
with the new transmission may change performance. This example illustrates how manufacturers generally
manage manufacturing complexity for engines, transmissions, and electrification technologies.

Autonomie implements different powertrain sizing algorithms depending on the type of powertrain being
considered because different types of powertrains contain different components that must be optimized.*5¢
For example, Autonomie’s conventional powertrain (CONV) resizing algorithm considers only the reference
power of the conventional engine (e.g., Eng01, a basic VVT engine, is rated at 108 kilowatts and this is the
starting reference power for all technology classes), versus the SHEVPS resizing algorithm that must
separately optimize engine power, battery size (energy and power), and EM power. An engine’s reference
power rating can either increase or decrease depending on the architecture, vehicle technology class, and
whether it includes other advanced technologies.

Performance requirements also differ depending on the type of powertrain because vehicles with different
powertrain types may need to meet different criteria. For example, a PHEV powertrain that can travel a
certain number of miles on its battery energy alone AER, or as performing in electric-only mode) is also sized
to ensure that it can meet the performance requirements of a US06 drive cycle in electric-only mode.

The powertrain sizing algorithm is an iterative process that attempts to optimize individual powertrain
components at each step. For example, the sizing algorithm for CONV estimates required power to meet
gradeability and acceleration performance and compares it to the reference engine power for the technology
class. If the power required to meet gradeability and acceleration performance exceeds the reference engine
power, the engine power is updated to the new value. Similarly, if the reference engine power exceeds the
gradeability and acceleration performance power, it is decreased to the lower power rating. If the change in
power requires a change in the engine design, like increasing displacement (e.g., going from a 1.8-liter to 2.4-
liter engine) or increasing cylinder count (e.g., going from an 14 to a V6), the engine weight will also change.
The new engine power is used to update the weight of the engine.

Next, the CONV sizing algorithm enters an acceleration algorithm loop to verify low-speed acceleration
performance (the time it takes to go from 0 mph to 60 mph). In this step, Autonomie adjusts engine power to
maintain a performance attribute for the given technology class and updates engine weight accordingly. Once
this performance criterion is met, Autonomie ends the low-speed acceleration performance algorithm loop and
enters a high-speed acceleration (the time it takes to go from 50 mph to 80 mph) algorithm loop. Again,

165 For example, Ford EcoBoost Engines are shared across ten different models in MY 2019. See https://www.ford.com/powertrains/ecoboost/.
166 Chapter “Vehicle Sizing Process” of the CAFE Analysis Autonomie Documentation.
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Autonomie might need to adjust engine power to maintain a performance attribute for the given technology,
and it exits this loop once the performance criteria are met. At this point, the sizing algorithm is complete for
the CONV based on the designation for engine type, transmission type, aerodynamic improvement type, MR
technology, and low rolling resistance technology. Figure 2-7 below shows the sizing algorithm for CONVs.
Each circle in the flow chart is a closed loop system and the loop must be completed to move to the next loop;
e.g., the acceleration performance loop must be complete before the model sizes components to meet the
passing acceleration performance loop. This allows us to avoid under- or oversizing components, engines,
and EMs to minimize over and under compliance in the analysis.

Figure 2-7: Conventional Powertrain Closed Loop Sizing Algorithm

Depending on the type of powertrain considered, the sizing algorithms may size to meet the different
performance criteria in a different order. For example, the electrified powertrain sizing algorithm considers
different requirements, including range and battery power in addition to performance. The powertrain sizing
algorithms for electrified vehicles are considerably more complex and are discussed in further detail in CAFE
Analysis Autonomie Documentation.6”

2.3.4.1. Shift Logic

Transmission shifting logic has a significant impact on vehicle energy consumption. Argonne models shift
logic in Autonomie to maximize powertrain efficiency while maintaining acceptable drive quality. The logic
used in the Autonomie full vehicle modeling relies on two components: (1) the shifting controller, which

provides the logic to select appropriate gears during simulation; and (2) the shifting initializer, an algorithm

167 CAFE Analysis Autonomie Documentation, Chapter titled “Vehicle Sizing Process—Vehicle Powertrain Sizing Algorithms”.
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that defines shifting maps (i.e., values of the parameters of the shifting controller) specific to the selected set
of modeled vehicle characteristics and modeled powertrain components.'68

2.34.1.1. Shifting Controller

The shift controller is the logic that governs shifting behavior during simulated operation. Inputs from the
model inform the shift controller performance. The inputs include the specific engine and transmission and
instantaneous conditions in the simulation. The model adjusts shifting logic based on engine characteristics
to maximize the advantages of the engine technology. Instantaneous conditions include values such as
vehicle speed, driver demand, and a shifting map unique to the full vehicle configuration.6®

2.3.4.1.2. Shifting Initializer

The shifting initializer is an algorithm that defines shifting maps (i.e., values of the parameters of the shifting
controller) specific to the selected set of modeled vehicle characteristics and modeled powertrain
components. The shifting initializer is run for every uniqgue combination of vehicle technologies modeled in
the Autonomie tool and is an input to the full vehicle simulation. The shifting initializer creates a shifting map
that optimizes fuel economy performance for the powertrain and road load combination within the constraints
of performance neutrality.'’®

2.3.5. Simulating the Built Vehicles on Test Cycles

After Autonomie builds vehicle models for every combination of technologies and vehicle classes represented
in the analysis, Autonomie simulates the vehicles’ performance on test cycles to calculate the effectiveness
improvement of adding fuel-economy-improving technologies to the vehicle. Simulating vehicles’
performance using tests and procedures specified by federal law and regulations minimizes the potential
variation in determining technology effectiveness.

Autonomie simulates vehicles in a very similar process as the test procedures and energy consumption
calculations that manufacturers must use for CAFE and fuel efficiency compliance.1’1172173 Argonne
simulates each vehicle model across several test cycles to evaluate technology effectiveness. For this
analysis, both the LD and HDPUVs are simulated on the same test cycles.'’ For vehicles with CONVs and
micro hybrids, Autonomie simulates the vehicles per EPA 2-cycle test procedures and guidelines.'”> For mild
and full HEVs and FCVs, Autonomie simulates the vehicles using the same EPA 2-cycle test procedure and
guidelines, and the drive cycles repeat until the initial and final state of charge (SOC) are within a SAE J1711
tolerance. For PHEVs, Autonomie simulates vehicles per similar procedures and guidelines as prescribed in
SAE J1711.17¢ For BEVs Autonomie simulates vehicles per similar procedures and guidelines as prescribed
in SAE J1634.177

2.3.6. Implementation in the CAFE Model

While the Autonomie model produces a large amount of information about each simulation run—for a single
technology combination, in a single technology class—the CAFE Model only uses two elements of that
information: battery costs and fuel consumption on the city and highway cycles. We combine the fuel
economy information from the two cycles to produce a composite fuel economy value for each vehicle, and on
each fuel for dual-fueled LD vehicles. Plug-in hybrids are the only dual-fuel vehicles in the Autonomie

168 Chapter “Transmission Shifting” of the CAFE Analysis Autonomie Documentation.

169 See Chapter “Transmission Shifting” of the CAFE Analysis Autonomie Documentation for more information on the shifting controller.

170 See Chapter “Transmission Shifting” of the CAFE Analysis Autonomie Documentation for more information on the shifting initializer algorithm.

171 EPA. How Vehicles are Tested. Available at: https://www.fueleconomy.gov/feg/how_tested.shtml. (Accessed: May 31, 2023).

172 Chapter “Test Procedures and Energy Consumption Calculations” of the CAFE Analysis Autonomie Documentation.

173 EPA Guidance Letter. Nov. 14, 2017. EPA Test Procedures for Electric Vehicles and Plug-in Hybrids.
https://www.fueleconomy.gov/feg/pdfs/EPA%20test%20procedure%20for%20EVs-PHEVS-11-14-2017.pdf. (Accessed: May 31, 2023).

174 See Greenhouse Gas Emissions and Fuel Efficiency Standards for Medium- and Heavy-Duty Engines and Vehicles — Phase 2 Regulatory Impact
Analysis, at 3-86. This follows the procedures used for HDPUVs in the Phase 2 rule.

175 40 CFR 600.116-12 Special procedures related to EVs and HEVs.

176 PHEV testing is broken into several phases based on SAE J1711: charge-sustaining on the city cycle, charge-sustaining on the HWFET cycle, charge-
depleting on the city and HWFET cycles.

177 SAE J1634. Battery Electric Vehicle Energy Consumption and Range Test Procedure. July 12, 2017.
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simulation and require efficiency estimates for operation on both gasoline and electricity, as well as an
estimate of the utility factor, or the number of miles driven on each fuel. The fuel economy information for
each technology combination, for each technology class, is converted into a single number for use in the
CAFE Model. For HDPUVs, we produce a fuel consumption value.”®

As described in greater detail below, each Autonomie simulation record represents a unique combination of
technologies, and we create a technology “key” or technology state vector that describes all the technology
content associated with a record. The 2-cycle fuel economy of each combination is converted into fuel
consumption (gallons per mile) and then normalized relative to the starting point for the simulations. In each
technology class, the combination with the lowest technology content is the VVT (only) engine, with a 5-speed
transmission, no electrification, and no body-level improvements (MR, aerodynamic improvements, or low
rolling resistance tires). This is the reference point (for each technology class) for all of the effectiveness
estimates in the CAFE Model. The improvement factors that the model uses are a given combination’s fuel
consumption improvement relative to the reference vehicle in its technology class.

The fuel economy improvements for technologies in the CAFE Model are derived from the database of
Autonomie’s detailed full-vehicle modeling and simulation results. To incorporate the results of the combined
Autonomie databases, while still preserving the basic structure of the CAFE Model's technology subsystem, it
is necessary to translate the points in this database into corresponding locations defined by the technology
pathways. By recognizing that most of the pathways are unrelated and are only logically linked to designate
the direction in which technologies are allowed to progress, it is possible to condense the paths into a smaller
number of groups based on the specific technology. In addition, to allow for technologies present on the
Basic Engine and Dynamic Road Load (DLR) (i.e., MR, AERO, and ROLL) paths to be evaluated and applied
in any given combination, we established a unique group for each of these technologies.

As such, the following technology groups are defined within the modeling system: engine cam configuration
(CONFIG), VVL engine technology, SGDI engine technology, cylinder deactivation, non-basic engine
technologies (ADVENG), TRANS, electrification (ELEC), low rolling resistance tires (ROLL), aerodynamic
improvements (AERO), and MR levels. The combination of technologies along each of these groups forms a
unigue technology state vector and defines a unique technology combination that corresponds to a single
point in the database for each technology class evaluated within the modeling system. This technology state
vector is commonly referred to as a ‘technology key’ or ‘tech key’ in this analysis.

As an example, a technology state vector describing a vehicle with a SOHC engine, VVT (only), a AT6, a belt-
integrated starter generator, rolling resistance (level 1), aerodynamic improvements (level 2), MR (level 1),

AERO20; MR1.”7® By assigning each unique technology combination a tech key such as the one in the
example, the CAFE Model can identify the initial technology state of each vehicle in the analysis fleet and
map it to a point (unique technology combination) in the database.

Once a vehicle is assigned (or mapped) to an appropriate technology state vector (from one of approximately
three million unique combinations, which are defined in the vehicle simulation database as CONFIG; VVT;
VVL; SGDI; DEAC; ADVENG; TRANS; ELEC; ROLL; AERO; MR), adding a new technology to the vehicle
simply represents progress from a previous state vector to a new state vector. The previous state vector
simply refers to the technologies that are currently in use on a vehicle. The new state vector, however, is
computed within the modeling system by adding a new technology to the combination of technologies
represented by the previous state vector, while simultaneously removing any other technologies that are
superseded by the newly added one.

For example, consider the vehicle with the state vector described as: SOHC; VVT; AT6; Belt Integrated
Starter Generator (BISG); ROLL10; AERO20; MR1. Assume the system is evaluating PHEV20 as a
candidate technology for application on this vehicle. The new tech state vector for this vehicle is computed by

178 See, e.g., NAS 2015, at 18. Fuel consumption is the volume of fuel consumed divided by the distance traveled, and is the inverse of fuel economy,
which is distance traveled divided by the volume of fuel used, usually reported in mpg.

179 In the example technology state vector, the series of semicolons between VVT and AT6 correspond to the engine technologies that are not included as
part of the combination. The extra semicolons for omitted technologies are preserved in this example for clarity and emphasis, and will not be included in
future examples.
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removing SOHC, VVT, AT6, and BISG technologies from the previous state vector,& while also adding
PHEV20, resulting in the following: PHEV20; ROLL10; AERO20; MR1.

From here, it is relatively simple to obtain a fuel economy improvement factor for any new combination of
technologies and apply that factor to the fuel economy of a vehicle in the analysis fleet. The formula for
calculating a vehicle’s fuel economy after application of each successive technology represented within the
database is defined as the ratio of the fuel economy improvement factor associated with the technology state
vector before application of a candidate technology and after the application of a candidate technology.8!
The resulting improvement is applied to the original compliance fuel economy value for a discrete vehicle in
the analysis fleet, as discussed previously in this chapter.

2.3.7. Compliance and Real-World Fuel Economy “Gap”

The statutorily mandated vehicle fuel economy test cycles for NHTSA’s CAFE program compliance consist of
two separate test cycles, the “city” and “highway” cycles, commonly referred to as the 2-cycle tests. In 2008,
EPA introduced three additional test cycles to bring “label” values from two-cycle testing in line with efficiency
values consumers were experiencing in the real world, particularly for hybrids. This is known as 5-cycle
testing.

Generally, the revised 5-cycle testing values have proven to be a good approximation of what consumers will
experience during vehicle operation, significantly better than the previous 2-cycle test values.

The CAFE regulatory analysis utilizes “on-road” fuel economy values, which are the ratio of 5-cycle to 2-cycle
testing values, i.e., the CAFE compliance values to the “label” values.

