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PREFACE

The United States Department of Transportation’s VVolpe National Transportation Systems Center (\Volpe
Center) has developed and, since 2002, steadily applied, expanded, and refined a modeling system to assist
the National Highway Traffic Safety Administration (NHTSA) in the evaluation of potential new Corporate
Average Fuel Economy (CAFE) standards and, more recently, to assist the U.S. Environmental Protection
Agency (EPA) in the evaluation of related potential new standards regarding new vehicle carbon dioxide
(CO2) emissions. Given externally developed inputs, the modeling system estimates how manufacturers
could apply additional fuel-saving technologies in response to new CAFE or CO, standards, and estimates
how doing so would impact vehicle costs, fuel economy levels, and CO, emission rates; vehicle sales
volumes and fleet turnover; and national-scale automotive manufacturing employment, highway travel,
fatalities, fuel consumption, and CO- and other emissions. Based on these impacts, the system calculates
costs and benefits from private and social perspectives.

This report documents the design and function of the CAFE Model as of July 2023; specifies the content,
structure, and meaning of inputs and outputs; and provides instructions for the installation and use of the
modeling system.

The authors acknowledge the technical contributions of NHTSA and Volpe Center staff who have been
involved in guiding recent changes to the modeling system, including Joseph Bayer, Rebecca Blatnica,
Larry Blincoe, Ann Carlson, Paul Connet, Jane Doherty, Kevin Ennis, Hannah Fish, Christina Foreman,
David Greene, Bahman Habibzadeh, Joshua Hassol, Maurice Hicks, Thomas Kang, Russell Krupen, Scott
Lian, Katie Liu, Walter Lysenko, Erin McCurry, Keith Meyers, Vinay Nagabhushana, Sean Peirce, Ryan
Posten, Sean Puckett, Ross Rutledge, Rebecca Schade, Brian Seymour, Jessica Suda, Mark Totten, Jacob
Wishart, Seiar Zia, and Alexis Zubrow. The authors further acknowledge prior contributions to CAFE
Model development from contractor Yefim Keselman, as well as former DOT executives and staff who
guided and participated in the development of earlier versions of the modeling system, including Julie
Abraham, Gregory Ayres, Jonathan Badgley, Dan Bogard, Noble Bowie, John Brewer, Shannon Chang,
Giulio Chiuini, Steven CIiff, Coralie Cooper, Peter Feather, David Friedman, Walter Gazda, Phil Gorney,
Carol Hammel-Smith, Ryan Hagen, Ryan Harrington, David Hyde, Brianna Jean, Ken Katz, Ryan Keefe,
Matthew Keen, Heidi King, Steve Kratzke, Mason Leon, Shoshana Lew, Kristina Lopez-Bernal, José
Mantilla, Joe Mergel, Ron Medford, Jonathan Morrison, Amandine Muskus, James Owens, David Pace,
Gregory Powell, Arthur Rypinski, Dan Smith, Jim Tamm, Katie Thomson, John Van Schalkwyk, Ana
Maria Vargas, Kevin Vincent, Kenneth William, Steve Wood, Lixin Zhao, and Stephen Zoepf.

The authors further acknowledge the technical contributions of people who have reviewed detailed results
of the model (and/or earlier versions of the model) and/or provided specific suggestions regarding the
model’s design. Among these people are Ayman Moawad, Steve Plotkin, Aymeric Rousseau, Ram
Vijayagopal, and Michael Wang of the Department of Energy’s Argonne National Laboratory; Michael
McCarthy of the California Air Resources Board (CARB); Jeff Alson, Kevin Bolon, William Charmley,
Ken Davidson, Ben Ellies, Neal Fann, Chet France, David Haugen, Lisa Heinzerling, Gloria Helfand, Ari
Kahan, Robin Moran, Margo Oge, Richard Rykowski, and Todd Sherwood of the U.S. Environmental
Protection Agency (EPA); John Maples of DOE’s Energy Information Administration (EIA); Gary Rogers
of FEV Engine Technology, Inc.; David Boggs, Anrico Casadei, Scott Ellsworth, and Sandy Stojkovski of
Ricardo, Inc.; Jamie Hulan of Transport Canada; Jonathan Rubin of the University of Maine; Alicia Birky
of Energetics, Inc.; Howard Gruenspecht of Massachusetts Institute of Technology, John Graham of the
Indiana University; Walter Kreucher of Environmental Consultants of Mchigan; James Sallee of University
of California at Berkeley; Nigel Clark of West Virginia University; and Wallace W. Wade of Ford Motor
Co. (retired).
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Abbreviations

2D3 i, Light Truck 2b3 regulatory class

B e age of a vehicle model (produced in model year, MY, during calendar
year, CY)

AC. ., air conditioning

AERO..........ccovee, aerodynamic drag reduction technology

AMT .o, automated manual (i.e., clutch) transmission

ANL ...oooooiiiiiiinnn, Argnonne National Laboratory

AT e, automatic transmission

BEV...coooviviiiiiei, battery electric vehicle

BISG.......cooveeeve belt mounted integrated starter/generator

BTU. .o, British thermal unit

Care e the category of the vehicle (derived from vehicle’s VC and RC)

CAFE......ccooviiien Corporate Average Fuel Economy

CAFERC....ccovvvieeinne, unadjusted manufacturer’s CAFE rating in regulatory class RC

CAFE'RC .ovvvvvvvviinennn. CAFE rating achieved by a manufacturer in regulatory class RC

CCRT i, fraction of each fuel type’s mass that represents carbon

CRamed eeeeeerrrrrereeesinnnns compliance category where credits are earned

(O = T methane

CNG ..., compressed natural gas fuel type

CO e, carbon monoxide

CO2eevviieiiiiee e, carbon dioxide

CO2CreditsIngc......... CO,, credits transferred or carried into regulatory class RC

CO2CreditsOutgc...... CO; credits transferred or carried out of regulatory class RC

CO2Creditsge -.......... CO;, credits earned by a manufacturer in regulatory class RC

CO2Ratingrc «vvvvvveee.. CO; rating achieved by a manufacturer in regulatory class RC

CO2STDRC «vvveeeeneee CO; standard in regulatory class RC

AComplianceCredits .change in manufacturer’s compliance credits
AComplianceValue...change in manufacturer’s cost of compliance

CPM .., cost-per-mile

CreditsIinge ...cvvvveeeenn. CAFE credits transferred or carried into regulatory class RC
CreditsOUtrc.....ceuven.. CAFE credits transferred or carried out of regulatory class RC
CreditSRc...ovvvveeeeennnne CAFE credits earned by a manufacturer in regulatory class RC
Oy compliance category where credits are used

OV I continuously variable transmission

FAY O amount by which a vehicle’s CW is reduced (in Ibs)

CW ., vehicle’s curb weight

CY oo, calendar year

Do diesel fuel type

D] O Domestic Car regulatory class

DCT.oiiieee, dual-clutch transmission

DEM...coooviviiiiii, Dynamic Economic Models

D] S Dynamic Fleet Share

DFS/ISR ...cccvvvevine. Dynamic Fleet Share and Sales Response model

DOHC ....ccooceeeve. double overhead camshaft engine
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DPM10.....coveeiieeaens diesel particulate matter

DR...oooeiiiieeiee, discount rate

DS, emissions from vehicle operation (i.e., “tailpipe” or “downstream”)
Ee electricity fuel type

E85 .., ethanol/gasoline blend with up to 85% ethanol

EDET i energy density of a specific fuel type
EffCost....cccccevvnnnnn. effective cost of a technology

EISA......cooii Energy Independence and Security Act
EPCA.....ccoovieie. Energy Policy and Conservation Act

F o fuel economy improvement factor (for ANL simulated technology)
FCV ., fuel cell vehicle

FE..oo fuel economy rating of a vehicle

FFV o, flex-fuel vehicle

AFInes...........cccccveee change in manufacturer’s fines owed

FINESRC «ovvvvvveeeiiieiins CAFE civil penalties owed by a manufacturer in regulatory class RC
FP o vehicle’s footprint

FS.o percentage of miles driven by a vehicle on a specific fuel type
e fuel type a vehicle operates on

FTP e, federal test procedure

P gasoline fuel type

GAP....coiiiieiie, gap between laboratory and on-road fuel economy
AGCWR.............. amount by which a vehicle’s GCWR is reduced (in Ibs)
GCWR.......ccvveeee, gross combined weight rating

(€] 5] gross domestic product

(€] €] = gasoline gallon equivalent

OPM e gallons per mile

AGVWR ................... amount by which a vehicle’s GVWR is reduced (in Ibs)
GVWR......coovvvvveee, gross vehicle weight rating

(€ glider weight

Ho, hydrogen fuel type

HCR ..o high compression ratio engine

HDPUV ........ccceeee heavy-duty pickups and vans

HP vehicle’s horsepower

HFET ..o, highway fuel economy test

IC e, Imported Car regulatory class

ICE...ccoiieeeiiiieeee, internal combustion engine

KWh......ooooiee kilowatt-hour

LDTL. i, class-1 light-duty truck (GVWR < 6,000 Ibs)
LDT1/2a.....ccccuveenenn. combination of class-1 and class-2a light-duty trucks
LDT2a..ccccceeiiirinnn, class-2a light-duty truck (6,001 Ibs < GVWR < 8,500 Ibs)
LDT2b...cvveeiiieee, class-2b light-duty truck (8,501 Ibs < GVWR < 10,000 Ibs)
LDT2b/3.................. combination of class-2b and class-3 light-duty trucks
LDT3 ., class-3 light-duty truck (10,001 lbs < GVWR < 14,000 Ibs)
LDV i, light-duty passenger vehicle

LFP..ee, labor force participation

LR e, learning rate multiplier for battery cost of a technology

Xi
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LT, Light Truck regulatory class
LT2b3..ieeeiiiieee, Light Truck 2b3 regulatory class
M. vector of automobile manufacturers
MDET .o, mass density of a specific fuel type
MPY e miles per gallon