For this analysis, DOT applied a certain percent difference between the 2-cycle test and 5-cycle test to
represent the gap in compliance fuel economy and real-world fuel economy.'82 This percent difference, or
“gap”, is calculated as shown in Equation 2-5.

Equation 2-5: Percent Difference Between 2-cycle and 5-cycle Tests

2cycleFE-5cycleFE

* =" w /0
2yCleFE 100="fuel economy gap" (%)

Table 2-23 below shows a summary of the inputs used for the fuel economy gap for different fuel types.*?
The underlying data for this is EPA test data.'®* These data are average fleet-wide values; in reality the true
fuel economy gap will be lower for some vehicles and higher for other vehicles.

Table 2-23: 2-Cycle to 5-Cycle "Gap" Used for this Analysis, by Fuel Type

Cars Vans/SUVs/LTs
Gasoline 24% 24%
Ethanol-85 24% 24%
Diesel 24% 24%
Electricity 29% 29%
Hydrogen 29% 29%
Compressed Natural Gas 24% 24%

180 For more discussion of how the CAFE Model handles technology supersession, see S4.5 of the CAFE Model Documentation.

181 For more discussion of how the CAFE Model calculates a vehicle’s fuel economy where the vehicle switches from one type of fuel to another, for
example, from gasoline operation to diesel operation or from gasoline operation to plug-in hybrid/electric vehicle operation, see S4.6 of the CAFE Model
Documentation.

182 For more details see the CAFE Model Documentation.

183 This input is specific in the Parameters Input File.

184 Download Fuel Economy Data. EPA. Available at: https://www.fueleconomy.gov/feg/download.shtml. (Accessed: May 31, 2023).
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We also use the same “gap” assumptions for the HDPUV analysis.

2.4. Technology Costs

We estimate present and future costs for fuel-saving technologies by taking into consideration the type of
vehicle, or type of engine when technology costs vary by application. These cost estimates are based on
three main inputs. First, direct manufacturing costs (DMCs) or the component and labor costs of producing
and assembling the physical parts and systems, are estimated assuming high volume production. Second,
we estimate indirect costs. DMCs generally do not include the indirect costs of tools, capital equipment,
financing, engineering, sales, administrative support, or return on investment. We account for these indirect
costs via a scalar markup of direct manufacturing costs (the retail price equivalent [RPE]). Finally, the costs
for technologies may change over time as industry streamlines design and manufacturing processes. To
model this, we estimate potential cost improvements with cost learning (CL). The retail cost of equipment in
any future year is estimated to be equal to the product of the DMC, RPE, and CL. Considering the retail cost
of equipment, instead of merely direct manufacturing costs, is important to account for the real-world price
effects of a technology, as well as market realities.

2.4.1. Direct Manufacturing Costs

DMCs are the component and assembly costs of the physical parts and systems that make up a complete
vehicle. The analysis uses agency-sponsored tear-down studies of vehicles and parts to estimate the DMCs
of individual technologies, in addition to independent tear-down studies, other publications, and CBI. In the
simplest cases, the agency-sponsored studies produced results that confirmed third-party industry estimates
and aligned with confidential information provided by manufacturers and suppliers. In cases with a large
difference between the tear-down study results and credible independent sources, we scrutinized the study
assumptions, and sometimes revised or updated the analysis accordingly.

Due to the variety of technologies and their applications, and the cost and time required to conduct detailed
tear-down analyses, the agency did not sponsor teardown studies for every technology. In addition, the
analysis includes some fuel-saving technologies that are pre-production or sold in very small pilot volumes.
For those technologies, we could not conduct a tear-down study to assess costs because the product is not
yet in the marketplace for evaluation. In these cases, we rely upon third-party estimates and confidential
information from suppliers and manufacturers; however, there are some common pitfalls with relying on CBI
to estimate costs. The agency and the source may have had incongruent or incompatible definitions of
“baseline.” The source may have provided DMCs at a date many years in the future, and assumed very high
production volumes, important caveats to consider for agency analysis. In addition, a source may provide
incomplete and/or misleading information. In other cases, intellectual property considerations and strategic
business partnerships may have contributed to a manufacturer’s cost information and could be difficult to
account for in the CAFE Model as not all manufacturers may have access to proprietary technologies at
stated costs. We carefully evaluate new information in light of these common pitfalls, especially regarding
emerging technologies.

While costs for fuel-saving technologies reflect the best estimates available today, technology cost estimates
will likely change in the future as technologies are deployed and as production is expanded, and as nascent
technologies mature. For emerging technologies, we use the best information available at the time of the
analysis and will continue to update cost assumptions for any future analysis. Chapter 3 discusses each
category of technologies (e.g., engines, transmissions, electrification) and the cost estimates we use for this
analysis.

2.4.2. Indirect Costs (Retail Price Equivalent)

As discussed above, direct costs represent the cost associated with acquiring raw materials, fabricating parts,
and assembling vehicles with the various technologies manufacturers are expected to use to meet future

CAFE standards. They include materials, labor, and variable energy costs required to produce and assemble
the vehicle. However, they do not include overhead costs required to develop and produce the vehicle, costs
incurred by manufacturers or dealers to sell vehicles, or the profit manufacturers and dealers make from their
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investments. These items together contribute to the price consumers ultimately pay for the vehicle. Table
2-24 illustrates how these components can affect retail prices.

Table 2-24: Retail Price Components

Direct Costs

Cost of materials, labor, and variable energy

Manufacturing Cost needed for production

Indirect Costs

Production Overhead

Warranty Cost of providing product warranty

Research and Development Cost of developing and engineering the product

Depreciation and amortization of manufacturing

Depreciation and amortization o ;
facilities and equipment

Cost of maintaining and operating manufacturing

Maintenance, repair, operations facilities and equipment

Corporate Overhead

Salaries of nonmanufacturing labor, operations of

General and Administrative .
corporate offices, etc.

Retirement Cost of pensions for nonmanufacturing labor
Health Care Cost of health care for nonmanufacturing labor
Selling Costs
Transportation Cost of transporting manufactured goods
Marketing Manufacturer costs of advertising manufactured
goods
Dealer Costs
Dealer selling expense Dealer selling and advertising expense
Dealer profit Net Income to dealers from sales of new vehicles

Net income to manufacturers from production and

Net income ;
sales of new vehicles

To estimate the impact of higher vehicle prices on consumers, we must consider both direct and indirect
costs. To estimate total consumer costs, we multiply direct manufacturing costs by an indirect cost factor to
represent the average price for fuel-saving technologies at retail.

Historically, the most common method used to estimate indirect costs of producing a motor vehicle has been
the RPE. The RPE markup factor is based on an examination of historical financial data contained in 10-K
reports filed by manufacturers with the Securities and Exchange Commission. It represents the ratio between
the retail price of motor vehicles and the direct costs of all activities that manufacturers engage in.

Figure 2-8 indicates that for more than three decades, the retail price of motor vehicles has been, on average,
roughly 50 percent above the direct cost expenditures of manufacturers. This ratio has been remarkably

consistent, averaging roughly 1.5 with minor variations from year to year over this period. At no point has the
RPE markup exceeded 1.6 or fallen below 1.4.% During this time frame, the average annual increase in real

185 Based on data from 1972-1997 and 2007. Data were not available for intervening years, but results for 2007 seem to indicate no significant change in
the historical trend.
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direct costs was 2.5 percent, and the average annual increase in real indirect costs was also 2.5 percent.
Figure 2-8 illustrates the historical relationship between retail prices and direct manufacturing costs.'86

An RPE of 1.5 does not imply that manufacturers automatically mark up each vehicle by exactly 50 percent.
Rather, it means that, over time, the competitive marketplace has resulted in pricing structures that average
out to this relationship across the entire industry. Prices for any individual model may be marked up at a
higher or lower rate depending on market demand. The consumer who buys a popular vehicle may, in effect,
subsidize the installation of a new technology in a less marketable vehicle. But, on average, over time and
across the vehicle fleet, the retail price paid by consumers has risen by about $1.50 for each dollar of direct
costs incurred by manufacturers.

Figure 2-8: Historical Data for Retail Price Equivalent (RPE), 1972-1997 and 2007
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It is also important to note that direct costs associated with any specific technology will change over time as
some combination of learning and resource price changes occurs. Resource costs, such as the price of steel,
can fluctuate over time and can experience real long-term trends in either direction, depending on supply and
demand. However, the normal learning process generally reduces direct production costs as manufacturers
refine production techniques and seek out less costly parts and materials for increasing production volumes.
By contrast, this learning process does not generally influence indirect costs. The implied RPE for any given
technology would thus be expected to grow over time as direct costs decline relative to indirect costs. The
RPE for any given year is based on direct costs of technologies at different stages in their learning cycles, and
that may have different implied RPEs than they did in previous years. The RPE averages 1.5 across the
lifetime of technologies of all ages, with a lower average in earlier years of a technology’s life, and, because of
learning effects on direct costs, a higher average in later years.

RPE

NHTSA has used RPE in all previous safety rulemakings and most previous CAFE rulemakings to estimate
costs. In 2011 the NAS recommended RPEs of 1.5 for suppliers and 2.0 for in-house production be used to
estimate total costs.'®” The former Alliance of Automobile Manufacturers also advocated these values as
appropriate markup factors for estimating costs of technology changes.® In their 2015 report, the NAS
recommend 1.5 as an overall RPE markup.'®® An RPE of 2.0 has also been adopted by a coalition of

186 Rogozhin, A., Gallaher, M., & McManus, W. 2009. Automobile Industry Retail Price Equivalent and Indirect Cost Multipliers. Report by RTI International
to Office of Transportation Air Quality. U.S. Environmental Protection Agency, RTI Project Number 0211577.002.004.Research Triangle Park,
N.C.;Spinney, B.C., Faigin, B., Bowie, N., & St. Kratzke. 1999. Advanced Air Bag Systems Cost, Weight, and Lead Time analysis Summary Report.
Contract NO. DTNH22-96-0-12003. Task Orders — 001, 003, and 005. Washington, D.C. U.S. Department of Transportation.

187 Transportation Research Board and National Research Council. 2002. Effectiveness and Impact of Corporate Average Fuel Economy Standards. The
National Academies Press; NRC. Washington, D.C. Available at: https://nap.nationalacademies.org/catalog/10172/effectiveness-and-impact-of-corporate-
average-fuel-economy-cafe-standards. (Accessed: May 31, 2023).

188 Communication from Chris Nevers (Alliance) to Christopher Lieske (EPA) and James Tamm (NHTSA) VIA Regulations.gov http://www.regulations.gov
Docket ID Nos. NHTSA-2018-0067; EPA-HQ-OAR-2018-0283, p. 143.

189 National Academies of Sciences, Engineering, and Medicine. 2011. Assessment of Fuel Economy Technologies for Light Duty Vehicles. Washington,
D.C. The National Academies Press. Available at: https://nap.nationalacademies.org/catalog/12924/assessment-of-fuel-economy-technologies-for-light-
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environmental and research groups (Northeast States Center for a Clean Air Future [NESCCAF], ICCT, SwRil,
and TIAX-LLC) in a report on reducing heavy truck emissions, and 2.0 is recommended by the U.S.
Department of Energy for estimating the cost of hybrid-electric and automotive fuel cell costs (see Vyas et al.
(2000) in Table 2-25 below). Table 2-25 below also lists other estimates of the RPE. Note that all RPE
estimates vary between 1.4 and 2.0, with most in the 1.4 to 1.7 range.

Table 2-25: Alternate Estimates of the RPE

Author and Year

Value, Comments

Jack Faucett Associates for EPA, 1985

1.26 initial value, later corrected to 1.7+ by Sierra
research

Vyas et al., 2000

1.5 for outsourced, 2.0 for OEM, electric, and hybrid
vehicles

NRC, 2002

1.4 (corrected to > by Duleep)

McKinsey and Company, 2003

1.7 based on European study

CARB, 2004

1.4 (derived using the Jack Faucett Associates initial
1.26 value, not the corrected 1.7+ value)

Sierra Research for American Automobile
Association (AAA), 2007

2.0 or >, based on Chrysler data

Duleep, 2008

1.4, 1.56, 1.7 based on integration complexity

NRC, NAS 2011

1.5 for Tier 1 supplier, 2.0 for OEM

NRC, NAS 2015

1.5 for OEM

The RPE has thus enjoyed widespread use and acceptance by a variety of governmental, academic, and
industry organizations.

As in previous CAFE and safety rulemaking analyses, we relied on the RPE to account for indirect
manufacturing costs. The RPE accounts for indirect costs like engineering, sales, and administrative support,
as well as other overhead costs, business expenses, warranty costs, and return on capital considerations.

In past rulemakings a second type of indirect cost multiplier has also been examined, known as the “indirect
cost multiplier” (ICM) approach. ICMs were first examined alongside the RPE approach in the 2010
rulemaking regarding standards for MYs 2012-2016. Both methods have been examined in subsequent
rulemakings. We continue to employ the RPE approach as a cost multiplier for this analysis. A detailed
discussion of indirect cost methods and the basis for our use of the RPE to reflect these costs is available in
the Final Regulatory Impact Analysis (FRIA) for the 2020 Safer Affordable Fuel-Efficient (SAFE) rule.'%*

duty-vehicles. (Accessed: May 31, 2023).; National Academies of Sciences, Engineering, and Medicine.2015. Cost, Effectiveness, and Deployment of
Fuel Economy Technologies in Light Duty Vehicles. Washington, D.C. The National Academies Press. Available at:
https://nap.nationalacademies.org/catalog/21744/cost-effectiveness-and-deployment-of-fuel-economy-technologies-for-light-duty-vehicles. (Accessed:
May 31, 2023).