MR . mass reduction technology

MSRP ....ooveeiiiiiiiee, manufacturer suggested retail price
MT..ieee, manual (i.e., clutch) transmission
MTBE.........covineeenn. methyl tertiary butyl ether

MWHh ..., megawatt-hour

MY i model year

NoO oo nitrous oxide

NMY,CY ceeerrrrreennrnennns number of surviving vehicles of model year MY in calendar year CY
N[ oxides of nitrogen

OCC .., off-cycle credit

OHV ...oooiiii, overhead valve engine
PB...oooiiiiiiiieeeeee payback period

o O Passenger Car regulatory class
PEF...ccoiiiiiiee, petroleum equivalency factor

PHEV ....ccoooeeiiinnn. plug-in hybrid/electric vehicle
PMog.oiiiiiiiiiiiiiiiinnn fine particulate matter

PrCEET vvvvvvviiiiieeeeai price of fuel type FT
Quads.......ccevvveeeenne, quadrillion British thermal units

RC .o, regulatory class

RIA......coeeie, regulatory impact analysis

ROLL ....ccovvveeeiiie, low rolling resistance tires technology
SaleSRC. v, total manufacturer sales volume in regulatory class RC
SCoiiii, safety class

SCT v standard cubic foot

SHEV ..o strong hybrid/electric vehicle

SOHC ..., single overhead camshaft engine

SOs i, sulfur dioxide

SO iiiiiiiiieeiiereeririnn, sulfur oxides

STDRC . eeeeevrvireeeaane, CAFE standard in regulatory class RC
SURV ..., average survival rate of a vehicle
TCo2 i, vehicle’s CO, target

TEE e vehicle’s fuel economy target

TW ., test weight

UDDS.....cccoceeevie. urban dynamometer driving schedule
US i, emissions from fuel production and distribution (i.e., “upstream”)
Vo vector of vehicle models

AValueCO2Credits ...change in manufacturer’s value of CO; credits
ValueCO2Creditsgc .. value of CO; credits in regulatory class RC

VCioii, vehicle class
VCR ..o, variable compression ratio engine
VMT .o, vehicle miles traveled

Xii
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volatile organic compounds
percent reduction of glider weight (for MR technology)
zero emission vehicle

Xiii
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Chapter One Introduction

The Energy Policy and Conservation Act (EPCA), as amended by the Energy Independence and
Security Act of 2007, requires the U.S. Department of Transportation, to promulgate and enforce
Corporate Average Fuel Economy (CAFE) standards. The Department has delegated this
responsibility to the National Highway Traffic Safety Administration, which has been
administering these standards since 1975.

The Volpe National Transportation Systems Center (Volpe Center) provided technical support to
the Department in connection with the establishment of the CAFE program in the 1970s, and has
continued to provide such support since thattime. The Volpe Center is a Federal fee-for-service
organization within DOT.

In 2002, the Volpe Center began developing a new modeling system to support NHTSA’s analysis
of options for future CAFE standards. Objectives included, but were not limited to, the following:
the ability to use detailed projections of light vehicle fleets to be produced for sale in the United
States, the ability to efficiently estimate how manufacturers could apply available technologies in
response to CAFE standards, the ability to quickly, systematically, and reproducibly evaluate
various options for future CAFE standards, and the ability to estimate a range of outcomes (in
particular, changes in fuel consumption and emissions) resulting from such standards.

Since 2002, the Volpe Center has made numerous changes to the modeling system. Some changes
were made in response to comments submitted to NHTSA in connection with CAFE rulemakings,
and in response to a formal peer review of the system. Some changes were made based on
observations by NHTSA and Volpe Center technical staff. As NHTSA began evaluating attrib ute-
based CAFE standards (i.e., standards under which CAFE requirements depend on the mix of
vehicles produced for U.S. sale), significant changes were made to enable evaluation of such
standards. Atthe same time, the system was expandedto provide the ability to perform uncertainty
analysis by randomly varying many inputs. Later, the system was further expanded to provide
automated statistical calibration of attribute-based standards, through implementation of Monte
Carlo techniques, as well as automated estimation of stringency levels that meet specified
characteristics (such as maximizing estimated net benefits to society).

In 2007, NHTSA and Volpe Center staff worked with technical staff of the U.S. Environmental
Protection Agency on major changes to the range of fuel-saving technologies accommodated by
the model, as well as the logical pathways for applying such technologies. In 2008 NHTSA and
Volpe Center staff collaborated on further revisions, particularly with respect to the representation
of available fuel-saving technologies, support for the reexamination of which was provided by
Ricardo, Inc. In support of the 2010 rulemaking, a multi-year technology application feature was
introduced into the modeling system. In 2011 a feature to evaluate voluntary overcompliance has
been added as well.

In 2014, the system was adapted and expandedto allow NHTSA and VVolpe Center staff to perform
rulemaking analysis for the heavy-duty pickups and vans (HDPUV). As such, a new regulatory
class, covering class 2b and class 3 vehicles, was introduced into the modeling system. To better
illustrate the behavior of the industry, a feature allowing technologies to be inherited between
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vehicle platforms, engines, and transmissions was reintroduced into the modeling system as the
primary mode of operation. In 2016, the modeling system was further refined to allow
simultaneous analysis of the light-duty and the HDPUV fleets, accounting for potential interaction
between shared platforms, engines, and transmissions. Additionally, in 2016, the modeling system
underwent a major overhaul to allow for integration of vehicle simulation results from ANL’s
Autonomie model.

For the 2018 notice of proposed rulemaking (NPRM), covering model years 2020 to 2025, the
system was further enhanced to include additional modeling features. Principal among them were:
the ability to simulate separate compliance by domestic and imported car fleet (an explicit EPCA
requirement), the ability to dynamically adjust the sales forecast of the light-duty fleet and the
passenger car to light truck fleet share as part of compliance simulation, the ability to dynamically
adjust the scrappage rates of on-road vehicle fleet for post-compliance calculations, and the ability
to account for vehicles’ safety performance over time. The system was also modified to be able to
simulate compliance with EPA carbon dioxide (CO,) standards, including a number of
programmatic elements unique to that program that do not exist under CAFE. Following up on the
2018 NPRM version of the model, the system was further revised and enhanced to support the
2019 final rule analysis. Among the changes were updates to the existing sales and scrappage
models, as well as an added ability to dynamically adjust the vehicle miles traveled in response to
market changes. Furthermore, with this version of the CAFE Model, the system has fully
transitioned away from using incremental cost and fuel consumption accounting methodology,
instead relying on “absolute” values defined for each technology (or technology combination) that
is available for simulation.

Over the course of the analyses supporting the 2021 notice and the 2022 final rulemakings,
covering model years 2024 to 2026, further revisions and enhancements were made to the CAFE
Model. Among these were: the ability to account for some States’ mandates requiring the sale of
Zero Emission Vehicle (ZEV), the ability to simulate and account for the standards defined by
California’s Framework Agreement (where some manufacturers have reached an agreement with
California regarding the average CO, performance of new vehicles produced for sale in the U.S)),
and the ability to simulate manufacturers’ potential technology application in response to the
combination of ZEV mandates, the California Framework Agreement, EPA CO, standards, and
NHTSA CAFE standards. The system was also modified with several minor enhancements to
support the analysis, including: more detailed reporting of emissions from upstream processes and
subsequent accounting of emission health impacts related to criteria air pollutants, the availability
of long-range (e.g., 400-mile) battery electric vehicles (BEVs), refinements to methods for
estimating highway safety impacts, and the addition of experimental “fleet share” models (that are
used for estimating the portions of new vehicles sales that are attributed to the passenger car or
light truck fleets).

For the 2023 NPRM, which included analysis of the light-duty fleet (for model years 2027to 2032)
and the HDPUV fleet (for model years 2030 to 2035), the modeling system was expanded with
additional functionality to support the ongoing rulemaking. A substantial overhaul of the system
was conducted to improve compliance analysis of the fuel efficiency and CO, standards for the
HDPUV fleet. As such, HDPUV-specific technologies, costs, and fuel efficiency improvements;
vehicle and engine technology classes; vehicle styles and classifications; and HDPUYV -specific
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CO, target function and coefficients were integrated into the CAFE Model (a fuel efficiency target
was previously defined within the system). Additional HDPUV enhancements included revisions
to the compliance calculations and reporting to match the updated regulatory definitions, as well
as integrating advanced modeling features available for the light-duty analysis into the HDPUV
analysis (such asdynamic salesand scrappage models). Aside from the updates related specifically
to the compliance analysis of the HDPUV fleet, additional new functionality was added to the
system, impacting the analysis of both fleets. Some of the major changes were: the ability to
estimate vehicular PM, s emissions attributed to brake and tire wear, integrating the Federal
incentives (vehicle and battery tax credits) as outlined within the Inflation Reduction Act into the
analysis (by including tax credits in the “effective-cost” metric, the fleet share and sales model,
and the scrappage model), expandingand improvingon the methods andprocedures for simulating
the manufacturers’ responses to the ZEV mandates, and the ability to rely on user-defined annual
forecasts of light-duty and HDPUYV vehicles sales and cars shares for the future model years.

Throughout the development of the CAFE Model some of the featuresintroduced into the system
duringprior releases (as mentioned above) may have beenremoved from subsequentversions. The
CAFE Model is typically tailored to the constraints of specific rulemakings, often including
experimental and proposed features, with the intent of seeking comment from the public. As such,
the functionality foundwithin each specific versionof the modelisareflection of the requirements
that best match the rulemaking analysis that was being conducted at the time. Hence, some of the
experimental featuresintroduced into a given version of the model may be removed during a later
one, if they were not deemed vital to future analysis. Moreover, on occasion integrating some of
the required new enhancements into the system may conflict with some of the existing model
features. If those existing features were not frequently used or are not critical to the core of the
analysis, they will be removed from the modeling system. For example, support for Monte Carlo
simulation and the ability to simultaneously evaluate light-duty and HDPUV fleets was
temporarily removed from the system.
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Chapter Two System Design
Section 1 Overall Structure (System Overview)

The basic design of the CAFE Model developed by the VVolpe Center is as follows: the system first
estimates how 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. A regulatory scenario involves specification
of the form, or shape, of the standards (e.g., flat standards, or linear or logistic attribute-based
standards), scope of passenger car and truck regulatory classes, and stringency of the CAFE and
CO; standards for each model year to be analyzed.