19 Duleep, K.G. 2008. Analysis of technology cost and retail price. Presentation to Committee on Assessment of Technologies for Improving Light-Duty
Vehicle Fuel Economy, January 25, Detroit, Mich. as cited in National Academies of Sciences, Engineering, and Medicine. 2011. Assessment of Fuel
Economy Technologies for Light Duty Vehicles. Washington, D.C. The National Academies Press. Available at:
https://nap.nationalacademies.org/catalog/12924/assessment-of-fuel-economy-technologies-for-light-duty-vehicles. (Accessed: May 31, 2023).; Jack
Faucett Associates. September 4, 1985. Update of EPA’s Motor Vehicle Emission Control Equipment Retail Price Equivalent (RPE) Calculation Formula.
Chevy Chase, MD - Jack Faucett Associates; McKinsey & Company, October 2003. Preface to the Auto Sector Cases. New Horizons - Multinational
Company Investment in Developing Economies. San Francisco, CA.; NRC (National Research Council). 2002. Effectiveness and Impact of Corporate
Average Fuel Economy Standards. Washington, D.C. The National Academies Press; NRC, 2011. Assessment of Fuel Economy Technologies for Light
Duty Vehicles. Washington, D.C. The National Academies Press; Cost, Effectiveness, and Deployment of Fuel Economy Technologies in Light Duty
Vehicles. Washington, D.C. The National Academies Press. 2015.; Sierra Research, Inc.

November 21, 2007. Study of Industry-Average Mark-Up Factors used to Estimate Changes in Retail Price Equivalent (RPE) for Automotive Fuel
Economy and Emissions Control Systems. Sacramento, CA - Sierra Research, Inc.; Vyas, A. Santini, D., & Cuenca, R. 2000. Comparison of Indirect Cost
Multipliers for Vehicle Manufacturing. Center for Transportation Research, Argonne National Laboratory, April. Argonne, lIl.

191 Environmental Protection Agency and National Highway Traffic Safety Administration. 2020. The Safer Affordable Fuel-Efficient (SAFE) Vehicles Final
Rule for Model Year 2021-2026 Passenger Cars and Light Trucks. Final Regulatory Impact Analysis. Environmental Protection Agency and Department of
Transportation. Washington, DC. pp 354-76. Available at: https://www.govinfo.gov/content/pka/FR-2020-04-30/pdf/2020-06967.pdf. (Accessed: May 31,
2023).
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2.4.3. Cost Learning

Manufacturers make improvements to production processes over time, which often result in lower costs.
“Cost learning” reflects the effect of experience and volume on the cost of production, which generally results
in better utilization of resources, leading to higher and more efficient production. As manufacturers gain
experience through production, they refine production techniques, raw material and component sources, and
assembly methods to maximize efficiency and reduce production costs. Typically, a representation of this
cost learning, or learning curves, reflect initial learning rates that are relatively high, followed by slower
learning as additional improvements are made and production efficiency peaks. This eventually produces an
asymptotic shape to the learning curve, as small percent decreases are applied to gradually declining cost
levels. These learning curve estimates are applied to various technologies that are used to meet CAFE
standards.

Although the concept of a learning curve was initially developed to describe cost reduction due to
improvements in manufacturing processes due to knowledge gained through experience in production, it has
since been recognized that other factors make important contributions to cost reductions associated with
cumulative production.®? Sixty years ago, Arrow noted that learning by doing was the acquisition of
knowledge that increased productivity and included technological progress.'®® In a review of experience
curves for power plant emission controls, Rubin et al. noted that learning curves (also known as “experience
curves”) reflected not only the benefits of process learning but investments in research and development, as
well.1% Clarke et al. also observed that empirically estimated learning curves can include both technological
changes and scale economies.'®

NHTSA estimated CL by considering methods established by T.P. Wright and later expanded upon by J.R.
Crawford. Wright, examining aircraft production, found that every doubling of cumulative production of
airplanes resulted in decreasing labor hours at a fixed percentage. This fixed percentage is commonly
referred to as the progress rate or progress ratio, where a lower rate implies faster learning as cumulative
production increases. J.R. Crawford expanded upon Wright's learning curve theory to develop a single unit
cost model, that estimates the cost of the nth unit produced given the following information is known: (1) cost
to produce the first unit; (2) cumulative production of n units; and (3) the progress ratio.

As pictured in Figure 2-9, Wright’s learning curve shows the first unit is produced at a cost of $1,000. Initially
cost per unit falls rapidly for each successive unit produced. However, as production continues, cost falls
more gradually at a decreasing rate. For each doubling of cumulative production at any level, cost per unit
declines 20 percent, so that 80 percent of cost is retained. The majority of technologies in the CAFE Model
use the basic approach by Wright, where cost reduction is estimated by applying a fixed percentage to the
projected cumulative production of a given fuel economy technology.

192 Wene, C.0. 2000. Experience Curves for Energy Technology Policy. International Energy Agency, OECD. Paris. Available at: https://www.oecd-
ilibrary.org/energy/experience-curves-for-energy-technology-policy 9789264182165-en. (Accessed: May 31, 2023).

193 Arrow, K. 1962. The economic implications of learning by doing. Review of Economic Studies. Volume 29(3): pp. 155-73. Available at:
https://academic.oup.com/restud/article-abstract/29/3/155/1539235. (Accessed: May 31, 2023).

194 Rubin, E., S. Yeh, D. Hounshell and Taylor, M. 2004. Experience curves for power plant emission control technologies. International Journal of Energy
Technology and Policy. Volume 2(1/2): pp. 52-69.

195 Clarke, L., J. Weyant and A. Birkey. 2006. On the sources of technological change: Assessing the evidence. Energy Economics. Volume 28: pp. 579-
95.
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Figure 2-9: Wright’s Learning Curve (Progress Ratio = 0.8)
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The analysis accounts for learning effects with MY-based CL forecasts for each technology that reduce direct
manufacturing costs over time. NHTSA evaluated the historical use of technologies, and reviewed industry
forecasts to estimate future volumes for the purpose of developing the MY-based technology CL curves.

The following subchapter discusses NHTSA’s development of MY-based CL forecasts, including how the
approach has evolved from the 2012 light vehicle rulemaking, and how the progress ratios were developed for
different technologies considered in the analysis. Finally, we discuss how these learning effects are applied in
the CAFE Model.

2.4.3.1. Time versus Volume-Based Learning

For the 2012 joint CAFE/CO2 rulemaking, NHTSA developed learning curves as a function of vehicle MY.
Although the concept of this methodology is derived from Wright's cumulative production volume-based
learning curve, its application for CAFE and CO:2 technologies was more of a function of time. More than a
dozen learning curves schedules were developed, varying between fast and slow learning, and assigned to
each technology corresponding to its level of complexity and maturity. The schedules were applied to the
base year of direct manufacturing cost and incorporate a percentage of cost reduction by MY declining at a
decreasing rate through the technology’s production life. Some newer technologies experience 20 percent
cost reductions for introductory MYs, while mature or less complex technologies experience 0-3 percent cost
reductions over a few years.

In their 2015 report to Congress, the NAS recommended that NHTSA should “continue to conduct and review
empirical evidence for the cost reductions that occur in the automobile industry with volume, especially for
large-volume technologies that will be relied on to meet the CAFE/GHG standards.”

In response, we have incorporated statically projected cumulative volume production data of fuel economy
improving technologies, representing an improvement over the previously used time-based method. Dynamic
projections of cumulative production are not feasible with current CAFE model capabilities, so one set of
projected cumulative production data for most vehicle technologies was developed for the purpose of
determining cost impact. For many technologies produced and/or sold in the U.S., historical cumulative
production data was obtained to establish a starting point for learning curves. Groups of similar technologies
or technologies of similar complexity may share identical learning curves.

The slope of the learning curve, which determines the rate at which cost reductions occur, has been
estimated using research from an extensive literature review and automotive cost tear-down reports (see
below). The slope of the learning curve is derived from the progress ratio of manufacturing automotive and
other mobile source technologies.
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2.4.3.2. Deriving the Progress Ratio Used in this Analysis

Learning curves vary among different types of manufactured products. Progress ratios can range from 70 to
100 percent, where 100 percent indicates no learning can be achieved. Learning effects tend to be greatest
in operations where workers often touch the product, while effects are less substantial in operations consisting
of more automated processes. As automotive manufacturing plant processes become increasingly
automated, a progress ratio towards the higher end would seem more suitable. NHTSA incorporated findings
from automotive cost-teardown studies with EPA’s literature review of learning-related studies to estimate a
progress ratio used to determine learning schedules of fuel economy improving technologies.

EPA’s literature review examined and summarized 20 studies related to learning in manufacturing industries
and mobile source manufacturing. The studies focused on many industries, including motor vehicles, ships,
aviation, semiconductors, and environmental energy. Based on several criteria, EPA selected five studies
providing quantitative analysis from the mobile source sector (progress ratio estimates from each study are
summarized in Table 2-26, below). Further, those studies expand on Wright's Learning Curve function by
using cumulative output as a predictor variable, and unit cost as the response variable. As a result, EPA
determined a best estimate of 84 percent as the progress ratio in mobile source industries. However, of those
five studies, EPA at the time placed less weight on the Epple et al. (1991) study, because of a disruption in
learning due to incomplete knowledge transfer from the first shift to introduction of a second shift at a North
American truck plant. While learning may have decelerated immediately after adding a second shift, we note
that unit costs continued to fall as the organization gained experience operating with both shifts. NHTSA now
recognizes that disruptions are an essential part of the learning process and should not, in and of themselves,
be discredited. For this reason, the analysis uses a re-estimated average progress ratio of 85 percent from
those five studies (equally weighted).

Table 2-26: Progress Ratios from EPA’s Literature Review

Progress Ratio

Author (Publication Date) Industry (Cumulative Output
Approach)
A0l 13, 155 o e
Benkard (2000)*7 Aircraft (commercial) 82%
Epple et al. (1991)% Trucks 90%
Epple et al. (1996)°° Trucks 85%
Levitt et al. (2013)2% Automobiles 82%

In addition to EPA’s literature review, this progress ratio estimate was informed based on NHTSA's findings
from automotive cost-teardown studies. NHTSA routinely performs evaluations of costs of previously issued
FMVSS for new motor vehicles and equipment. NHTSA’s engages contractors to perform detailed
engineering “tear-down” analyses for representative samples of vehicles, to estimate how much specific
FMVSS add to the weight and retail price of a vehicle. As part of the effort, cost and production volume are
examined for automotive safety technologies. In particular, NHTSA estimated costs from multiple cost tear-
down studies for technologies with actual production data from the cost and weight added by the Federal
Motor Vehicle Safety Standards for MY 1968-2012 PCs and LTVs (2017).

196 Argote, L. 2013. Organizational learning: creating, retaining and transferring knowledge. Springer: New York, NY.

197 Benkard, C. L. Learning and forgetting: the dynamics of aircraft production. The American Economic Review. Volume. 90(4): pp. 1034-54. Available at:
https://www.jstor.org/stable/117324. (Accessed: May 31, 2023).

198 Epple, D., Argote, L. and Devadas, R. Organizational learning curves: a method for investigating intra-plant transfer of knowledge acquired through
learning by doing. Organization Science, Volume 2(1): pp. 58-70.

199 Epple, D., Argote, L. and Murphy, K. An empirical investigation of the microstructure of knowledge acquisition and transfer through learning by doing.
Operations Research, Volume 44(1): pp. 77-86.

200 | evitt, S. D., List, J. A. and Syverson, C. Toward an understanding of learning by doing: evidence from an automobile assembly plant. Journal of
Political Economy. Volume 121 (4): pp. 643-81.
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NHTSA chose five vehicle safety technologies with sufficient data to estimate progress ratios of each,
because these technologies are large-volume technologies and are used by almost all vehicle manufacturers.
Table 2-27 below includes these five technologies and yields an average progress rate of 92 percent:

Table 2-27: Progress Ratios Researched by NHTSA

Technology Prggtriecz)ss
Anti-lock Brake Systems 87%
Driver Airbags 93%
Manual 3-pt lap shoulder safety belts 96%
Adjustable Head Restraints 91%
Dual Master Cylinder 95%

For a final progress ratio used in the CAFE Model, the five progress rates from EPA’s literature review and
five progress rates from NHTSA'’s evaluation of automotive safety technologies results were averaged. This
resulted in an average progress rate of approximately 89 percent. Equal weight was placed on progress
ratios from all 10 sources. More specifically, equal weight was placed on the Epple et al. (1991) study,
because disruptions have more recently been recognized as an essential part in the learning process,
especially to increase the rate of output.

2.4.3.3. Obtaining Appropriate Baseline Years for Direct Manufacturing Costs to Create Learning
Curves

Direct manufacturing costs for each fuel economy improving technology were obtained from various sources,
as discussed above. To establish a consistent basis for direct manufacturing costs in the rulemaking
analysis, each technology cost is adjusted to 2021 dollars. For each technology, the DMC is associated with
a specific MY, and sometimes a specific production volume, or cumulative production volume. The base MY
is established as the MY in which direct manufacturing costs were assessed (with learning factor of 1.00).
With the data on cumulative production volume for each technology and the assumption of a 0.89 progress
ratio for all automotive technologies, we can solve for an implied cost for the first unit produced. For some
technologies, we used modestly different progress ratios to match detailed cost projections if available from
another source (for instance, batteries for plug-in hybrids and BEVS).

This approach produced reasonable estimates for technologies already in production, and some additional
steps were required to set appropriate learning curves for technologies not yet in production. For pre-
production cost estimates in previous CAFE rulemakings, NHTSA often relied on CBI sources to predict future
costs. Many sources for pre-production cost estimates include significant learning effects, often providing
cost estimates assuming high volume production, and often for a timeframe late in the first production
generation or early in the second generation of the technology. Rapid doubling and re-doubling of a low
cumulative volume base with Wright's learning curves can provide unrealistic cost estimates. In addition,
direct manufacturing cost projections can vary depending on the initial production volume assumed.
Accordingly, we carefully examined direct costs with learning, and adjusted the starting point for those
technologies on the learning curve to better align with the assumptions used for the initial direct cost estimate.

2.4.4. Cost Learning as Applied in the CAFE Model

For this analysis, we apply learning effects to the incremental cost over the null technology state on the
applicable technology tree. After this step, we calculate year-by-year incremental costs over preceding
technologies on the technology tree to create the CAFE Model inputs. The shift from incremental cost
accounting to absolute cost accounting in recent CAFE analyses made cost inputs more transparently
relatable to detailed model output, and relevant to this discussion, made it easier to apply learning curves
while developing inputs to the CAFE Model.
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We grouped certain technologies — such as some advanced transmissions and non-battery electric
components — and assigned them to the same learning schedule. In addition, we assigned advanced engine
technologies that are based on a singular preceding technology to the same learning curve as that preceding
technology. While the grouped technologies differ in operating characteristics and design, we chose to group
them based on their complexity, technology integration, and economies of scale across manufacturers. The
low volume of certain advanced technologies — such as hybrid-electric and pure-electric powertrain
technologies — poses a significant issue for suppliers and prevents them from producing components needed
for advanced transmissions and other technologies at more efficient high scale production. The technology
groupings consider market availability, complexity of technology integration, and production volume of the
technologies that can be implemented by manufacturers and suppliers.

Both LD and HDPUV technologies have the same CL rates. Although most HDPUV components will have
higher operating loads and provide different effectiveness values than LD components, the overall designs
are similar between LD and HDPUV technologies. This approach was used for the HD Phase 2 analysis for
HDPUVs?°! and we think that this is an appropriate assumption to continue to use for this analysis. The
individual technology design and effectiveness differences between LD and HDPUV technologies are
discussed in Chapter 3.

We set model inputs for the explicit simulation of technology application from MY 2020 through MY 2050.
Accordingly, we updated the learning curves for each technology group to cover those same MYs. For MYs
2020-2036, we expect incremental improvements in nearly all technologies, particularly in electrification
technologies because of increased production volumes, labor efficiency, improved manufacturing methods,
specialization, network building, and other factors; this contributes to continual cost learning, and we believe
that many fuel economy improving technologies considered in this rule will approach a flat learning level by
MY 2036. Older and less complex ICE and TRANS will reach a flattened learning curve sooner when
compared to electrification technologies, which have more opportunity for improvement. For SS12V batteries
and non-battery electrification components, we estimate steeper learning curves beginning with MY 2020; we
estimate that the learning curve for non-battery electrification components will gradually flatten after MY 2032,
while the learning curve for SS12V batteries will continue to decrease for MYs 2032-2050, although, at a
shallower rate. We estimate that learning curves for high-voltage battery packs — used in highly electrified
vehicles — will sharply decrease between MYs 2020-2022, flatten between MYs 2022-2025, and then continue
to steadily decrease for MYs 2026-2050. For more detailed discussions of the non-battery electrification,
battery electrification, and non-electrification learning curves, see Chapter 3.3.5.3.2, Chapter 3.3.5.3.1, and
Chapter 2.4.4.1, respectively.

Each technology in the CAFE Model is assigned a learning schedule developed from the methodology
explained previously. For example, the following chart Figure 2-10 shows learning curves for several
technologies applicable to midsize sedans — demonstrating that while we estimate that such learning effects
have already been almost entirely realized for engine turbocharging (a technology that has been in production
for many years), we estimate that significant opportunities to reduce the cost of the greatest levels of MR
(e.g., MR5) and even greater opportunities to reduce the cost of electrified vehicle batteries still remain. In
fact, for certain advanced technologies, we determined that the results predicted by the standard learning
curves progress ratio, based on unusual market price and production relationships, were not realistic. For
these technologies, we developed specific learning estimates that may diverge from the 0.89 progress rate.
As shown in Figure 2-10, these technologies include: turbocharging and downsizing level 1 (TURBOL1),
electrically-variable turbo geometry (VTGE), aerodynamic drag reduction by 15 percent (AERO15), MR level 5
(MR5), 20 percent improvement in low-rolling resistance tire technology (ROLL20) over the baseline, and belt
integrated starter/generator (BISG).

201 MDHD Phase 2 FRIA at 2-56.
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Figure 2-10: Examples of Learning Curves for CAFE Model Technologies
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2.4.4.1. Technology Learning Curves

When analyzing the learning curves for conventional vehicle technologies, we group them into one of four
categories: 1) basic engine technologies, 2) advanced engine technologies, 3) transmission technologies, and
4) rolling resistance technologies. We consider the two base engine technologies (i.e., SOHC and DOHC) to
be mature technologies that will not experience any additional improvements in design or manufacturing. As
a result, we estimate the learning factor for these technologies to be 1.00 in MY 2020 and continue flat
through MY 2050. For other basic engine technologies (e.g., VVL, SGDI, DEAC, etc.), we estimate a
relatively steep reduction in costs until MY 2036, when we expect costs to remain stable through MY 2050.

All advanced engine technologies, except TURBOZ2, follow the same general pattern of a gradual reduction in
costs until MY 2036 when they plateau and remain flat through MY 2036. We estimate that the TURBO2
learning curve will slightly increase from MY 2020 through MY 2021, decrease slightly through MY 2025,
decrease with a slightly steeper curve until MY 2036, where it follows the trend of flattening out through MY
2050. The initial increase in the TURBO2 curve is due to it being a newer technology with low production
volumes and an inefficient manufacturing process, which will cause a slight increase in cost. We expect the
cost to decrease as production volumes increase, manufacturing processes are improved, and economies of
scale are achieved. The rates of the cost decreases are reflected in the shape of the curve from MY 2025
through MY 2050.

In contrast, we consider the AT5 and AT6 transmissions to be mature technologies that will not experience
any additional improvements in design or manufacturing. As a result, we estimate the learning factor for
these technologies to be 1.00 and 0.99, respectively, in MY 2020 and continue flat through MY 2050. The
remaining basic technologies (i.e., AT8, DCT6, and DCT8) are nearly mature; therefore, they experience a
gradual reduction in costs from MY 2020 through MY 2031, when they remain constant through MY 2050.
Similarly, the learning curves for the remaining TRANS decreases from MY 2020 through MY 2036 and then
remains flat through to MY 2050.

Lastly, we estimate that the learning curves for all the road load technologies — with the exception of MR5 —
decrease from MY 2020 through MY 2036 and then remain flat through MY 2050. The learning curve for MR5
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follows a different curvature that gradually decreases from MY 2020 through MY 2030, decreases sharper
from MY 2031 through MY 2035, and then continues to decrease from MY 2036 through MY 2050 at a
shallower rate. Table 2-28 and Table 2-29 show the learning curve schedule for CAFE Model Non-
Electrification Technologies for MYs 2020-2035 and MYs 2036-2050, respectively.
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Table 2-28: Learning Curve Schedule for CAFE Model Non-Electrification Technologies, MYs 2020-2035

Technology Model Year
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

gg:g 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
VVL 0.9318 | 0.9256 | 0.9197 | 0.9142 | 0.9089 | 0.9039 | 0.8990 | 0.8944 | 0.8901 | 0.8859 | 0.8819 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782
SGDI 0.9316 | 0.9254 | 0.9196 | 0.9140 | 0.9088 | 0.9037 | 0.8989 | 0.8943 | 0.8899 | 0.8857 | 0.8818 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780
DEAC 0.9267 | 0.9205 | 0.9147 | 0.9092 | 0.9040 | 0.8989 | 0.8941 | 0.8896 | 0.8852 | 0.8811 | 0.8771 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734
TURBOO 0.7803 | 0.7709 | 0.7628 | 0.7557 | 0.7500 | 0.7455 | 0.7412 | 0.7370 | 0.7331 | 0.7296 | 0.7264 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233
TURBOE 0.9554 | 0.9361 | 0.9164 | 0.8985 | 0.8814 | 0.8648 | 0.8494 | 0.8368 | 0.8251 | 0.8148 | 0.8057 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976
TURBOD 0.9267 | 0.9205 | 0.9147 | 0.9092 | 0.9040 | 0.8989 | 0.8941 | 0.8896 | 0.8852 | 0.8811 | 0.8771 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734
TURBO1 0.9318 | 0.9256 | 0.9197 | 0.9142 | 0.9089 | 0.9039 | 0.8990 | 0.8944 | 0.8901 | 0.8859 | 0.8819 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782
TURBO2 1.5985 | 1.5389 | 1.4727 | 1.4114 | 1.3487 | 1.2844 | 1.2248 | 1.1794 | 1.1368 | 1.0996 | 1.0676 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396
ﬁggﬁgg 1.0965 | 1.0672 | 1.0427 | 1.0213 | 1.0038 | 0.9886 | 0.9754 | 0.9637 | 0.9529 | 0.9430 | 0.9339 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255
HCR 0.3505 | 0.3165 | 0.2901 | 0.2692 | 0.2524 | 0.2387 | 0.2271 | 0.2176 | 0.2096 | 0.2029 | 0.1971 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920
HCRE 0.9554 | 0.9361 | 0.9164 | 0.8985 | 0.8814 | 0.8648 | 0.8494 | 0.8368 | 0.8251 | 0.8148 | 0.8057 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976
HCRD 0.9267 | 0.9205 | 0.9147 | 0.9092 | 0.9040 | 0.8989 | 0.8941 | 0.8896 | 0.8852 | 0.8811 | 0.8771 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734
VCR 1.1091 | 1.0795 | 1.0547 | 1.0331 | 1.0154 | 1.0000 | 0.9866 | 0.9748 | 0.9639 | 0.9539 | 0.9447 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361
VTG 0.9554 | 0.9361 | 0.9164 | 0.8985 | 0.8814 | 0.8648 | 0.8494 | 0.8368 | 0.8251 | 0.8148 | 0.8057 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976
VTGE 0.8748 | 0.8250 | 0.7821 | 0.7461 | 0.7171 | 0.6889 | 0.6613 | 0.6406 | 0.6144 | 0.5950 | 0.5762 | 0.5640 | 0.5463 | 0.5463 | 0.5463 | 0.5463
TURBOAD 1.0965 | 1.0672 | 1.0427 | 1.0213 | 1.0038 | 0.9886 | 0.9754 | 0.9637 | 0.9529 | 0.9430 | 0.9339 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255
ADSL 0.8503 | 0.8304 | 0.8205 | 0.8106 | 0.8007 | 0.8008 | 0.7968 | 0.7928 | 0.7889 | 0.7849 | 0.7830 | 0.7811 | 0.7791 | 0.7791 | 0.7791 | 0.7791
DSLI 0.8700 | 0.8500 | 0.8400 | 0.8300 | 0.8200 | 0.8200 | 0.8159 | 0.8118 | 0.8078 | 0.8037 | 0.8017 | 0.7997 | 0.7977 | 0.7977 | 0.7977 | 0.7977
CNG 1.0211 | 1.0105 | 1.0105 | 0.9999 | 0.9999 | 0.9892 | 0.9892 | 0.9786 | 0.9786 | 0.9786 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680
AT5 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
AT6 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900
AT7L2 0.8024 | 0.7776 | 0.7575 | 0.7424 | 0.7300 | 0.7193 | 0.7104 | 0.7040 | 0.6982 | 0.6929 | 0.6882 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837
AT8 0.9887 | 0.9883 | 0.9880 | 0.9876 | 0.9873 | 0.9871 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868
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AT8L2 0.7378 | 0.7050 | 0.6783 | 0.6584 | 0.6420 | 0.6278 | 0.6161 | 0.6076 | 0.5999 | 0.5929 | 0.5865 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806
AT8L3 0.8025 | 0.7777 | 0.7576 | 0.7425 | 0.7301 | 0.7194 | 0.7106 | 0.7041 | 0.6983 | 0.6931 | 0.6883 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839
ATOL2,

AT10L2, 0.8024 | 0.7776 | 0.7575 | 0.7424 | 0.7300 | 0.7193 | 0.7104 | 0.7040 | 0.6982 | 0.6929 | 0.6882 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837
AT10L3

Bgig’ 0.9889 | 0.9886 | 0.9883 | 0.9880 | 0.9878 | 0.9875 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873
eCVT 0.9961 | 0.9945 | 0.9930 | 0.9916 | 0.9903 | 0.9891 | 0.9879 | 0.9868 | 0.9858 | 0.9848 | 0.9839 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831
CVT, CVTL2 | 0.8779 | 0.8696 | 0.8619 | 0.8547 | 0.8480 | 0.8417 | 0.8359 | 0.8303 | 0.8251 | 0.8202 | 0.8156 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112
CONV 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
ROLLO 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
ROLL10 0.8059 | 0.7882 | 0.7730 | 0.7597 | 0.7478 | 0.7371 | 0.7273 | 0.7185 | 0.7104 | 0.7029 | 0.6961 | 0.6897 | 0.6897 | 0.6880 | 0.6862 | 0.6845
Sgttgg 0.7154 | 0.6870 | 0.6640 | 0.6452 | 0.6292 | 0.6156 | 0.6038 | 0.5934 | 0.5843 | 0.5762 | 0.5689 | 0.5623 | 0.5623 | 0.5609 | 0.5595 | 0.5581
AEROO 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
ﬁgggi’o 0.7947 | 0.7746 | 0.7572 | 0.7422 | 0.7290 | 0.7172 | 0.7067 | 0.6972 | 0.6885 | 0.6807 | 0.6735 | 0.6669 | 0.6669 | 0.6652 | 0.6635 | 0.6619
AERO15 0.4492 | 0.4378 | 0.4280 | 0.4195 | 0.4120 | 0.4054 | 0.3994 | 0.3941 | 0.3892 | 0.3847 | 0.3807 | 0.3769 | 0.3769 | 0.3760 | 0.3750 | 0.3741
AERO20 0.3047 | 0.2969 | 0.2903 | 0.2845 | 0.2794 | 0.2749 | 0.2709 | 0.2672 | 0.2639 | 0.2609 | 0.2582 | 0.2556 | 0.2556 | 0.2550 | 0.2544 | 0.2537
MRO 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
MR1 1.0883 | 1.0591 | 1.0339 | 1.0121 | 0.9931 | 0.9763 | 0.9613 | 0.9479 | 0.9358 | 0.9248 | 0.9147 | 0.9055 | 0.9055 | 0.9032 | 0.9009 | 0.8987
MR2 0.7722 | 0.7536 | 0.7375 | 0.7234 | 0.7099 | 0.6971 | 0.6856 | 0.6756 | 0.6669 | 0.6589 | 0.6519 | 0.6455 | 0.6455 | 0.6439 | 0.6423 | 0.6407
MR3 0.6618 | 0.6489 | 0.6360 | 0.6240 | 0.6121 | 0.6005 | 0.5902 | 0.5815 | 0.5740 | 0.5674 | 0.5615 | 0.5561 | 0.5561 | 0.5548 | 0.5534 | 0.5520
MR4 0.6936 | 0.6588 | 0.6365 | 0.6194 | 0.6015 | 0.5845 | 0.5677 | 0.5547 | 0.5442 | 0.5355 | 0.5281 | 0.5216 | 0.5216 | 0.5203 | 0.5190 | 0.5177
MR5 1.0000 | 0.9704 | 0.9408 | 0.9112 | 0.8816 | 0.8520 | 0.8276 | 0.8031 | 0.7786 | 0.7541 | 0.7297 | 0.6905 | 0.6513 | 0.6121 | 0.5729 | 0.5337