Manufacturer compliance simulation and the ensuing effects estimation, collectively referred to as
compliance modeling, encompass numerous subsidiary elements. Compliance simulation begins
with a detailed initial forecast, provided by the user, of the vehicle models offered for sale during
the simulation period. The compliance simulation then attempts to bring each manufacturer into
compliance with the standards defined by the regulatory scenario contained within an input file
developed by the user; for example, a regulatory scenario may define CAFE or CO, standards that
increase in stringency by 4 percent per year for 5 consecutive years. The model applies various
technologies to different vehicle models in each manufacturer’s product line in order to simulate
how each manufacturer might make progress toward compliance with the specified standard.
Subjectto a variety of user-controlled constraints, the model applies technologies based on their
relative cost-effectiveness, as determined by several input assumptions regarding the cost and
effectiveness of each technology, the cost of compliance (determined by the change in CAFE or
CO;, credits, civil penalties for non-compliance with CAFE standards, or value of CO; credits,
depending on the compliance program being evaluated and the effective-cost mode in use), and
the value of avoided fuel expenses. For a given manufacturer, the compliancesimulation algorithm
applies technologies either until the manufacturer runs out of cost-effective technologies, until the
manufacturer exhausts all available technologies, or, if the manufacturer is assumed to be willing
to pay civil penalties, until paying civil penalties becomes more cost-effective than increasing
vehicle fuel economy. At this stage, the system assigns an incurred technology cost and updated
fuel economy to each vehicle model, as well as any civil penalties incurred by each manufacturer.
This compliance simulation process is repeated for each model year available during the study
period.

This point marks the system’s transition between compliance simulation and effects calculations.
At the conclusion of the compliance simulation for a given regulatory scenario, the system contains
multiple copies of the updated fleet of vehicles, corresponding to each model year analyzed. For
each model year, the vehicles’ attributes, such as fuel types (e.qg., diesel, electricity), fuel economy
values, and curb weights, have all been updated to reflect the application of technologies in
response to standards throughout the study period. For each vehicle in each of the model year
specific fleets, the system then estimates the following: lifetime travel, fuel consumption, carbon
dioxide and criteria pollutant emissions, the magnitude of various economic externalities related
to vehicular travel (e.g., noise), and energy consumption (e.g., the economic costs of short-term
increases in petroleum prices). The system then aggregates model-specific results to produce an
overall representation of modeling effects for the entire industry.
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Different categorization schemes are relevant to different types of effects. For example, while a
fully disaggregated fleet is retained for purposes of compliance simulation, vehicles are grouped
by type of fuel and regulatory class for the energy, carbon dioxide, criteria pollutant, and safety
calculations. Therefore, the system uses model-by-model categorization and accounting when
calculating most effects, and aggregates results only as required for efficient reporting.
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Section 2 Representation of Market Data

To evaluate a manufacturer’s progress towards compliance, the CAFE modeling system reads in
and stores various engineering characteristics and technology information attributable to each
vehicle, engine, and transmission produced by that manufacturer. This information provides the
model with an overall view of the initial state of a manufacturer’s fleet. The data that makes up
this initial or “baseline” fleet is referred to as “market data” or “market forecast,” and is entered
into the modeling system as a user provided input file.1

Along with the engineering characteristics and technology information, the initial fleet includes
various classifications (discussed further below) thatthe modelingsystem usesin order to properly
“bin” vehicles for compliance simulation and effects calculations. For example, a vehicle’s
regulatory class assignment allows the CAFE Model to determine whether to apply a passenger
car or light truck functional standard to that vehicle.

Since compliance modeling within the system heavily relies on the initial fleet, which is defined
by the user, and all other results flow from compliance modeling, the initial fleet may be properly
considered the foundation of any modeling exercise. The following section provides a general
overview of the initial state of the fleet, highlighting some of the most significant inputs, while
Section A.1 of Appendix A describes the suitable structure and content the user should use when
developing a market data input file for CAFE Model analysis.

S2.1 Initial State of the Fleet

The CAFE Model uses information contained in the Manufacturers, Credits and Adjustments,
Vehicles, Platforms, Engines, and Transmissions worksheets in the market data input file to
develop the fleet’s initial state. The set of worksheets uses identification codes to link vehicle
models with their corresponding platforms, engines,and transmissions. In addition, the model uses
a manufacturer’s name to cross-link and associate all the worksheets within the market data file
for that manufacturer. Figure 1 provides a simplified example illustrating the basic structure and
inter-relationship of these six worksheets, focusing primarily on structurally important inputs. The
identification codes make it possible to account for the use of specific vehicle components (i.e.,
platforms, engines, or transmissions)? across multiple vehicle models.

Developing the CAFE Model to treat vehicles, platforms, engines, and transmissions as separate
entitiesallows the modelingsystem to concurrently evaluate technology improvements on multiple
vehicles that may share a common component. Sharing also enables realistic propagation, or
“inheriting,” of previously applied technologies from an upgraded component down to the vehicle
“users” of that component that have not yet realized the benefits of the upgrade.

! As discussed below, whenapplying the Dynamic Fleet Share and Sales Response model, the CAFE Model makes
use of the specified production volume inputs during the first model year only; for ensuingmodel years, production
volumes are estimated endogenously using this initial set of estimates as a starting point.

2 For the purposes of CAFE modeling, a vehicle componentis defined as any major vehicle block that maintains its
own productionline and/oris used on multiple vehicles at a time. Vehicle platforms, engines, andtransmissions are
all considered to be vehicle components from the model’s perspective.
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Manufacturers Worksheet Credits and Adjustments Worksheet
Code | Manufacturer | Prefer Fines Manufacturer | Passenger Car | Light Truck
101 Mfrl N Mfrl 1.23 1.23
102 \ Mfr2 1.23 1.23
103 Mfr3 N Mfr3 1.23 1.23
Ve}%/es Worksheet
Q{)del Manufacturer | Model Platform | Enginel Transmission Reg. Class FE Sales Technologies
101 Mfrl Vehl 101 101 101 PC 31.1 2,075 ROLL10
102 Mfrl Veh2 101 101 102 PC 26.5 2,538 ROLL10
103 Mfrl Veh3 102 102 101 LT 22.4 3,187 AERO10
201 Mfr2 Veh4d 201 201 201 PC 26.1 8,461 ROLLO
~202 | Mfr2 Veh5 201 201 203 PC 26.7 6,668 ROLLO
203 Mfr2 Veh6 " 202 201 202 LT 22.2 781 ROLL10
204 Mfr2 Veh7 | 202 /202 202 \ LT 21.9 9,936 ROLL10
301 Mfr3 Veh8 | 301, 301 301 \ PC 32.5 8,409 AERO10
302 Mfr3 Veh9 ,' 301/ 302 301 \‘ LT 21.3 5,968 ROLL10
I |
| \ Engines Worksheet |
II \\ Code | Manufacturer| ,' Fuel Config. | Cylinders | Technologies
| 101 Mfrl | G | 4 DOHC
| N 102 Mfrl I G \ 6 SOHC
' 201 Mfr2 I 6 v 6 DOHC
} 202 Mfr2 ,’ D v 8 ADSL
| 301 Mfr3 / G | 4 TURBO1
“ 302 Mfr3 I g v 8 DOHC
T
| /
\ Transmissions Worksheet
\\ Code ,’| Manufacturer Type Gears Technologies
\ 101 | Mfrl AT 7 AT7
\ 102 ! Mfrl MT 5 MTS
201 ¢ Mfr2 DCT 6 DCT6
202 Mfr2 AT 6 AT6
203 Mfr2 MT 6 MT6
301 Mfr3 AT 8 AT8
Platforms Worksheet
Code Manufacturer| Name Technologies
101 Mfrl P101 MR1
102 Mfrl P102 MRO
201 Mfr2 P201 MRO
202 Mfr2 P202 MR2
301 Mfr3 P301 MR1

Figure 1. Basic Structure of Input File Defining the Fleet’s Initial State®

In Figure 1, each vehicle model isshown asalways havingan engine and a transmission. However,
this may notalways be the case. Specifically, batteryelectric vehicles (BEVs) and fuel cell vehicles
(FCVs) do not make use of a traditional combustion engine or transmission. Instead, both rely on
electric powertrains that consist of motors packaged with advanced, custom-built transmissions.
The system assumes that BEVs and FCVs are the sole users of their respective transmissions (i.e.,
the transmissions are not shared by any other vehicle) and that no further improvements may be
possible on those transmissions. As such, for modeling simplicity, the system assumes that these
vehicles do not have an engine or a transmission, where the associated “Engine Code” and

® Note: Forsimplicity and illustration purposes, somecolumn headers and data elements shown in Figure 1 were
renamed, abbreviated, or combined.
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“Transmission Code” fields should be leftblank in the inputfleet. Similarly, plug-in hybrid/electric
vehicles (PHEVs) and strong hybrid/electric vehicles (SHEVs) also assume the use of the custom-
built engines and transmissions that are unique to the individual vehicle. For modeling simplicity,
the system assumes that these vehicles do not have an engine or transmission assigned to them as
well.4

Although Figure 1 displays the basic relationship between the different worksheets in a simplified
manner, the structure and contents of the actual market data input file are significantly more
involved. However, while the modeling system loads additional information provided in the
market data input file (as outlined in Section A.1 of Appendix A), it does not use all of that
information. The system only makes use of inputs essential for compliance simulation, such as
vehicle’s fuel economy, curb weight, footprint, production volumes (i.e., sales), initial technology
utilization, etc. The CAFE Model uses fuel economy ratings to calculate the corresponding CO;
ratings, which it uses as the basis for simulating compliance with CO, standards.>

When providing a vehicle’s fuel economy® for compliance purposes, the user must input the
“rated” value, i.e., the vehicle’s fuel economy absent any adjustments, credits, special provisions
for alternative fuels (including DOE’s petroleum equivalency factor (PEF) or any other factor,
credit, or offset) that NHSTA may otherwise apply to adjust the vehicle’s fuel economy rating.
That is, the vehicle’s rated fuel economy must represent the weighted harmonic average of the
values measured on the Federal Test Procedure (FTP) “city” and Highway Fuel Economy Test
(HFET) “highway” drive cycle tests,’” as defined by the following equation:

1
=5 s W
FECity FEHighway
Where:

0.55: the portion of total miles a vehicle is assumed to travel under city driving
conditions;

0.45: the portion of total miles a vehicle is assumed to travel under highway driving
conditions;

* The handling of engines and transmissions (definition and assignment) with regard to hybrid/electric vehicles may
be updated in a future release of the CAFE Model.

® The conversion of a vehicle’s fuel economy to an equivalent CO; rating is discussed in Section S5.2.1 below.

® For the HDPUV fleet, per 40 CFR Chapter V part 535, the vehicle’s fuel efficiency is defined on a gallons per 100-
mile basis, instead of being expressed as fuel economy on a miles per gallon basis. However, since a direct
conversionbetween the two is possible without any loss of information (as in: result = 100 / value), within the
CAFE Modelandthroughout this document (and to stay concurrent with the light-duty analysis), all associated data
elementsare loaded, processed, stored, and reported ona miles per gallon basis, with conversions being performed
only when requiredforcompliance purposes (e.g., when evaluating the HDPUV fleet’s credits and compliance
positions) or to supplement the model’s reporting for clarity (e.g., showing manufacturer’s combined average fuel
efficiency rating as gallons per 100-mile).

"FTP and HFET drive schedules are described a t: www.epa.gov/vehicle-and-fuel-emissions-testing/dynamometer-
drive-schedules.
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FEciy: the fuel economy rating of a vehicle as measured on the FTP cycle;
FEHighway:

the fuel economy rating of a vehicle as measured on the HWFET cycle; and
FE: the combined city and highway fuel economy rating of a vehicle.

The fuel economy rating must also be defined for each fuel type that the vehicle operates on. In
the case of dual-fuel vehicles (i.e., flex-fuel vehicles and PHEVS), this indicates that the fuel
economy ratingmustbe specified for either gasoline and E85 fuel types, or gasoline and electricity
fuel types concurrently. Additionally, the associated fuel share, for each fuel type where a fuel
economy value exists, must also be defined. For single-fuel vehicles, the accompanying fuel share
should be specified at 100 percent. For dual-fuel vehicles, the fuel share represents the assumed
portion of miles, on average, a vehicle is expected to travel when operating on a given fuel. For
example, inputs could be set to indicate that a 20-mile plug-in hybrid/electric vehicle might be
expected to travel 43 percent of its total miles using electricity and the remaining 57 percent using
gasoline.

The fuel economy and fuel share values are assigned in the Vehicles worksheet under the “Fuel
Economy” section, for each supported fuel type within the modeling system. Presently, the model
supportssix fueltypes, asdefinedin Table 1, for specifyingthe vehicle and engine fueling options,
for defining fuel-specific inputs (e.g., fuel prices and emission factors), and for estimating the
various modeling effects (such as amount of fuel consumed and greenhouse gas and air pollutant
emissions) attributed to a vehicle when operating on a specific type of fuel. As noted above, the
individual fuel types appearing in Table 1 may be combined, in the case of dual-fuel vehicles, to
be interpreted by the modeling system as flex-fuel vehicles (FFVs) or PHEVS.

Table 1. Fuel Types

Fuel Type | Abbr. | Description

Gasoline G The vehicle operates on gasoline fuel

E85 E85 The vehicle op.erates on E§5 fuel
(ethanol/gasoline blend with up to 85% ethanol)

Diesel D The vehicle operates on diesel fuel

Electricity E The vehicle operates on electricity

Hydrogen H The vehicle operates on hydrogen fuel

CNG CNG | Thevehicle operatesoncompressednatural gas fuel

Onthe Enginesworksheet, the user mustalso indicate the fuel type thatan engine uses fromamong
the choicesdescribed in Table 1. However, sincea combustion engine cannotoperate on electricity
or hydrogen, those are notconsidered to be valid options for use on an engine.8 Since, as illustrated
by Figure 1, each of the vehicles references a particular engine, the fuel type used by an engine
must be a subset of the fuel economies defined on a vehicle. That is, if an engine is listed as
operating on gasoline, the vehicle that uses that engine would specify a fuel economy and fuel
share values for gasoline fuel type as well. In the case of FFVs and PHEVs, the engine would still
be listed as operating on gasoline, while for a vehicle, the fuel economies and fuel shares for
gasoline and either E85 or electricity would be specified.

8 Some users may findit helpfulto definea “fake” engine entry (e.g., for tracing or cross-referencing purposes) to
correspond to anelectric or fuel cell vehicle. In such a case, a fueltype value of “E”or “H” may be used; however,
the CAFE Model will ignore any such engines when reading in a market data input file.
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The modeling system uses a vehicle’s fuel economy, footprint, and production volumes to
calculate a manufacturer’s required and achieved CAFE and CO; ratings. The production volumes
— or, as they are referred to within the context of the model, vehicle sales® — are assumed to be
defined for the initial fleet for the same model year for which all of the other vehicle, engine, and
transmission attributes are specified. In other words, if the initial fleet covers vehicles from MY
2022, the sales volumes must also be defined for MY 2022. The initial vehicle sales are then
extrapolated by the modeling system for a number of model years, covering the intended study
period a user wishes to analyze during compliance simulation. The default modelling settings rely
on the system’s built-in Dynamic Fleet Share and Sales Response (DFS/SR) model, a component
within the set of Dynamic Economic Models (DEMSs). Disabling the use of DEMs (and, therefore,
DFS/SR model) will revert to using a static forecast, where the future sales of individual vehicle
models remain the same throughout the study period.

The vehicle curb weight and footprint values are provided to the modeling system as inputs for
each vehicle model available for simulation. Curb weight is measured in pounds (lbs.) and is
defined as the actual or the manufacturer’s estimated weight of the vehicle in operational status
with all standard equipment, and weight of fuel at nominal tank capacity . Footprint is defined as
the average of frontand rear track widths (averaged, then rounded to the nearest tenth of an inch)
multiplied by the vehicle’s wheelbase (rounded to the nearest tenth of an inch), divided by 144,
then rounded to nearest square foot, as demonstrated in the following equation:

ROUND (TWFTO"t; TWR@‘", 1) X Wheelbase
FP = ROUND ,1 2
144 @
Where
TWFront-
the lateral distance between the centerlines of the front base tires at ground,
including the camber angle, specified in inches, rounded to one decimal place (the
front track width);
TWhrear-

the lateral distance between the centerlines of the rear base tires at ground,
including the camber angle, specified in inches, rounded to one decimal place (the
rear track width);

Wheelbase:
the longitudinal distance between front and rear wheel centerlines, specified in
inches, and rounded to one decimal place;

144: the conversion factor from square inches to square feet; and

FP:  theresultant vehicle’s footprint, specified in sq. ft., rounded to one decimal place.

® A manufacturer’s compliance is based on production-weighted CAFE and CO; ratings. The system assumes every
vehicle model produced for sale in the U.S. is sold in the same year it is produced.
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While some of the early versions of the modeling system calculated vehicle footprints usinginputs
specifyingvehicle track widthsand wheelbase, the system currently makes use of inputs specifying
footprint directly, and does not rely on the inputs specifying these linear dimensions. Although the
user may specify any value as the curb weight or the footprint, and the modeling system will not
strictly enforce any specific guidelines (other than requiring both values be greater than 1), the
definitions provided above should be used.

From here, the vehicles’ curb weights, footprints, and sales volumes may be used to calculate a
manufacturer’s standard (or the required CAFE value),1° while the vehicles’ fuel economies and
sales are used to calculate a manufacturer’s CAFE rating (or the achieved CAFE value) for each
fleet (domestic cars, imported cars, light trucks, HDPUVs). Additionally, the CAFE Model uses
the same vehicles’ attributes to calculate the accompanying CO, standard and rating for a
manufacturer, applying the fuel economy to CO; conversions as necessary. The precise details of
the way the modeling system calculates these values are discussed in Section 5 below.

In order for the modeling system to accurately account for the level of technological progression
of the input fleet, and to gauge the potential for further fuel economy increases, the initial
technology utilization should be specified for each vehicle model, platform, engine, and
transmission appearing in the market data input file. In the input file, technology utilization may
be identified by column names correspondingto specific technologies supported within the model.
The user would assign the appropriate usage states based on the engineering characteristics of the
accompanying vehicles, platforms, engines, and transmissions. A value of “USED” indicates that
a particular technology is used in the input fleet, a value of “SKIP” designates a technology as
unavailable, and blank (orunassigned) valuespecifies thatatechnology is available forapplication
by the model. As stated above, some of the detailed information appearing in the market data file
Is not used for actual analysis; however, this information is useful when populating the state of
technological progression of the initial fleet. For example, if an engine’s “Valvetrain Design”
column reads “DOHC” (dual overhead cam) for a specific engine, the corresponding “DOHC”
column should be set to “USED.” Similarly, if a value of “T” (implying a turbocharged engine) is
shown in the engine’s “Aspiration” column, at the least, the “TURBOO” column for that engine
should be set to “USED.” Likewise, on the transmission side, if the “Type” and “Num. Gears”
columns are set to “A” and “8,” respectively, the analogous “AT8” column for the transmission
should be set to “USED.” The complete list of technologies available for application, as well as
the way these technologies are evaluated within the modeling system, is discussed in greater detalil
in Section 4 below.