Table 2-29: Learning Curve Schedule for CAFE Model Non-Electrification Technologies, MYs 2036-2050
Model Year
Technology
2036 2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050
[s)(()):g 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
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VWL 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782
SGDI 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780 | 0.8780
DEAC 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734
TURBOO 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233 | 0.7233
TURBOE 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976
TURBOD 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734
TURBO1 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782 | 0.8782
TURBO2 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396 | 1.0396
ﬁggﬁgg' 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255
HCR 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920 | 0.1920
HCRE 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976
HCRD 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734 | 0.8734
VCR 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361 | 0.9361
VTG 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976 | 0.7976
VTGE 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463 | 0.5463
TURBOAD | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255 | 0.9255
ADSL 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791 | 0.7791
DSLI 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977 | 0.7977
CNG 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680 | 0.9680
ATS 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
AT6 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900 | 0.9900
AT7L2 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837
AT8 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868 | 0.9868
ATSL2 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806 | 0.5806
ATSL3 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839 | 0.6839
ATOL2,

ATIOL2 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837 | 0.6837
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DCT6, DCT8 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873 | 0.9873
eCVT 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831 | 0.9831
CVT, CVvTL2 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112 | 0.8112
CONV 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
ROLLO 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
ROLL10 0.6828 | 0.6811 | 0.6794 | 0.6777 | 0.6760 | 0.6743 | 0.6726 | 0.6710 | 0.6693 | 0.6676 | 0.6659 | 0.6643 | 0.6626 | 0.6610 | 0.6593
Sgttgg’ 0.5567 | 0.5553 | 0.5539 | 0.5525 | 0.5511 | 0.5498 | 0.5484 | 0.5470 | 0.5456 | 0.5443 | 0.5429 | 0.5416 | 0.5402 | 0.5389 | 0.5375
AEROO 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
2528?’0 0.6602 | 0.6586 | 0.6569 | 0.6553 | 0.6537 | 0.6520 | 0.6504 | 0.6488 | 0.6471 | 0.6455 | 0.6439 | 0.6423 | 0.6407 | 0.6391 | 0.6375
AERO15 0.3732 | 0.3722 | 0.3713 | 0.3704 | 0.3695 | 0.3685 | 0.3676 | 0.3667 | 0.3658 | 0.3649 | 0.3639 | 0.3630 | 0.3621 | 0.3612 | 0.3603
AERO20 0.2531 | 0.2525 | 0.2518 | 0.2512 | 0.2506 | 0.2499 | 0.2493 | 0.2487 | 0.2481 | 0.2474 | 0.2468 | 0.2462 | 0.2456 | 0.2450 | 0.2444
MRO 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
MR1 0.8964 | 0.8942 | 0.8920 | 0.8897 | 0.8875 | 0.8853 | 0.8831 | 0.8809 | 0.8787 | 0.8765 | 0.8743 | 0.8721 | 0.8699 | 0.8677 | 0.8656
MR2 0.6391 | 0.6375 | 0.6359 | 0.6343 | 0.6327 | 0.6311 | 0.6295 | 0.6280 | 0.6264 | 0.6248 | 0.6233 | 0.6217 | 0.6202 | 0.6186 | 0.6171
MR3 0.5506 | 0.5492 | 0.5479 | 0.5465 | 0.5451 | 0.5438 | 0.5424 | 0.5410 | 0.5397 | 0.5383 | 0.5370 | 0.5357 | 0.5343 | 0.5330 | 0.5316
MR4 0.5164 | 0.5151 | 0.5138 | 0.5125 | 0.5112 | 0.5099 | 0.5087 | 0.5074 | 0.5061 | 0.5049 | 0.5036 | 0.5023 | 0.5011 | 0.4998 | 0.4986
MRS 0.5231 | 0.5126 | 0.5024 | 0.4923 | 0.4825 | 0.4728 | 0.4634 | 0.4541 | 0.4450 | 0.4361 | 0.4274 | 0.4188 | 0.4105 | 0.4022 | 0.3942
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2.5. Simulating Existing Incentives

The compliance analysis also requires inputs and assumptions specifying, when applicable, incentives that
either the reduce the cost of specific vehicle technologies or increase the penetration of specific vehicle
technologies. The following subchapters discuss inputs and assumptions relating to how we model ZEV
programs in Section 177 States and IRA tax credits.

2.5.1. Simulating the Zero Emissions Vehicle (ZEV) Programs in Section 177 States— LD
CAFE and MD FE

CARB has developed various programs to control emissions of criteria pollutants and greenhouse gas
emissions from vehicles sold in California. The ZEV program began in 1990, within low-emission vehicle
(LEV) regulation,?°? and was adopted by a variety of other states; these states are sometimes referred to as
Section 177 states, in reference to Section 177 of the CAA.2%3 Currently, two programs regulate ZEVs in
California and other states that opt in: ACC Il, a continuation of the light-duty ZEV program, PHEVs, and
FCEVs.204

It is important to note that not all Section 177 states have adopted the ACC Il or ACT program components.2%°
Furthermore, more states have formally adopted the ACC Il program than the ACT program, so the
discussion in the following chapters will call states that have opted in “ACC Il states” or “ACT states”. In
another layer of complexity, many states signed a memorandum of understanding (MOU) in 2020 to indicate
their intent to work collaboratively towards a goal of turning 100% of medium-duty and heavy-duty vehicles
into ZEVs in the future.?°® For the purposes of CAFE analysis, we include only those states that have formally
adopted the ACT in our modeling as “ACT states”. States that have signed the MOU but not formally adopted
the ACT program are referred to as “MOU states” and are not included in CAFE modeling. When the term
“ZEV programs” is used hereafter, it refers to both the ACC Il and ACT programs.

Figure 2-11 shows the states that have adopted one or more of the CARB Zero-Emission Vehicle programs at
the time of writing. Connecticut, California, Massachusetts, New Jersey, New York, Oregon, Vermont, and
Washington have adopted both the ACC Il program and the ACT program (both formally and through the
MOU).2%7 Delaware, Minnesota, and New Mexico have adopted only the ACC Il, and Hawaii and
Pennsylvania have signed only the MOU. Colorado, Maine, Maryland, Nevada, Rhode Island, and Virginia
have adopted the ACC Il program and signed the MOU, and North Carolina has adopted the ACT program
and signed the MOU 208

202 California Air Resources Board (CARB). Zero-Emission Vehicle Program. Available at: https://ww?2.arb.ca.gov/our-work/programs/zero-emission-
vehicle-program/about. (Accessed: May 31, 2023).

203 Section 177 of the CAA allows other states to adopt California’s air quality standards.

204 California Air Resources Board (CARB). Final Regulation Order. Available at:
https://ww2.arb.ca.gov/sites/default/files/barcu/regact/2022/accii/acciifr01962.2.pdf. (Accessed:May 31, 2023).

205 At the time of writing, Pennsylvania is the state that has adopted the LEV standards, but not the ZEV (now ACC 1) portion. See Pennsylvania
Department of Environmental Protection. Clean Vehicle Program. Available at:
https://www.dep.pa.gov/Business/Air/BAQ/Automobiles/Pages/CleanVehicleProgram.aspx. (Accessed: May 31, 2023).

206 Northeast States for Coordinated Air Use Management (NESCAUM). Multi-State Medium and Heavy-Duty Zero Emission Vehicle Memorandum of
Understanding. July 13, 2020. Available at: https://www.nescaum.org/documents/mhdv-zev-mou-20220329.pdf/. (Accessed: May 31, 2023).

207 Portillo, P. & Kryczka, H. EPA: It's Time to Act. We need Clean Trucks Now. National Resources Defense Council (NRDC). March 3, 2022. Available
at: https://www.nrdc.org/experts/patricio-portillo/epa-its-time-act-we-need-clean-trucks-

now#:~:text=Six%20states%E2%80%94 California%2C%20Massachusetts%2C,%2D%20and%20heavy%2Dduty%20fleet. (Accessed: May 31, 2023).
208 North Carolina Environmental Quality. Advanced Clean Trucks: Growing North Carolina's Clean Energy Economy. Available at:
https://deq.nc.gov/about/divisions/air-quality/motor-vehicles-and-air-quality/advanced-clean-trucks. (Accessed: May 31, 2023).
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Figure 2-11: ACC Il, ACT, and MOU States

To account for these ZEV programs, and particularly as other states have recently adopted California’s ZEV
standards, NHTSA has included the main provisions of the ACC Il and ACT programs in the CAFE Model’s
analysis of compliance pathways. As explained in further detail in the following chapters, incorporating these
programs into the model includes converting vehicles that have been identified as potential ZEV candidates
into BEVs so that a manufacturer’s fleet meets the calculated ZEV credit requirements.?®® The CAFE Model
brings manufacturers into compliance with ACC Il and ACT first in the baseline, then solves for the technology
compliance pathway used to meet increasing ZEV standards. The two programs have different requirements
per MY, so they are modeled separately in the CAFE analysis. Chapter 2.5.1 describes the two programs,
Chapter 2.5.1.2 discusses the calculation of ZEV credit targets, and Chapter 2.5.1.3 describes how the model
treats ZEV candidates in the analysis fleet.

2.5.1.1. Overiew of the ZEV Programs

Since the CAFE Model's base year for this analysis is MY 2022, we include both ACC I (light-duty ZEV
requirements through 2025) and ACC Il (ZEV requirements from 2026-2035) in our modeling. In this
document, we refer to the collective CARB ZEV requirements for light-duty vehicles as the “ACC Program.”
“ZEVs” can refer to either BEVs, FCEVs, or plug-in hybrid-electric vehicles (PHEVS), as each can earn
differing amounts of credits under CARB’s programs. “Full ZEVs” refers to BEVs and FCEVs in the context of

209 NHTSA made the decision to focus on BEVs for ZEV compliance based on several factors; first, because CARB only allows partial compliance with
PHEVs, second, because NHTSA had conversations with manufacturers that indicated some would not be manufacturing PHEVs, and third, because
including PHEVs in the ZEV modeling would have introduced unnecessary compliacation. NHTSA Docket Memo Citation forthcoming.
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this subchapter,?1° as a PHEV generally receives a smaller number of credits than other ZEVs since its
powertrain still incorporates use of an ICE.

25111, ACCIl Program

On November 30, 2022, CARB finalized the ACC Il standards, which include a ZEV component. At the time
of analysis, sixteen states in addition to California either formally signed on to the ACC Il standards or were in
the process of adopting them.?! Although a few states are adopting these requirements in future MYs (2025,
2026, 2027), we include every state that officially committed to adopting the requirements by the start of
December 2022 (regardless of MY start date), which was the time of analysis, as being part of the unified
ACC Il states group for ease of modeling. We consider all ACC Il states together, and do not model specific
states’ years of joining.

California requires that all manufacturers that sell light-duty vehicles within the state meet the ZEV
requirements, which specify that a certain percentage of vehicles sold be ZEVs. The percentage requirement
increases in each MY. CARB also specifies a maximum percentage of ZEV credits that can be met through
PHEYV presence in the fleet, as shown in Figure 2-12. From 2026-2035, manufacturers cannot earn more
than 20% of their ZEV credits through PHEV sales. In MYs prior to 2026, the PHEV percentage cap does not
apply to lower-volume manufacturers. The steeper increase in requirements from 2025 to 2026 reflects the
change from the ACC | Program to the ACC Il Program. Note that prior to 2026, a ZEV could earn up to 4
credits depending on range, while ZEVs sold in 2026 and later can only earn 1 credit per vehicle. By 2035,
the ACC Il Program aims to have all new light-duty vehicles sold in the ACC Il states be ZEVs (including both
BEVs and PHEVs).?'?

The ACC Il Program also includes compliance options for providing reduced-price ZEVs to community
mobility programs and for selling used ZEVs. However, we do not include these in our modeling as they are
focused on a more local level than we could reasonably represent in the CAFE Model. The data for this part
of the program is not available from real world application.

210 Although FCEVs can earn the same number of credits as BEVs, NHTSA chooses to focus on BEVs when adding ZEV candidates to the fleet, since
FCEVs are generally less cost-effective than BEVs and most manufacturers have not been producing them at high volumes.