As mentioned above, the user’s translation of vehicle attributes and engineering characteristics to
actual technology assignments specified as model inputs determine the model’s treatment of
vehicles’ potential for further fuel economy increases. At present, other than simply checking for
the presence of certain data, the CAFE Model does not perform any form of validation on
technology inputs supplied by the user.

9 The vehicle curb weight or footprint may be used when calculating anattribute-based standard fora manufacturer
(forexample, when the standard is defined usinga linear footprint based functional form). Underanattribute-based
standard, the model first calculates vehicle specific targets, which differ based on the vehicles’ attributes, then the
system obtains a sales weighted average based on those calculated targets.

11



DRAFT - July 2023

S2.2 Vehicle and Component Redesign and Refresh Cadences

The user must also indicate the cadences of major design changes (i.e., redesigns) and minor
alterations (i.e., refreshes) associated with each vehicle and component in the input fleet. As will
be discussed in Section 4 further below, the CAFE Model may only consider technology
improvements on a vehicle or a component during specific years designated as Redesign Years
and Refresh Years. Hence, by providing separate lists of redesign and refresh years that sufficiently
cover the range of model years selected for the study period, the system provides each vehicle and
component with the ability to upgrade to more advanced versions throughout the analysis.

While users must provide redesign and refresh years for each vehicle listed in the market data input
file, they have the option to auto-populate them for the vehicle components. Rather than actual
refresh or redesign years, a user may input “auto” for each component in the input fleet.11 Entering
“auto” allows the CAFE Model to automatically determine the appropriate redesign and refresh
years based on the component’s candidate leader vehicle. When the “auto” option is utilized, the
modeling system dynamically selects a candidate leader vehicle for each component during the
initial loading and processing of the market datainput file, based on the following methodology:

(1) The CAFE Model creates a list of vehicles that share the same component.
(2) The list is filtered by removing vehicles that were identified as “ZEV Candidates” in the
input fleet.
a. If the resultant list is empty, the system adds the ZEV candidates back to the list.
(3) The list of vehicles obtained in step (2) is grouped by the vehicle nameplates.
a. Production volumes and MSRPs are aggregated to the nameplate level.
(4) Using the nameplate groups from step (3), a candidate leader namep late is selected, as
follows:
a. A nameplate with the highest production volume is chosen as the candidate leader
nameplate;
b. If multiple nameplates have the same production volume, the one with the highest
sales-weighted average MSRP is chosen as the leader.
(5) Using the candidate leader nameplate selected in step (4), a candidate leader vehicle is
selected, as follows:
a. A vehicle model with the highest production volume is chosen as the candidate
leader vehicle;
b. If multiple vehicles have the same production volume, the one with the highest
MSRP is chosen as the leader.

Once the CAFE Model selects the component’s candidate leader vehicle, it sets the component’s
redesign and refresh yearsto be identical to the candidate leader’s redesign and refresh years. Note
that, since platforms, engines, andtransmissions do notalwaysencompass the same set of vehicles,
a vehicle chosen as a candidate leader of a platform may not necessarily be selected as a candidate
leader of an engine or a transmission.

11 A usermust set boththe Redesign Years and Refresh Years fields to “auto” for the auto-determine feature to
function. Ifa usersets only of thosefields to “auto,” the CAFE Model will produce an error when the market data
input file is loaded.
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S2.3 Vehicle Classifications

The CAFE Model defines and uses various vehicle classification schemes necessary for
compliance modeling. The different classifications may be used when performing compliance
simulation or when calculating modeling effects. The vehicle classifications are specified by the
user as part of the initial fleet preparation within the market data input file. Principal among them
is the vehicle’s regulatory class assignment. The modeling system supports regulatory classes
necessary for performingcompliance simulation of light-duty and HDPUYV vehicles. The exact list
of supported regulatory classes is outlined in the following table.

Table 2. Regulatory Classes
Regulatory Class | Abbr. | Description

Domestic Car DC Vehicles are regulated as domestic passengerautomobiles
Imported Car IC Vehiclesare regulated asimported passenger automobiles
Light Truck LT Vehicles are regulated as light-duty trucks

Vehicles are regulated as heavy-duty picks and vans
(also referred to as “Class 2b/3” in model outputs)

Light Truck 2b/3 | 2B3

When assigning regulatory classes to vehicles, the user would update the “Regulatory Class”
column in the Vehicles worksheet using the abbreviations listed in Table 2 above. The vehicle’s
assigned class would then be used by the modeling system to determine which functional standard
to apply to a specific vehicle when calculating its target, and to “bin” vehicles together when
evaluating a manufacturer’s standard and CAFE rating (or fuel efficiency rating in the case of
HDPUV) for each regulatory class. To represent actual CAFE and fuel efficiency regulations,
regulatory classes should be assigned consistent with 40 CFR Chapter V. Since EPA has not
adopted EPCA/EISA’s requirement that domestic and imported passenger car fleets comply
separately with CO, standards, the modeling system combines domestic and imported cars into a
single “Passenger Car” fleet when it evaluates compliance with the CO, program.

In addition to the regulatory classes, the market data input file contains two other sets of
classifications for linking vehicles to their respective vehicle technology and engine technology
classes.12 The technology classes allow the modeling system to identify an appropriate set of
available technologies, along with their costs and improvements, for application on specific
vehicle models. Section 4 below describes the technology classes and application of vehicle
technologies within the model in greater detail. Conversely, this section provides a general
overview and outlines the relationship between vehicle models and technology classes.

Table 3. Technology Classes Overview
Category Technology Classes

Vehicle Technology SmallCar, SmallCarPerf, MedCar, MedCarPerf, SmallSUV,

E:I_I%S;'f—sbuty Vehicles) | SMalISUVPerf, MedSUV, MedSUVPerf, Pickup, PickupHT

Vehicle Technology
Classes Pickup2b, Pickup3, Van2b, Van3
(HDPUV Vehicles)

12 Users may enter technology class assignments under the “Technology Class” and “Engine Technology Class”
columns on the Vehicles worksheet of the market data input file.
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Category Technology Classes

2C1B, 3C1B,4C1B,4C1B_L,4C2B,4C2B_L,5C1B,
6C1B, 6C2B, 8C2B, 10C2B, 12C2B, 12C4B, 16C4B,
Engine Technology 2C1B_SOHC,3C1B SOHC,4C1B_SOHC, 4C1B_L _SOHC,

Classes 4C2B_SOHC, 5C1B_SOHC, 6C1B_SOHC, 6C2B_SOHC,
(Light-Duty Vehicles) | 8C2B_SOHC, 10C2B_SOHC, 12C2B_SOHC, 12C4B_SOHC,
16C4B_SOHC,

6C1B_OHV, 6C2B OHV, 8C2B_OHV, 10C2B_OHV
4C1B_2b3, 4C2B_2b3, 5C1B_2b3, 6C1B_2b3, 6C2B_2b3,
8C2B_2b3, 10C2B_2b3,
: 4C1B_SOHC_2b3,4C2B_SOHC_2b3,5C1B_SOHC_2h3,
Engine Technology 6C1B SOHC 2b3. - - - -
(Cljaggﬁv Vehicles) 6C2B_SOHC_2b3,8C2B_SOHC_2b3, 10C2B_SOHC_2b3,
4C1B_OHV_2b3,4C2B_OHV_2b3,5C1B_OHV_2b3,
6C1B_OHV 2b3, 6C2B_OHV 2b3,8C2B_OHV 2b3,
10C2B_OHV 2b3

In order for the modeling system to properly evaluate technologies for application on any given
vehicle, the vehicle technology class and the engine technology class must both be assigned to a
value listed in Table 3. The system would then use the vehicle’s “Technology Class” assignment
to determine the applicability of various technologies on a vehicle, as well as to obtain the
numerous logical assumptions and cost tables pertaining to specific technologies. Additionally, to
obtain the cost tables that cover only the cost of an engine upgrade associated with each
technology, the model would use the vehicle’s “Engine Technology Class” assignment.

As with all values within the input fleet, technology class assignments are specified at the user’s
discretion. However, in general, vehicle technology classes should be assigned based on the
vehicle’s body style, size (footprint and curb weight), and performance characteristics, while
engine technology classes should be assigned based on the number of cylinders, number of banks,
and the degree of turbocharging and downsizing used by an engine assigned to the vehicle. For
battery electric and fuel cell vehicles, since those vehicles do not include an engine, the engine
technology class that is closest to the performance characteristics of a vehicle with an internal
combustion engine (ICE) should be used.

The last vehicle classification assigned in the market data input file is the vehicle’s safety class.
The safety class is used by the model during effects calculations when estimating the impact of
changes in vehicle’s curb weight, and reduction or increases in total vehicle travel, on vehicle
related fatal and non-fatal crashes. The user would update the “Safety Class” column in the
Vehicles worksheet using the abbreviations listed in Table 4 below.

Table 4. Safety Classes

Safety Class Abbr. | Description
Vehicles use safety coefficients denoted for passenger
Passenger Car PC automobiles

Vehicles use safety coefficients denoted for light trucks,
SUVs, and HDPUVs

Vehicles use safety coefficients denoted for minivans and
crossover utility vehicles

Light Truck/SUV | LT

Minivan/CUV CM

14



DRAFT - July 2023

The modelingsystem uses the vehicle safety class assignments in conjunction with the coefficients
defined in the Safety Values worksheet of the parameters input file (described in Section A.3.8 of
Appendix A) based, in part, on NHTSA’s staff analysis of vehicle mass, size, and safety, as
documented in the 2023 preamble and Preliminary Regulatory Impact Analysis (PRIA) proposing
new CAFE and CO, standards. Therefore, safety class assignments should be defined in away that
match the original vehicle assignments used in NHTSA’s study.

Along with the aforementioned classes assigned to each vehicle as part of the initial input f leet,
the modeling system defines an additional vehicle classification internally. Namely, the model
assigns a general “vehicle class” to each vehicle model based on that vehicle’s style and GVWR
asoutlined in Table 5. For light-duty passenger vehicles (LDVs), the assignment is based strictly
on the vehicle’s body style, where any vehicles that are identified in the market data input file as:
convertible, coupe, hatchback, sedan, or wagon are assigned to the LDV class. For all truck classes
(LDT1 to LDTS3), the assignment is based on the gross vehicle weight rating (GVWR), as defined
by the ranges shown in the table below, irrespective of the vehicle’s body style.

Table 5. Vehicle Classes

Vehicle Class | Description

LDV Vehicle is classified as a light-duty passenger vehicle

LDT1 Vehicle is classified as a class-1 light-duty truck, with its GVWR
ranging from 0 to 6,000 pounds

LDT2a Vehicle is classified as a class-2a light-duty truck, with its GVWR
ranging from 6,001 to 8,500 pounds

LDT2b Vehicle is classified as a class-2b light-duty truck, with its GVWR
ranging from 8,501 to 10,000 pounds

LDT3 Vehicle is classified as a class-3 light-duty truck, with its GVWR
ranging from 10,001 to 14,000 pounds

During analysis, the modeling system may combine some of the classes listed in the table above
when referencing certain input parameters to perform specific calculations on aggregate sets of
vehicles. Specifically, vehiclesbelongingto the LDT1 and LDT2a classes may be binned together,
formingasingle LDT1/2a class, while LDT2b and LDT3 classes are binned into LDT2b/3 class.
The system uses the vehicle class assignments as part of the Dynamic Fleet Share and Sales
Response modeling and during the effects calculations. Both topics are addressed in upcoming
sections of this document.

S2.4 Manufacturer-Specific Attributes

While the Vehicles, Platforms, Engines, and Transmissions worksheets define variousattributes
and engineering characteristics of the input fleet, the Manufacturers and Credits and Adjustments
worksheets define “global” parameters attributable to the specific manufacturer required for
compliance simulation and effects calculations. Sections A.1.1and A.1.2 of Appendix A describes
the structure and content of the aforementioned worksheets, while this section provides details for
the most significant portions necessary for compliance modeling.

For each manufacturer, a user defined payback period is specified, which the modeling system

may use when estimating the value of the reduction in fuel consumption (or value of fuel saved)
attributable to application of vehicle technologies. The payback period is defined based on the
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varying styles of the vehicle and represents the number of years required for an initial investment
to be repaid in the form of future benefits or cost savings, and is defined from the perspective of
the manufacturer, based on the manufacturer’s assumption of consumer’s purchasing behavior. In
particular, the payback periodrepresents the maximum number of years of cumulative fuel savings
that consumers are expected to consider in their initial purchasing decision — this is modeled as an
offset to the technology costs outlaid by manufacturers to achieve the fuel savings, as it is the
amount they can transfer to consumers without reducing demand for a specific vehicle model.

To distinguish between varying consumer behavior when purchasing different styles of vehicles
(e.g., a new car vs a new pickup truck), the inputs are segregated into and defined separately by
vehicle style. Table 6 correlates the column names used for defining the parameters in the market
data input file with the body styles of vehiclesthat make use of those parameters for valuing fuel
savings.

Table 6. Designation of Manufacturer Parameters by Vehicle Style
ColumnName | Vehicle Styles

Cars Convertible, Coupe, Hatchback, Sedan, Wagon
Vans/SUVs Sport Utility, Minivan, Van, Passenger Van, Cargo Van
Pickups Pickup

2b/3 Vehicles | Fleet SUV, Work Van, Work Truck, Chassis Cab, Cutaway

As stated, the inputs for the payback period are user-defined. Therefore, the modeling system
exercises no control on the actual values supplied, and simply makes use of them during
compliance simulation. However, note that using larger input values for the payback period will
generally lead to the system evaluating more technologies as cost effective, which in turn results
in additional technologies (beyond what is necessaryto attain compliance) beingapplied to vehicle
models during analysis.

The Manufacturers worksheet also allows usersto control a manufacturer’s preference for paying
CAFE civil penalties, instead of applying technologies deemed to be not cost-effective, for each
model year analyzed during the study period. If fine preference option is enabled for a particular
model year (setto “Y”), the system would only apply technology to a manufacturer as long as it is
considered cost-effect. Conversely, if fine preference is disabled (set to “N”), the system would
continue to apply technology until compliance is achieved or the manufacturer runs out of viable
technology solutions. Since EPA’s CO2 program prohibits the use of civil penalties for compliance
purposes, a manufacturer’s fine preference is only applicable when evaluating compliance with
CAFE standards.

Last, the user may define credit banks for each manufacturer, representing the compliance credits
accrued for each regulatory class during model years up to five years prior to the start of the study
period. The current version of the CAFE Model, as well as the market data input file used for
analysis, provides a section for including banked credits between MYs 2017 and 2021.13 To allow
for compliance flexibilities, the credit banks from the input fleet may implicitly incorporate trades

3 The market data inputfleet, used for compliance modeling with the current version of the CAFE Model, includes
a baseline vehicle fleetdefined for MY 2022. The first model year evaluated during the study period is, therefore,
2022. Considering thatthe manufacturers may carry credits forward for up to 5 years, the earliest model year for
which banked credits may be used is 2017.
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between manufacturers.1* Furthermore, the banks may also be adjusted for implicit fleet transfers
and credit carry forward occurring within the same manufacturer. The current version of the
modeling system does not explicitly simulate credit operations outside of the model years covered
during the study period. Hence, these inputs provide the means to simulate the potential that
“older” credits may actually be available forapplicationduringthe study period, and should reflect
proper estimated adjustments when assuming any transferring or trading of CAFE credits (i.e.,
adjustments necessary to preserve gallons) or CO; credits.

On the Credits and Adjustments worksheet, the user may specify the various credits and
adjustments a manufacturer may claim toward compliance with a given regulatory class, for each
model year evaluated during the study period. The values on this worksheet represent the amount
of credits a manufacturer is expected to claim; however, the compliance scenario (described in
Section 3 below) setsa cap on the maximum of each typeof creditthata manuf acturer is effectively
allowed to use for compliance. As described further below (see Section 5), each of the defined
credits and adjustments directly offsets the CAFE or CO; rating achieved by the manufacturer,
thereby reducing that manufacturer’s compliance burden.

4 For example, fora trade involvingmanufacturer A’s transfer of 1 million light truck credits to manufacturer B in
MY 2017, inputsshould deduct 1 million credits from manufacturer A’s MY 2017 light truck balance, andadd these
(after any required adjustment) to manufacturer B’s MY 2017 light truck balance.
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Section 3 Regulatory Scenario Definition

Each time the modeling system is used, it evaluates one or more regulatory scenarios, which are
defined in the “scenarios” inputfile provided by the user. Each scenario describes the overall scope
of the CAFE and CO, compliance programs in terms of each programs’ coverage, the functional
form and stringency of the standards applicable to passenger cars, lights trucks, and HDPUVS,
applicability of multi-fuel vehicles, as well as other miscellaneous settings that may have an impact
on compliance. The system is normally used to examine and compare at leasttwo scenarios, where
the first scenario isidentified asthe baseline that provides areference setof results to which results
from all other scenarios are compared. The full details pertaining to the structure and content of
the scenariosinputfile are described in Section A.4 of Appendix A. This section, however, focuses
on the specification of the functional form of the standard, the calculation of the fuel economy and
CO, targets, and additional parameters defined within the scenario that may influence the
calculated required or achieved levels.

Considering that the standards are evaluated and set independently for a given class of vehicles,
the regulatory scenario definition outlines the scope and applicability of the compliance program
separately for each regulatory class. However, since vehicles that are regulated as domestic and
imported passenger automobiles under the CAFE compliance program adhere to the same
standard, the scenario provides a combined definition for both of these classes as “Passenger Car.”
Additionally, since the CO, program does not distinguish between domestic and imported cars for
compliance purposes, thiscombined definition of the passenger car standards isapplicable as well.

For each regulatory class, the scenario definition specifiesthe function and coefficients in each
model year, which the system may use when calculating the vehicle’s fuel economy and CO,
targets. The CAFE Model supports multiple functional forms for use during analysis, as outlined
in the following table.

Table 7. Target Functions

Function | Description Coefficients
1 Flat standard A
2 Logistic area-based function A-D
3 Logistic weight-based function A-D
4 Exponential area-based function A-C
5 Exponential weight-based function A-C
6 Linear area-based function A-D
7 Linear weight-based function A-D
8 Linear work-factor-based function™ A-F
16 Linear CARB-conditional area-based function A-H
17 Linear CARB-conditional weight-based function A-H

206 Dual linear area-based function A-H
207 Dual linear weight-based function A-H
208 Dual linear work-factor-based function® A-G

5 While the modeling system does not prohibit the use of a particular target function for any given regulatory class,
the work-factor-based functions (8 and 208) are intended to only be used in conjunction with the ““Light Truck 2b/3”
regulatory class.
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The specification for all target functions may be found in Section A.4.1 of Appendix A. As an
example, function 6, which has been used during the most recent light-duty analysis, is defined
here for the reader’s consideration:

1 1
Trr = max (Z' min <§,C ><FP+D>> €))
Where:
A the A coefficient, specified in mpg (miles per gallon), representing the ceiling or
the lower bound asymptote of the target function;
B: the B coefficient, specified in mpg, representing the floor or the upper bound
asymptote of the target function;
C: the C coefficient, specified as the change in gpm (gallons per mile) over change in

square feet, representing the slope of the target function;
D: the D coefficient, specified in gpm, representing the y-intercept of the target
function;
FP:  the vehicle’s footprint, specified in sq. ft., as defined in Equation (2) above; and
Tee:  the calculated vehicle fuel economy target, in gpm.