211 California, Colorado, Connecticut, Delaware, Maine, Maryland, Massachusetts, Minnesota, Nevada, New York, New Jersey, New Mexico, Oregon,
Rhode Island, Vermont, Virginia, and Washington. See California Air Resource Board. States that have Adopted California's Vehicle Standards under
Section 177 of the CAA. Available at: https://ww2.arb.ca.gov/sites/default/files/2022-05/%C2%A7177 states 05132022 NADA sales r2_ac.pdf.
(Accessed: May 31, 2023).

212 Note that PHEVs can only account for 20% of a manufacturer’'s ZEV compliance.
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Figure 2-12: ZEV Credit Percentage Requirements Schedule?!3

Total ACC Il credits required are the product of manufacturers’ ACC Il state sales volumes and the ZEV
percentage requirements. For example, a manufacturer selling 100,000 vehicles in California and 10,000
vehicles in Connecticut in MY 2028 must ensure that 51,000 of the California vehicles and 5,100 of the
Connecticut vehicles are ZEVs.

CARB allows for some banking of ZEV credits and credit pooling.?!* We do not assume compliance with ZEV
requirements through banking of credits when simulating the program in the CAFE Model and focus instead
on simulating manufacturer’s compliance fully through the production of new ZEVs. In past rules, we
assumed 80% compliance through vehicle requirements and the remaining 20% with banked credits.?'®> Due
to the complicated nature of accounting for the entire credit program, and after conversations with CARB, we
have decided not to incorporate banked credits into the ZEV modeling at this time.

Total credits are calculated by multiplying the credit value each ZEV receives by the vehicle’s volume. From
2026 onwards, each full ZEV earns one credit value per vehicle, while partial ZEVs (PHEVs) earn credits
based on their all-electric range, according to the formula in Equation 2-6. PHEVs may earn up to 0.85 credit
each, in addition to a 0.15 partial credit value if the US06 AER exceeds 10 miles.?'® Figure 2-13 illustrates the
PHEV credit formula, showing the credits earned per vehicle at each PHEV all-electric range. Note that this

213 California Air Resources Board. Advanced Clean Cars Il Regulations: All New Passenger Vehicles Sold in California to be Zero Emissions by 2035.
Available at: https://ww2.arb.ca.gov/our-work/programs/advanced-clean-cars-program/advanced-clean-cars-ii. (Accessed: May 31, 2023).

214 California Air Resources Board. Final Regulation Order: Section 1962.4, Title 13, California Code of Regulations. Available at:
https://ww2.arb.ca.gov/sites/default/files/barcu/regact/2022/accii/acciifro1962.2.pdf. (Accessed: May 31, 2023).

215 CAFE TSD 2024-2026. Pg. 129.

216 California Air Resources Board. Final Regulation Order: Section 1962.4, Title 13, California Code of Regulations. Available at
https://ww2.arb.ca.gov/sites/default/files/barcu/regact/2022/accii/2acciifro1962.4.pdf. (Accessed: May 31, 2023).
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formula is relevant only for PHEVs with a US06 AER value of 40 miles or greater, since PHEVs with a lower
AER do not count at all towards ZEV compliance.

Equation 2-6: Partial ZEV (PHEV) Credit Formula

Certification Range Value N

Partial ZEV (PHEV )credit value = 100

0.20

Figure 2-13: PHEV ACC Il Credit Values Based on All-Electric Range

25112 ACT Program

CARB established zero emissions vehicle standards for trucks in Classes 2b through 8 in 2021, focusing on
MYs 2024-2035. For Class 2b and 3 vehicles (which are the weight classes that correspond to the HDPUVs
considered in this analysis), the 2035 goal aims for 55 percent of vehicles sold in California and ACT states to
be ZEVs or qualifying near zero-emissions vehicles (NZEVs).2%’

Nine states including California have formally adopted the standards at the time of analysis.?'® As other
states are currently considering adopting ACT standards, we plan to update this number in the final rule
analysis if those states formally adopt it.

217 California Air Resources Board. Final Regulation Order: Advanced Clean Trucks Regulation. Available at:
https://ww2.arb.ca.gov/sites/default/files/barcu/regact/2019/act2019/fro2.pdf. (Accessed: May 31, 2023).

218 California, Connecticut, Massachusetts, New Jersey, New York, North Carolina, Oregon, Vermont and Washington. We include Connecticut as their
House passed the legislation instructing their Department of Energy and Environmental Protection to adopt ACT. See
https://www.electrictrucksnow.com/states; https://vermontbiz.com/news/2022/november/24/vermont-adopts-rules-cleaner-cars-and-trucks;
https://deq.nc.gov/about/divisions/air-quality/motor-vehicles-and-air-quality/advanced-clean-trucks; https://www.cga.ct.qov/2022/fc/pdf/2022HB-05039-
R000465-FC.pdf.
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Figure 2-14: ZEV Sales Percentage Requirements for Class 2b and 3 Trucks in MY 2024-2035

Credit targets (referred to as deficits in this program) are calculated by multiplying sales by percentage
requirement and weight class multiplier. Each heavy-duty pickup or van full ZEV in the 2b/3 class earns 0.8
credits and each NZEV (called PHEVs in the CAFE Model) earns 0.75 credits.?!?

2.5.1.2. Calculation of ZEV Credit Targets per Manufacturer

For the purposes of simulating the ZEV programs, we calculated approximate ZEV credit targets as a first
step in adding ZEV compliance to the baseline. We built these credit targets based on estimation of national
sales volumes by manufacturer, analysis of manufacturers’ market share in ACC Il and ACT states, and
application of CARB’s credit requirement formulas.

25.1.2.1. Characterizing the Market

The CAFE Model is designed to present outcomes at a national scale, so the ZEV programs analysis
considers the states as a group as opposed to estimating each state’s ZEV credit requirements individually.
To capture the appropriate volumes subject to ACC Il and the ACT requirements, we calculate each
manufacturer’s total market share in ACC Il or ACT states respectively.

We use Polk’s National Vehicle Population Profile (NVPP) from January 2022 to calculate these
percentages.??® These data include vehicle characteristics such as powertrain, fuel type, manufacturer,
nameplate, and trim level, and state in which vehicles were sold. At the time of the data snapshot, MY 2021
data from the NVPP contained the most current estimate of new vehicle market shares for most
manufacturers, and best represented the registered vehicle population on January 1, 2022. We assume that
new registrations data best approximate new sales given the data options.

219 California Air Resources Board. Final Regulation Order: Advanced Clean Trucks Regulation. Available at: https://www.cga.ct.gov/2022/fc/pdf/2022HB-
05039-R000465-FC.pdf. (Accessed: May 31, 2023).

220 National Vehicle Population Profile (NVPP). 2022. Includes content supplied by IHS Markit; Copyright R.L. Polk & Co., 2022. All rights reserved.
Available at: https://repository.duke.edu/catalog/caad9781-5438-4d65-b908-bf7d97a80b3a#:~:text=P0olk%27s%20%EE%80%80. (Accessed: May 31,
2023).
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2.5.1.2.1.1. Salesin ACC Il States

For Model Year 2021 vehicles in the latest NVPP, the ACC Il State group makes up approximately 38% of the
total light-duty sales in the U.S. Figure 2-15 gives the context of how light-duty sales are distributed across
U.S. states, with California, Texas, and Florida having the largest sales percentages.

Figure 2-15: Percent of Annual U.S. Light-Duty Vehicle Sales Sold in Each State (MY 2021)

Table 2-30 shows the percentages of each manufacturer’s national sales in the ACC Il group, which range
from about 27% to 62%.

Table 2-30: Sales Share by Manufacturer in ACC Il States

Manufacturer Percent of National Sales in ACC Il States
BMW 51.4%
Mercedes-Benz 51.0%
Stellantis 32.5%
Ford 29.1%
GM 26.5%
Honda 44.8%
Hyundai Kia-H 36.7%
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Hyundai Kia-K 32.5%
JLR 47.6%
Mazda 45.7%
Mitsubishi 26.3%
Nissan 30.1%
Subaru 50.3%
Tesla 61.9%
Toyota 41.5%
Volvo 49.0%
VWA 42.9%
Karma* 50.0%
Lucid* 50.0%

*As the NVPP contained a limited number of data points for Karma and Lucid (which are 100% ZEV manufacturers), we made the simplifying
assumption that they would sell 50% of their vehicles in ACC Il states, a percent between the value of the other all-electric vehicle company in
the data, Tesla (60%), and the manufacturers’ average (40%).

2.5.1.2.1.2. Salesin ACT States

The ACT states (California, Connecticut, Massachusetts, New Jersey, New York, Oregon, and Washington)
comprise approximately 19% of the new Class 2b and 3 vehicle market in the U.S.??! Figure 2-16 shows the
distribution of new MY 2021 sales of Class 2b and 3 vehicles across the U.S., as captured in the NVPP
dataset.

221 We consulted with Polk and determined that their NVPP data set that included vehicles in the 2b/3 weight class provided the most fulsome dataset at
the time of analysis, recognizing that the 2b/3 weight class includes both 2b/3 HD pickups and vans and other classes within 2b/3 segment. While we
determined that this dataset was the best option for the analysis, it does not contain all Class 3 pickups and vans sold in the United States.
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Figure 2-16: Percent of Annual US Class 2b and 3 Vehicles Sold in Each State (MY 2021)

Overall, the manufacturers’ shares of 2b3 sales in the seven ACT states ranged from 17.6% to 41.9%. See
Table 2-31 for the exact percent of national sales in ACT states sold by each manufacturer.

Table 2-31: Sales Share by Manufacturer in ACT States

Manufacturer Percent of National Sales in ACT States
Mercedes-Benz 41.9%
Stellantis 20.1%
Ford 19.0%
GM 17.6%
Nissan 23.3%
Rivian** 50.0%

** As the NVPP contained a limited number of data points for Rivian (a 100% ZEV manufacturer), we made the simplifying assumption that they
would sell 50% of their vehicles in ACT states. Note that Rivian’s fleet will be moved to LD/ACC Il for the final rule analysis (See Chapter 2.2).

25.1.22 Estimating ZEV Credit Targets

We base the volumes used for the ZEV credit target calculation on each manufacturer’s future assumed
market share in ACC Il and ACT states. We carry forward the market shares shown in Table 2-30 and Table
2-31, calculated using NVPP data from MY 2021 as discussed in the previous subchapter, into future years.
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We examined market share data from MYs 2016, 2019, and 2021, and determined that the geographic
distribution of manufacturers’ market shares remained fairly constant. Therefore, we determined that it was
reasonable to carry forward the recently calculated market shares to future years.

The other inputs to calculating ZEV credit targets are the ZEV percentage requirement schedules and (in the
case of ACT) truck class weight modifiers, and within the café Model, estimated sales volumes for future MYs
by manufacturer and fleet.

2.5.1.2.2.1. ACC Il Credit Targets

We calculate total credits required for ACC Il and ACT compliance by multiplying the percentages from each
program’s ZEV requirement schedule by the ACC Il or ACT state volumes by manufacturer, as seen in
Equation 2-7. Figure 2-12 and Figure 2-14 show CARB’s ACC Il and ACT credit percentage requirements for
each future year. Note that the light-duty ZEV percentage requirements change significantly after 2025, as
the ACC Il program begins in 2026 and has more stringent requirements than CARB’s previous light-duty ZEV
program.???

Equation 2-7: Required ZEV Credits Formula

RequeditsM, vy = SalesVoly my * Mktsharey * ZEVPercentyy

Where:
ReqCredits = Required credits
Sales Vol = National sales volumes
Mktshare = Share of sales in Section 177 states with ZEV standards
ZEVPercent = ZEV credit percentage requirement specified by CARB
M = Manufacturer
MY = Model Year

We then multiply the resulting national sales volume predictions by manufacturer by each manufacturer’s total
market share in the ACC Il or ACT states to capture the appropriate volumes in the ZEV credits calculation.
Required credits by manufacturer, per year, are determined within the CAFE Model by multiplying the ACC Il
state volumes by CARB’s ZEV credit percentage requirement for each program respectively.

2.5.1.2.2.2. ACT Credit Targets

The main difference between the credit calculations for ACT targets versus ACC Il targets is the application of
the vehicle class-specific weight modifier in the formula for ACT credit targets.

Equation 2-8: ACT Required Credits Formula
ReqCredits,, ,,,=SalesVoly, yv*Mktsharey*ZEVSalesPercentyy*WeightModifier
Where:
ReqCredits = Required credits

Sales Vol = National sales volumes

Mktshare = Share of sales in Section 177 states with ZEV standards

22213 CCR 1962.2(b); 13 CCR 1962.4.
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ZEVSalesPercent = ZEV sales percentage requirement specified by CARB
WeightModifier = Weight modifier for Class 2b3 as specified by CARB (0.8)
M = Manufacturer
MY = Model Year

The weight modifier is the same for all heavy-duty pickup trucks and vans in our analysis, since all of those
vehicles are in Class 2b3.

2.5.1.3. ZEV Candidates in the Analysis Fleet

The ZEV credit requirements estimated in the previous subchapter serve as a target for simulating ZEV
compliance in all alternatives. As manufacturers can meet ACC Il and ACT standards in a variety of different
ways, using various technology combinations, NHTSA makes certain simplifying assumptions in choosing
ZEV pathways, namely focusing on BEVs as ZEV candidates rather than PHEVSs.

The CAFE Model calculates achieved credits by multiplying each ZEV’s sales volume by the credits earned
per vehicle as stipulated by CARB'’s requirements as discussed in Chapter 2.5.1. To ensure that the credit
requirements are met, we add ZEV candidate vehicles to the baseline. ZEV candidates are flagged within the
‘vehicles’ worksheet in the Market Data Input File, which is described in Chapter 2.2. Although we identify the
ZEV candidates in the CAFE Model Input File, the actual conversion from non-ZEV to ZEV vehicles occurs
within the CAFE Model. The CAFE Model converts a vehicle to a ZEV during the specified ZEV application
year.