Each function defined in Table 7 produces vehicle targets on a gallon per mile basis (gpm), which
are later used when calculating the value of the CAFE standard for compliance with the CAFE
program. To support compliance with the CO, program, the modeling system calculates CO,
vehicle targets from the gpm targets obtained in Equation (3). The CO; target calculation is, hence,
defined by the following:

Teo2 = Trg X CO2Factorge + CO20f fsetg, (4)
Where:

RC: the regulatory classification of a vehicle;
Tee:  the calculated vehicle fuel economy target, in gallons per mile;
CO2Factorgc:
the CO; factor to use for converting between fuel economy values and CO,
values;
CO20ffsetre:
the absolute amount, in grams per mile, by which to shift the CO, target after
conversion from fuel economy; and
Tcoz:  the calculated vehicle CO;, target, in grams per mile.

The CO2Factor and CO20ffset variables are specified in the scenario definition for each
regulatory class. Asmentioned above, for vehicles regulated as domestic or imported cars, scenario
definition values associated with the combined Passenger Car class will be used.

The target functions specified in Table 7 above may be used to estimate vehicle CO, targets by
applying a conversion factor as defined by the preceding equation. However, the CAFE Model
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also defines several functional forms applicable specifically for the CO, program. The additional
functions are used by the modeling system to calculate the CO,, targets directly, without the need
of a conversion from gpm to grams/mile. The supported CO, specific functionsare outlined in the
following table, with the full specification provided in Section A.4.1 of Appendix A.

Table 8. CO, Target Functions

Function | Description Coefficients
306 Piecewise linear area-based function A-F
307 Piecewise linear weight-based function A-F
308 Linear work-factor-based function™ A-F
316 Piecewise linear CARB-conditional area-based function A-J
317 Piecewise linear CARB-conditional weight-based function A-J
406 Dual piecewise linear area-based function A-1
407 Dual piecewise linear weight-based function A-l

In addition to the function and variable coefficients, the scenario definition includes additional
parameters that may have an impact on compliance. When complying with the CAFE program,
vehicles regulated as domestic passenger automobiles are subject to a minimum domestic car
standard that is no less than 92 percent6 of the combined Passenger Car standard computed for
the entire industry during a specific model year. Since the minimum domestic car standards are
calculated and established during analysis of future model years, and since the fleet distribution
may change by the time the standards take effect, during evaluation of standardsset by the past
rulemakings, these minimum standards are represented in absolute termsas miles per gallon, while
for the future model years, they are specified as percentages. To support this, the scenario
definition includes the “Min (mpg)” and “Min (%)” variables, defining the lower bounds for the
minimum domestic car standard.

When complying with the CO, program, the calculated CO, ratings may be adjusted by some
amountduringanalysis, based on the mix of vehicles present within a manufacturer’s productline.
The CO, compliance program includes manufacturer incentives to encourage adoption of
alternative fuel and advanced vehicle technologies. Specifically, the CO, program defines
production multipliers, which are used to scale the sales volumes of CNGs, PHEVs, BEVs, and
FCVs when computing the manufacturer’s CO, rating and standard toward compliance with CO;
standards. To accomplish this, the scenario definition includes the “EPA Multiplier 1”” and “EPA
Multiplier 2 variables, where the former applies to the production multipliers of CNGs and
PHEVs, and the latter includes BEVs and FCVs.17

16 Note thatthe minimum domestic car standard is a user-supplied input. While it is currently set at 92 percent,
NHTSA may, on occasion, elect to simulatea lowervalue to better represent the state of the passenger car fleet in
the future when the proposed standards take effect.

17 For the mostrecent analysis (covering MY 2027 to 2032), the production multipliers, along with some other
regulatory provisions, for the CO, compliance program havebeen sunset. However, these options are still present
within the CAFE Model in order to adequately represent analysis of past model years andto allow for the potential
changes during future regulations. Users may omit specifying these inputs (or, likewise, use the suggested
“defaults”) in order to coincide with the regulatory action(s) being considered. For example, if the production
multipliers are set to “1” or left blank, the model will interpret these inputs as having no direct impact on CO»
compliance.
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Lastly, the scenario definition specifies a series of air conditioning and off-cycle credit caps,
defined separately for each compliance program, which influence the amount of adjustment or
credita manufacturer may claim toward compliance. The caps are specified in grams per mile of
CO, and serve to limit the application of the associated value defined for each manufacturer in the

input fleet.

The calculation of the standards and ratings for CAFE and CO, compliance programsare described
in Section 5, below.
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Section 4 Evaluation of Vehicle Technologies

A vehicle technologies input file provides a set of possible improvements available for the vehicle
fleet within the modeling system. The inputs for vehicle technologies, referred to below simply as
“technologies,” are defined by the user in the “technologies” input file for the modeling system.
As part of the technology definition, the input file includes: additional cost associated with
application of the technology, the initial model year that the technology may be considered for
application, whether it is applicable to a given class of vehicle, as well as other miscellaneous
assumptions outlining additional technology characteristics. Section A.2 of Appendix A describes
all technology attributes in greater detail.

The modeling system internally assigns additional properties, defining the application level and
the application schedule for each technology. The three tables that follow (Table 9, Table 10, and
Table 11) outline all technologies available within the modeling system, along with their
descriptions, application levels, and application schedules. In the tables below, the application
level defines the scope of technology applicability, where “Vehicle” signifies that a technology
may be applied directly to a specific vehicle, while “Platform,” “Engine,” or “Transmission”
indicate thata technology isapplicable to one of those components, and may be appliedto multiple
vehicle models concurrently. The application schedule determines when a technology may be
considered for application, where “Redesign Only” technologies are only applicable during a
vehicle’s or component’s redesign year, “Refresh/Redesign” technologies may be applied during
a refresh or redesign year, and “Baseline Only” technologies are defined as part of the baseline
input fleet and cannot be applied during modeling.

Table 9. CAFE Model Technologies (Engine)

Application | Application S

Technology Lg\?el Sft?edule Description
SOHC Engine Baseline Only | Single Overhead Camshaft Engine
DOHC Engine Baseline Only | Double Overhead Camshaft Engine
VVL Engine Redesign Only | Variable Valve Lift
SGDI Engine Redesign Only | Stoichiometric Gasoline Direct Injection
DEAC Engine Redesign Only [ Cylinder Deactivation
TURBOO Engine Redesign Only | Turbocharging and Downsizing, Baseline Level

. . Turbocharging and Downsizing with Cooled Exhaust
TURBOE Engine Redesign Only Gas Recirculation (CEGR)
TURBOD Engine Redesign Only | Turbocharging and Downsizing with DEAC
TURBO1 Engine Redesign Only | Turbocharging and Downsizing, Level 1
TURBO2 Engine Redesign Only | Turbocharging and Downsizing, Level 2
ADEACS Engine Redesign Only | SOHC Engine with Advanced Cylinder Deactivation
ADEACD Engine Redesign Only | DOHC Engine with Advanced Cylinder Deactivation
HCR Engine Redesign Only | High Compression Ratio Engine
HCRE Engine Redesign Only | High Compression Ratio Engine with CEGR
HCRD Engine Redesign Only | High Compression Ratio Engine with DEAC
VCR Engine Redesign Only | Variable Compression Ratio Engine
VTG Engine Redesign Only | Variable Turbo Geometry
VTGE Engine Redesign Only | Variable Turbo Geometry (Electric)
TURBOAD | Engine Redesign Only | Turbocharging and Downsizing with ADEACD
ADSL Engine Redesign Only | Advanced Diesel
DSLI Engine Redesign Only | Diesel Engine Improvements
CNG Engine Baseline Only | Compressed Natural Gas Engine
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In Table 9, above, note that SOHC and DOHC engine technologies are defined as baseline-only.
These technologies are used to inform the modeling system of the input engine’s configuration in
order to correctly map an input vehicle model to an identically specified set of simulation results
contained within the vehicle simulation database, which include a combination of simulation
results produced by ANL (the vehicle simulation database and associated vehicle mappings are
discussed in the sections that follow). Note that the CNG engine technology is defined as baseline-
only as well. While it may be present in the input fleet, the CNG technology is not applicable

within the modeling system.

Table 10. CAFE Model Technologies (Transmission)

Application | Application 2o
Technology Level Schedule Description
AT5 Transmission | Baseline Only 5-Speed Automatic Transmission
AT6 Transmission | Refresh/Redesign | 6-Speed Automatic Transmission
AT7L2 Transmission | Baseline Only 7-Speed Automatic Transmission, Level 2
ATS Transmission | Refresh/Redesign | 8-Speed Automatic Transmission
ATS8L?2 Transmission | Refresh/Redesign | 8-Speed Automatic Transmission, Level 2
AT8L3 Transmission | Refresh/Redesign | 8-Speed Automatic Transmission, Level 3
ATIL?2 Transmission | Refresh/Redesign | 9-Speed Automatic Transmission, Level 2
AT10L2 Transmission | Refresh/Redesign | 10-Speed Automatic Transmission, Level 2
AT10L3 Transmission | Refresh/Redesign | 10-Speed Automatic Transmission, Level 3
DCT6 Transmission | Refresh/Redesign | 6-Speed Dual Clutch Transmission
DCT8 Transmission | Refresh/Redesign | 8-Speed Dual Clutch Transmission
CVT Transmission | Baseline Only Continuously Variable Transmission
CVTL2 Transmission | Refresh/Redesign | CVT, Level 2

In Table 10 note that AT5, AT7L2, and CVT transmission technologies are defined as baseline-
only. As is the case with SOHC and DOHC engine technologies, the transmission variants
appearingin Table 10 are presentin order to allow the CAFE Model to correctly map an input

vehicle to an equivalent option available in the vehicle simulation database.