We flag ZEV candidates in two ways: using reference vehicles with ICE powertrains or using PHEVs already
in the existing fleet. For the first method, using reference vehicles, we identify these ZEV candidates by row,
assign the relevant electrification technology level, and optionally specify the vehicle code of the reference
vehicle. We identify all ICE vehicles with varying levels of technology up to and including SHEVs with rows
that have 100 sales or more as ZEV candidates. All ZEV candidates become BEVs at the first opportunity, in
MY 2023, which immediately follows the vintage of our baseline fleet. In the second method, for PHEV
models identified as ZEV candidates, we base our determination of ZEV application years for each model
based on expectations of manufacturers’ future EV offerings. In the first method, the CAFE Model then
moves the sales volume from reference vehicle row to the ZEV candidate row on an as-needed basis,
considering the MY’s ZEV credit requirements. For the PHEV models, the entire sales volume for that row is
converted to BEV on the application year. This approach allows for only the needed additional sales volumes
to flip to ZEVs, based on the ACC Il and ACT targets, and keeps us from overestimating ZEVs in future years.

See Ch.2, S5.9 - ZEV Credits and Compliance in the CAFE Model Documentation for further information
regarding the model’s treatment of ZEV candidates.

25131 Light-duty ZEV Candidates

NHTSA identifies light-duty ZEV candidates by duplicating every row with 100 or more sales that is not a
PHEV, BEV, or FCEV. We refer to the original rows as ‘reference vehicles.” Although PHEVs are all ZEV
candidates, we do not duplicate those rows as we focus the CAFE Model’s simulation of the ACC Il and ACT
programs on BEVs. However, any PHEVs already in the analysis fleet or made by the model will still receive
the appropriate ZEV credits. While flagging the ZEV candidates, we identified each one as a BEV1, BEV2,
BEV3, and BEV4 (BEV technology types based on range), based partly on their price, market segment, and
vehicle features. For instance, we assumed luxury cars would have longer ranges than economy cars. We
also assigned AWD/4WD variants of vehicles shorter BEV ranges when appropriate. See Chapter 3.3 for
more detailed information on electrification options for this analysis.

The CAFE Model assigns credit values per vehicle depending on whether the vehicle is a ZEV in a MY prior
to 2026 or after, due to the change in value after the update of the standards from ACC II.
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25.1.32 HDPUV ZEV Candidates

NHTSA follows a similar process in assigning HDPUV ZEV candidates as in assigning light-duty ZEV
candidates. We duplicate every van row with 100 or more sales and duplicate every pickup truck row with
100 or more sales provided the vehicle model has a work factor less than 7,500 and a diesel- or gasoline-
based range lower than 500 miles based on their rated fuel economy and fuel tank size. This is consistent
with our treatment of HDPUVs in the CAFE technology pathways, which is discussed in Chapter 3.3. Note
that the model can still apply PHEV technology to HDPUVs. When identifying ZEV candidates, we assign
each candidate as either a BEV1 or a BEV2 based on their price, market segment, and other vehicle
attributes.

2.5.2. Inflation Reduction Act (IRA) Tax Credits

2.5.2.1. Overview of Tax Credits in the Inflation Reduction Act (IRA)

NHTSA explicitly models portions of two provisions of the IRA when simulating the behavior of manufacturers
and consumers in the baseline of our analysis. The first is the AMPC. This provision of the IRA provides a
$35 per kWh tax credit for manufacturers of battery cells and an additional $10 per kWh for manufacturers of
battery modules (all applicable to manufacture in the United States).??®> These two components of the AMPC
phase out from 2030 to 2032. Battery cells must store at least 12 watt-hours of energy. Battery modules
must have an aggregate capacity of at least 7 kwh (1kwh for FCVs). As a result, the CAFE Model assumes
only batteries for PHEVs, BEVs, and FCVs qualify and excludes HEVs. The second provision explicitly
modeled is the CVC,??* which provides up to $7,500 toward the purchase of clean vehicles with critical
minerals and battery components manufactured in North America.??® Vehicles are eligible for the CVC if
placed in service before the end of 2032. The CVC provides tax credits to buyers with a qualifying income for
PHEVs, BEVS, and FCVs with MSRP below $55 thousand for cars and $80 thousand for vans, SUVs, and
pickups.

2.5.2.2. Simulating Response to the Tax Credit

Interactions between producers and consumers in the marketplace tend to ensure that subsidies like the
AMPC and the CVC, regardless of whether they are initially paid to producers or consumers, are ultimately
shared between the two groups. Only in cases where suppliers’ or buyers’ behavior is extremely inflexible
(i.e., supply or demand is highly “inelastic” with respect to prices) will one or the other “capture” most or all of
the subsidy. While a complete analysis of the ultimate incidence of the tax credits would involve estimating
vehicle model or class-specific price elasticities of demand and supply and using these to estimate changes in
prices and quantities for eligible vehicles, the simplified examples below show that its general results will
depend on the relative elasticity of demand and supply to changes in prices of the models that are subsidized.

The results of that analysis would be sensitive to the relative elasticities of supply and demand. If demand is
relatively elastic and supply inelastic, you would expect small changes in quantities and the tax credit would
function primarily as a transfer from taxpayers to EV producers. A tax subsidy drives a wedge between the
effective price producers receive and the effective price the consumer pays, similar to the effect of an excise
tax. This case is shown in Figure 2-17, where demand shifts from D1 to D2, and consumers see a small

223 26 USC 45X. If a manufacturer produces a battery module without battery cells, they are eligible to claim up to $45 per kWh for the battery module.
Two other provisions of the AMPC are not modeled at this time; (i) a credit equal to 10 percent of the manufacturing cost of electrode active materials, (ii)
a credit equal to 10 percent of the manufacturing cost of critical minerals for battery production. We are not modeling these credits directly because of
how we estimate battery costs and to avoid the potential to double count the tax credits if they are included into other analyses that feed into our inputs.
We chose not to model these components for several reasons. Unlike the CVC'’s critical mineral requirements, which allows vehicles whose minerals are
produced or processed in foreign nations with free trade agreements with the United States to qualify, the AMPC requires eligible components to be
produced within the United States. The preponderance of component materials are mined outside of the United States. While we suspect the AMPC,
coupled with other incentives, will induce development domestically, it will take years for the full impact of these efforts to come to fruition in regard to
mineral production. Even when these capabilities are realized, the amount produced domestically is projected to be a minority of the total minerals
produced. Given the growing demand for these minerals will continue to increase globally as the demand for electrified vehicles and other clean energy
products increases, the timing and impact of the AMPC on domestic electric vehicle prices is highly uncertain.

22426 USC 30D.

225 There are vehicle price and consumer income limitations on the CVC, as well. See Congressional Research Service. 2022. Tax Provisions in the
Inflation Reduction Act of 2022 (H.R. 5376). Available at: https://crsreports.congress.gov/product/pdf/R/R47202/6. (Accessed: May 31, 2023).
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reduction in prices from Pc to Pc2 while producers see a much larger increase in the producer price from Ps to
Ps2, and sales shift only slightly from Q1 to Q2.2%¢

Figure 2-17: Elastic Demand, Inelastic Supply
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226 The economic theory demonstrated graphically in this subchapter can also be demonstrated mathematically. We present the competitive market case
here. The supply, gs, and demand qq, equations (B <0, b >0, a <A) are:
qg=a+bp ; q,=A+Bp

In equilibrium gs = qd, and the market price is:
_aA
P BB
If a subsidy of x > 0 per unit sold is given to the supplier, the equilibrium market price is found by solving:
q,=a+b(p+x)=A+Bp=q,
_a-A+bx_a-A+ b
P="B% "Bb Bb"

The market price is reduced by x[b/(B-b)]. While the price is reduced by xb/(B-b), the supplier gets x[1+b/(B-b)] = xB/(B-b). The consumer gets the price
reduction of xb/(B-b). Each gets half of x when B = -b.

The same reasoning applies if the subsidy is given to the consumer:

q,~A+B(p-x)=a+bp=q,

In this case, B/(B-b) > 0, so the market equilibrium price goes up by xB/(B-b) but the consumer keeps xb/(B-b), just as in the case where the supplier gets
the subsidy.

Because the price elasticities of supply and demand are equal to the price coefficients (b and B) times the ratio of price to quantity (p/gs, p/qd), and
because in equilibrium supply = demand, the same ratios of price coefficients apply to ratios of elasticities. In terms of elasticities of demand (3d) and
supply (Bs), the subsidy x, is shared x(Bs/(Bd — Bs)) to the consumer and x(Bd/(Bd — Bs)) to the producer. Again, the sharing is 50/50 if Bd = — Bs.
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If demand for EVs is highly inelastic and supply of EV is highly elastic, the increase in EV quantities would be
modest and the tax credit would primarily transfer money from taxpayers to EV consumers. This is shown in
Figure 2-18, where consumers see a large reduction in the effective price they pay (again from Pc to Pc2),
while producers see only a small increase in the price they receive (from Ps to Ps2). Importantly, sales shift
only modestly from Q1 to Q2.

Figure 2-18: Elastic supply, Inelastic Demand
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In both Figure 2-17 and Figure 2-18, the market participants (producers or consumers) whose behavior is less
price elastic are ultimately able to capture a larger fraction of the tax credit. However, in cases where the
elasticities of supply and demand are similar in magnitude, the tax credit will be shared more equally, while
the magnitude of the change in sales varies depending on whether both demand and supply are both
inelastic, both elastic, or somewhere between those extremes. Figure 2-19 shows the scenario where both
supply and demand are inelastic and the sales response is small, while Figure 2-20 illustrates the case where
both supply and demand are price-elastic and the resulting sales response is large. Both Figure 2-17 and
Figure 2-18 highlight that the more inelastic side of the market will experience the bulk of the benefit of the tax
credit transfer.
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Figure 2-19: Inelastic Supply, Inelastic Demand
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2.5.2.3. Implementation of the AMPC and the CVC

While the model simulates fuel economy improvements and changes in production costs at the vehicle model
level, it does not analyze changes in prices or sales at that same level of detail, and in any case the agency
does not have access to the detailed price elasticities of demand and supply for individual models that would
be required to do so. NHTSA did not implement the detailed market process described in the previous
subchapter within its CAFE Model. Instead, the agency first assumes that manufacturers and consumers
each capture half of the dollar value of the AMPC and CVC. Second, the agency assumes that
manufacturers’ shares of both credits will offset part of their incremental costs to add models that are eligible
for the credits —PHEVs, BEVs, and FCVs—to their product offerings. These assumptions reduce the costs of
eligible vehicles and hence increase their representation rates in the modeled fleet; for light-duty PHEVs and
BEVs, these changes in manufacturers’ model lineups are assumed to occur exclusively in the baseline. Both
credits apply to both light-duty vehicles and HDPUVs.

The CAFE Model’s approach to analyzing the effects of the AMPC and the CVC includes several other
restrictions, due to the terms of the two credits and the structure of the CAFE Model itself. For example, the
CAFE Model accounts for the MSRP restrictions of the CVC by assuming that it cannot be applied to PCs with
an MSRP above $55,000 or other vehicles with an MSRP above $80,000, since these are ineligible for the
incentive. NHTSA cannot explicitly represent the income restrictions of the CVC in its analysis, because the
CAFE Model does not account for purchasers’ income, and in any case, we do not have reliable data on the
income levels of consumers purchasing specific vehicle brands and models. However, the agency’s
procedure for modeling MSRP restrictions partially captures the CVC income thresholds indirectly, insofar as
high-income buyers are more likely to purchase luxury vehicles that exceed the CVC’s MSRP caps.

Nor does NHTSA'’s analysis explicitly represent the tax credits’ accompanying restrictions on the location of
final assembly and battery production or the origin of critical minerals. While the labor component of today’s
analysis makes certain assumptions about the location of vehicle production, we do not have a reliable
method or source to estimate where production is likely to occur during future MYs, particularly as
manufacturers respond to the provisions of the IRA. Except for models that do not meet the MSRP limits, we
assume that all PHEVs, BEVs, and FCVs produced and sold during the time frame that tax credits are offered
will be eligible for those credits. Because the AMPC credit scales with battery capacity, NHTSA staff
determined average battery energy capacity by powertrain (e.g., PHEV, BEV, FCV) for PCs, LTs, and
HDPUVs based on Argonne simulation outputs, and these estimates are reported in Table 2-32.2%7

Table 2-32: Assumed Vehicle Battery Capacities for AMPC in kKWh

Powertrain Type Passenger Car Light Truck HDPUV
PHEV 20.7 33.9 51
BEV 83.4 121.3 133.7
FCV 1.13 1.4 2.12

NHTSA recognizes that manufacturers will not be able to comply immediately with the domestic component
and critical mineral sourcing requirements, and that domestic production of eligible technologies could ramp-
up over the coming years. As a result, fewer vehicle purchases will be eligible to receive the tax credit in its
earlier years than the agency’s analysis implicitly assumes. To reflect this ramp-up, we reduce the value of
the tax credit in its first few years of availability; the average tax credit applied to vehicles with these
technologies will be lower in earlier years due to their broad ineligibility. We chose a linear ramp of 20 percent
per year starting in MY 2024 until the credit is maximized for MY 2028.222 The AMPC then phases out
gradually beginning in MY 2031 and is eliminated after MY 2033. Table 2-32 shows the assumed value of the

227 Capacity estimates are based on Argonne vehicle types: midsize car (passenger car), non-performance pickups (LT), and 2b3 (HDPUV). Powertrain
types are based on: BEV300, PHEV50PS (midsize), ParPHEV50 (pickup), and Fuel Cell EV for LD; BEV1, ParPHEV, and FCV for HDPUV.

228 Both the AMPC and the revised CVC took effect January 1, 2023, and end December 31, 2032, by statute. Model years and calendar years do not
perfectly align; most MYs are made available for sale the preceding calendar year, e.g., MY2023 will be offered for sale in calendar year (CY) 2022. The
CAFE Model cannot distinguish between vehicles of a particular MY being sold in multiple calendar years. As such, we had to decide which MYs would
be eligible for tax credits for modeling purposes. We concluded that beginning the tax credits with MY2024—which will be offered in CY2023—and ending
with MY2033—which will be offered for sale beginning CY 2032—would best capture the universe of vehicles eligible for tax credits.
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AMPC per kWh by MY. The energy capacity values in Table 2-32 and credit values in Table 2-33 combine to
produce total AMPC amounts by vehicle type in the CAFE Model’s Scenarios Input File.

Table 2-33: Tax Credit Values per kWh for the Advanced Manufacturing Production Tax Credit

Model Year $/kWh
2024 9
2025 18
2026 27
2027 36
2028 45
2029 45
2030 45
2031 34
2032 23
2033 11
2034 0

For the CVC, we assume that the average credit value will never reach its full $7,500 value for all vehicles, for
four reasons. First, some segment of the EV market will be purchased by consumers with incomes above the
maximum eligible levels, and these buyers are ineligible to receive the credit. Second, we assume that
manufacturers have optimized their supply chains and that relocating component production in the United
States will increase their costs of production, the price to the consumer, or both. Third, it is unlikely that all
PHEVs, BEVs and FCVs sold in the United States at any point will meet both the critical mineral and battery
component requirements. Since we are not explicitly modeling the production location of batteries and related
componentry, lowering the maximum tax benefit indirectly accounts for some of this uncertainty. Finally, the
CVC is a non-refundable tax credit, which means the consumer’s tax liability must be at least $7,500 for the
credit to reach its full value. For this analysis, the CVC is assumed to “sunset” in MY 2034. Table 2-34 shows
the resulting assumed value of the CVC by MY.

Table 2-34: Implementation of the Clean Vehicle Credit

Model Year Tax Credit Value
2024 $1,000
2025 $2,000
2026 $3,000
2027 $4,000
2028 $5,000
2029 $5,000
2030 $5,000
2031 $5,000
2032 $5,000
2033 $5,000
2034 $0
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Importantly, due to EPCA's constraints on considering the fuel economy of dedicated fuel automobiles in
determining maximum feasible standards, NHTSA does not permit the model to add BEVs during the
standard setting years except in response to the ZEV mandate. The effect of the tax credits on BEV adoption
in our analysis will be to add those vehicles if cost effective until the standard setting years in MY 2027 but will
have no effect thereafter. Dual fueled vehicles such as PHEVs may still be added during the standard setting
years if they are cost effective when considering their operation solely on gasoline or charge sustaining mode.
The impact of the tax credits on PHEVs in our analysis shows that as manufacturers retain higher tax credits,
the amount of PHEVSs increase in both the No-Action Alternative and action alternatives.

2.6. Technology Applicability Rules

As discussed in Chapter 2.2, starting with a fixed analysis fleet, the CAFE Model estimates ways each
manufacturer could potentially apply specific fuel-saving technologies to specific vehicle model/configurations
in response to, among other things (such as fuel prices), CAFE standards, CO:2 standards, commitments
some manufacturers have made to CARB’s Framework Agreement, and ZEV mandates imposed by
California and several other states. The CAFE Model follows a year-by-year approach to simulating
manufacturers’ potential decisions to apply technology, accounting for multiyear planning within the context of
estimated schedules for future vehicle redesigns and refreshes during which significant technology changes
may most practicably be implemented.

The modeled technology adoption for each manufacturer under each regulatory alternative depends on this
representation of multiyear planning, and on a range of other factors represented by other model
characteristics and inputs, such as inputs directing the model to “skip” specific technologies for specific
vehicle model/configurations in the analysis fleet (e.g., because manufacturers already heavily invested in
engine turbocharging and downsizing are unlikely to abandon this approach in favor of using high
compression ratios); inputs defining the sharing of engines, transmissions, and vehicle platforms in the
analysis fleet; the model’s logical approach to preserving this sharing; and the logical progression of
technologies defined by the model’s technology pathways.

The “skip” input — represented in the Market Data Input File as “SKIP” in the appropriate technology column
corresponding to a specific vehicle model — is particularly important for accurately representing how a
manufacturer applies technologies to their vehicles in the real world. As mentioned above, this tells the model
not to apply a specific technology to a specific vehicle model. By capturing these real-world processes and
decision making, we can ensure that modeling appropriately captures the relative costs and benefits for
applying different levels of fuel-economy-improving technology. Skip inputs are used to simulate
manufacturer decisions with cost-benefit in mind, including (1) parts and process sharing; (2) stranded capital;
and (3) performance neutrality.

First, parts sharing includes the concepts of platform, engine, and transmission sharing, which are discussed
in detail in Market Data Input File subchapter, above. A “platform” refers to engineered underpinnings shared
on several differentiated vehicle models and configurations. Manufacturers share and standardize
components, systems, tooling, and assembly processes within their products (and occasionally with the
products of another manufacturer) to manage complexity and costs for development, manufacturing, and
assembly. Detailed discussion for this type of SKIP is provided in the “adoption features” section for different
technologies, if applicable, in Chapter 3.

Similar to vehicle platforms, manufacturers create engines that share parts. For instance, manufacturers may
use different piston strokes on a common engine block or bore out common engine block castings with
different diameters to create engines with an array of displacements. Head assemblies for different
displacement engines may share many components and manufacturing processes across the engine family.
Manufacturers may finish crankshafts with the same tools to similar tolerances. Engines on the same
architecture may share pistons, connecting rods, and the same engine architecture may include both six- and
eight-cylinder engines. One engine family may appear on many vehicles on a platform, and changes to that
engine may or may not carry through to all the vehicles. Some engines are shared across a range of different
vehicle platforms. Vehicle model/configurations in the analysis fleet that share engines belonging to the same
platform are identified as such, and we also may apply a SKIP where we know that a manufacturer shares an
engine throughout several of their vehicle models.
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It is important to note that manufacturers define common engines differently. Some manufacturers consider
engines as “common” if the engines share an architecture, components, or manufacturing processes. Other
manufacturers take a narrower definition, and only assume “common” engines if the parts in the engine
assembly are the same. In some cases, manufacturers designate each engine in each application as a
unigue powertrain. For example, a manufacturer may have listed two engines separately for a pair that share
designs for the engine block, the crank shaft, and the head because the accessory drive components, oil
pans, and engine calibrations differ between the two. In practice, many engines share parts, tooling, and
assembly resources, and manufacturers often coordinate design updates between two similar engines. We
consider engines together (for purposes of coding, discussed in Chapter 2.2 above, and for SKIP application)
if the engines share a common cylinder count and configuration, displacement, valvetrain, and fuel type, or if
the engines only differed slightly in compression ratio, HP, and displacement.

Parts sharing also includes the concept of sharing manufacturing lines (the systems, tooling, and assembly
processes discussed above), since manufacturers are unlikely to build a new manufacturing line to build a
completely new engine. A new engine that is designed to be mass manufactured on an existing production
line will have limits in number of parts used, type of parts used, weight, and packaging size due to the weight
limits of the pallets, material handling interaction points, and conveyance line design for a manufacturer
designated takt time. The restrictions will be reflected in the usage of a skip of engine technology that the
manufacturing line would not accommodate.

SKIPs also relate to instances of stranded capital when manufacturers amortize research, development, and
tooling expenses over many years, especially for engines and transmissions. The traditional production life-
cycles for transmissions and engines have been a decade or longer. If a manufacturer launches or updates a
product with fuel-saving technology, and then later replaces that technology with an unrelated or different fuel-
saving technology before the equipment and research and development investments have been fully paid off,
there will be unrecouped, or stranded, capital costs. Quantifying stranded capital costs accounts for such lost
investments. One design where manufacturers take an iterative redesign approach, as described in a recent
SAE paper??, is the MacPherson strut suspension. It is a popular low-cost suspension design and
manufacturers use it across their fleet.

As we observed previously, manufacturers may be shifting their investment strategies in ways that may alter
how stranded capital could be considered. For example, some suppliers sell similar transmissions to multiple
manufacturers. Such arrangements allow manufacturers to share in capital expenditures or amortize
expenses more quickly. Manufacturers share parts on vehicles around the globe, achieving greater scale and
greatly affecting tooling strategies and costs.

As a proxy for stranded capital in recent CAFE analyses, the CAFE Model has accounted for platform and
engine sharing and includes redesign and refresh cycles for significant and less significant vehicle updates.
This analysis continues to rely on the CAFE Model’s explicit year-by-year accounting for estimated refresh
and redesign cycles, and shared vehicle platforms and engines, to moderate the cadence of technology
adoption and thereby limit the implied occurrence of stranded capital and the need to account for it explicitly.
In addition, confining some manufacturers to specific advanced technology pathways through technology
adoption features acts as a proxy to indirectly account for stranded capital. Adoption features specific to each
technology, if applied on a manufacturer-by-manufacturer basis, are discussed in each technology
subchapter. We will monitor these trends to assess the role of stranded capital moving forward.

Finally, we ensure that our analysis is performance neutral because the goal is to capture the costs and
benefits of adding fuel economy improving technology because of the regulations,?*% and not to
inappropriately capture costs and benefits for changing other vehicle attributes that may have a monetary

229 Pilla, S., Appana, K., and Datta, S. 2021. Parametric Design Study of McPherson Strut to Stabilizer Bar Link Bracket Weld Fatigue Using Design for
Six Sigma and Taguchi Approach. SAE Technical Paper 2021-01-0235. Available at: https://www.sae.org/publications/technical-papers/content/2021-01-
0235/. (Accessed: May 31, 2023).

230 One example is GM’s 2" generation High Feature V6 engine manufactured at their Romulus, Ml plant
(https://www.gm.com/company/facilities/romulus). These engines are represented by engine codes 113601, 113602, 113603 and should all be skipped
for HCR due to 113603 being a pickup engine on the GMC Canyon and Chevrolet Colorado. DOT staff will add these skips for the final rule.
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value associated with them.?3? This means that we “SKIP” some technologies where we can reasonably
assume that the technology would not be able to maintain a performance attribute for the vehicle, and where
our simulation over test cycles may not capture the technology limitation. For example, prior to the
development of SAE J2807, manufacturers used internal rating methods for their vehicle towing capacity.
Manufacturers switched to the SAE tow rating standard at the next redesign of their respective vehicles so
that they could mitigate costs via parts sharing and remain competitive in performance. Usually, the most
capable powertrain configuration will also have the highest towing capacity and can be reflected in using this
input feature. Separately, we also ensure that the analysis is performance neutral through other inputs and
assumptions, like developing our engine maps assuming use with a fuel grade most commonly available to
consumers.?2233 Those assumptions are discussed throughout this chapter and Chapter 3.

Other factors represented by model characteristics and inputs include the technologies already present in the
analysis fleet; inputs defining each regulatory alternative’s specific requirements; inputs defining expected
future fuel prices, annual mileage accumulation, and valuation of avoided fuel consumption; and inputs
defining the estimated efficacy and future cost (accounting for projected future “learning” effects) of included
technologies; inputs controlling the maximum pace the simulation is to “phase in” each technology; and inputs
further defining the availability of each technology to specific technology classes.

Two of these inputs—the “phase-in cap” and the “phase-in start year’—apply to the manufacturer’s entire
estimated production and, for each technology, define a share of production in each MY that, once exceeded,
will stop the model from further applying that technology to that manufacturer’s fleet in that MY. The influence
of these inputs varies with regulatory stringency and other model inputs. For example, setting the inputs to
allow immediate 100 percent penetration of a technology will not guarantee any application of the technology
if stringency increases are low and the technology is not at all cost effective. Also, even if these are set to
allow only very slow adoption of a technology, other model aspects and inputs may nevertheless force more
rapid application than these inputs, alone, would suggest (e.g., because an engine technology propagates
quickly due to sharing across multiple vehicles, or because BEV application must increase quickly in response
to ZEV requirements). For today’s analysis, nearly all of these inputs are set at levels that do not limit the
simulation at all.

As discussed below in Chapter 3.1, for the most advanced engines (ADEAC, variable compression ratio,
variable turbocharger geometry, and turbocharging with DEAC), DOT has specified phase-in caps and phase-
in start years that limit the pace at which the analysis shows the technology being adopted in the rulemaking
timeframe. For example, today’s analysis applies a 34 percent phase-in cap and MY 2019 phase-in start year
for ADEAC, meaning that in MY 2021 (using a MY 2020 fleet, the analysis begins simulating further

231 See, e.g., 87 FR 25887, citing EPA, Consumer Willingness to Pay for Vehicle Attributes: What is the Current State of Knowledge? (2018) (““The
agency has previously attempted to model the potential opportunity cost associated with changes in other vehicle attributes in sensitivity analyses. In
those other rulemakings, the agency acknowledged that it is extremely difficult to quantify the potential changes to other vehicle attributes. To accurately
do so requires extensive projections about which and how much of other attributes will be altered and a detailed accounting of how much value
consumers assigned to those attributes. The agency modeled the opportunity cost associated with changes in other vehicle attributes using published
empirical estimates of tradeoffs between higher fuel economy and improvements to other attributes, together with estimates of the values buyers attach to
those attributes. The agency does not believe this is an appropriate methodology since there is considerable uncertainty in the literature about how much
fuel economy consumers are willing to pay for and how consumers value other vehicle attributes. We note, for example, a recent EPA-commissioned
study that “found very little useful consensus” regarding “estimates of the values of various vehicle attributes,” which ultimately were “of little use for
informing policy decisions.™).

232 See, e.9., 85 FR 24386 (“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 both best performance, to achieve advertised power ratings, and/or to prevent potential engine
damage. Consumers, though, may or may not choose to follow the manufacturer’s recommendation or requirement for a specific fuel 