Table 11. CAFE Model Technologies (Other)

Application | Application S
Technology Level Schedule Description
CONV Vehicle Baseline Only Conventional Powertrain (Non-Electric)
SS12V Vehicle Redesign Only 12V Micro-Hybrid (Stop-Start)
BISG Vehicle Redesign Only Belt Mounted Integrated Starter/Generator
P2S Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with SOHC Engine
P2SGDIS Vehicle Redesign Only Eﬁ;’:}rgng Hybrid/Electric Vehicle with SOHC+SGDI
P2D Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with DOHC Engine
P2SGDID | Vehicle Redesign Only Eﬁ;’:}rgng Hybrid/Electric Vehicle with DOHC+SGDI
P2TRBO Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with TURBOO Engine
P2TRBE Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with TURBOE Engine
P2TRB1 Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with TURBO1 Engine
P2TRB2 Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with TURBO2 Engine
P2HCR Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with HCR Engine
P2HCRE Vehicle Redesign Only P2 Strong Hybrid/Electric Vehicle with HCRE Engine
SHEVPS Vehicle Redesign Only Power Split Strong Hybrid/Electric Vehicle
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Application

Application

Technology Level Schedule Description

PHEV20T | Vehicle Redesign Only E(;—gr;:]lée Plug-In Hybrid/Electric Vehicle with TURBO1
PHEVS0T | Vehicle Redesign Only Eég;;:]ltlee Plug-In Hybrid/Electric Vehicle with TURBO1
PHEV20H | Vehicle Redesign Only 20-mile Plug-In Hybrid/Electric Vehicle with HCR Engine
PHEV50H | Vehicle Redesign Only 50-mile Plug-In Hybrid/Electric Vehicle with HCR Engine
PHEV20PS | Vehicle Redesign Only 20-mile Power Split Plug-In Hybrid/Electric Vehicle
PHEV50PS | Vehicle Redesign Only 50-mile Power Split Plug-In Hybrid/Electric Vehicle
BEV1 Vehicle Redesign Only Electric Vehicle, Level 1 (150-/200-mile)

BEV2 Vehicle Redesign Only Electric Vehicle, Level 2 (250-/300-mile)

BEV3 Vehicle Redesign Only Electric Vehicle, Level 3 (300-mile)

BEV4 Vehicle Redesign Only Electric Vehicle, Level 4 (400-mile)

FCV Vehicle Redesigh Only Fuel Cell Vehicle

ROLLO Vehicle Baseline Only Baseline Tires

ROLL10 Vehicle Refresh/Redesign | Low Rolling Resistance Tires, Level 1 (10% Reduction)
ROLL20 Vehicle Refresh/Redesign | Low Rolling Resistance Tires, Level 2 (20% Reduction)
ROLL30 Vehicle Refresh/Redesign | Low Rolling Resistance Tires, Level 3 (30% Reduction)
AEROOQ Vehicle Baseline Only Baseline Aero

AERO5 Vehicle Redesign Only Aero Drag Reduction, Level 1 (5% Reduction)

AERO10 Vehicle Redesign Only Aero Drag Reduction, Level 1 (10% Reduction)
AERO15 Vehicle Redesign Only Aero Drag Reduction, Level 1 (15% Reduction)
AERO20 Vehicle Redesign Only Aero Drag Reduction, Level 2 (20% Reduction)

MRO Platform Baseline Only Baseline Mass

MR1 Platform Redesign Only Mass Reduction, Level 1 (5% Reduction in Glider Weight)
MR2 Platform Redesign Only Mass Reduction, Level 2 (7.5% Reductionin Glider Weight)
MR3 Platform Redesign Only Mass Reduction, Level 3 (10% Reduction in Glider Weight)
MR4 Platform Redesign Only Mass Reduction, Level 4 (15% Reduction in Glider Weight)
MRS Platform Redesign Only Mass Reduction, Level 5 (20% Reduction in Glider Weight)

As with the engine- and transmission-level technologies, of those shown in Table 11, CONV,
ROLLO, AEROO, and MRO technologies are listed as baseline-only as well.

The modeling system defines several technology classes and pathways for logically grouping all
available technologies for application on a vehicle. Technology classes provide costs and
improvement factors shared by all vehicles with similar body styles, curb weights, footprints, and
engine types, while technology pathways establish a logical progression of technologies on a
vehicle.

S4.1 Technology Classes

The modeling system defines two types of technology classes: vehicle technology classes and
engine technology classes. The system uses vehicle technology classes as a means for specifying
common technology input assumptions for vehicles that share similar characteristics. Primarily,
these classes signify the degree of applicability of each of the available technologies to a specific
class of vehicles, as well as correlate with the set of results from the vehicle simulation database
that is tailored for application on vehicles with a specific technology class. Furthermore, for each
technology, the vehicle technology classes also define the amount by which the vehicle’s weight
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may decrease (resulting from application of mass reducing technology), and the cost associated
with non-engine components of specific technologies.

The CAFE Model supports 14 vehicle technology classes as shown in Table 12, with the former
10 being defined for the light-duty fleet and the latter four applicable to the HDPUV fleet. All of
the vehicle technology classes include simulation results produced by ANL. However, since the
current version of the model evaluates a reduced set of technologies for HDPUV vehicles, it
accordingly incorporates a reduced set of ANL simulation results.

Table 12. Vehicle Technology Classes

Class Description

SmallCar Small Passenger Cars
SmallCarPerf | Small Performance Passenger Cars
MedCar Medium to Large Passenger Cars

MedCarPerf | Medium to Large Performance Passenger Cars
SmallSUV Small SUVs and Station Wagons
SmallSUVPerf | Small Performance SUVs and Station Wagons

MedSUV Medium to Large SUVs, Minivans, and Passenger Vans
MedSUVPerf | Mediumto Large Performance SUVs, Minivans, and Passenger Vans
Pickup Light-Duty Pickups and Other Vehicles with Ladder Frame Construction
PickupHT Light-Duty Pickups with High Towing Capacity

Pikcup2b Class 2b Pickups

Pickup3 Class 3 Pickups

Van2b Class 2b Cargo Vans

Van3 Class 3 Cargo Vans

Since the costs attributed to upgrading an engine vary based upon that engine’s configuration (i.e.,
the engine’s valvetrain design and the number of engine cylinders and banks), the model defines
separate engine classes for specifying input costs associated with only a vehicle’s engine for each
defined technology. The modeling system provides 52 engine technology classes as shown in
Table 13 and Table 14, with 31 classes intended for use by the light-duty vehicles and another 21
classes for the HDPUV vehicle fleet.

Table 13. Engine Technology Classes (Light Duty)

Class Description

2C1B DOHC Engine With 2 Cylinders and 1 Bank

3C1B DOHC Engine With 3 Cylinders and 1 Bank

4C1B DOHC Engine With 4 Cylinders and 1 Bank

4C1B L DOHC Engine With 4 Cylindersand 1 Bank (Low Displacement)
4C2B DOHC Engine With 4 Cylinders and 2 Banks

4C2B L DOHC Engine With 4 Cylinders and 2 Banks (Low Displacement)
5C1B DOHC Engine With 5 Cylinders and 1 Bank

6C1B DOHC Engine With 6 Cylinders and 1 Bank

6C2B DOHC Engine With 6 Cylinders and 2 Banks

8C2B DOHC Engine With 8 Cylinders and 2 Banks

10C2B DOHC Engine With 10 Cylinders and 2 Banks

12C2B DOHC Engine With 12 Cylinders and 2 Banks

12C4B DOHC Engine With 12 Cylinders and 4 Banks

16C4B DOHC Engine With 16 Cylinders and 4 Banks

2C1B_SOHC | SOHC Engine With 2 Cylinders and 1 Bank

3C1B SOHC SOHC Engine With 3 Cylinders and 1 Bank
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Class Description

4C1B_SOHC SOHC Engine With 4 Cylinders and 1 Bank
4C1B_L_SOHC | SOHC Engine With 4 Cylindersand 1 Bank (Low Displacement)
4C2B_SOHC | SOHC Engine With 4 Cylinders and 2 Banks
5C1B_SOHC | SOHC Engine With 5 Cylinders and 1 Bank
6C1B_SOHC | SOHC Engine With 6 Cylinders and 1 Bank
6C2B_SOHC | SOHC Engine With 6 Cylinders and 2 Banks
8C2B_SOHC | SOHC Engine With 8 Cylinders and 2 Banks
10C2B_SOHC [ SOHC Engine With 10 Cylinders and 2 Banks
12C2B_SOHC | SOHC Engine With 12 Cylinders and 2 Banks
12C4B_SOHC | SOHC Engine With 12 Cylinders and 4 Banks
16C4B_SOHC | SOHC Engine With 16 Cylinders and 4 Banks
6C1B OHV OHV Engine With 6 Cylinders and 1 Bank
6C2B_OHV OHV Engine With 6 Cylinders and 2 Banks
8C2B_OHV OHV Engine With 8 Cylinders and 2 Banks
10C2B_OHV [ OHV Engine With 10 Cylinders and 2 Banks

Among the light-duty classes, 14 are defined for DOHC engines, 13 for SOHC engines, and 4 for
OHV engines. For the HDPUV engine technology classes, the modeling system provides 7 classes
for each of the DOHC, SOHC, and OHV engines.

Table 14. Engine Technology Classes (HDPUV)

Class Description

4C1B_2b3 DOHC Engine With 4 Cylinders and 1 Bank
4C2B_2b3 DOHC Engine With 4 Cylindersand 2 Banks
5C1B 2b3 DOHC Engine With 5 Cylinders and 1 Bank
6C1B 2b3 DOHC Engine With 6 Cylinders and 1 Bank
6C2B 2b3 DOHC Engine With 6 Cylindersand 2 Banks
8C2B _2b3 DOHC Engine With 8 Cylindersand 2 Banks
10C2B_2b3 DOHC Engine With 10 Cylinders and 2 Banks

4C1B_SOHC 2b3
4C2B_SOHC_2b3
5C1B_SOHC 2b3
6C1B_SOHC 2b3
6C2B_SOHC_2b3
8C2B_SOHC_2b3
10C2B_SOHC 2b3

SOHC Engine With 4 Cylinders and 1 Bank
SOHC Engine With 4 Cylindersand 2 Banks
SOHC Engine With 5 Cylinders and 1 Bank
SOHC Engine With 6 Cylinders and 1 Bank
SOHC Engine With 6 Cylindersand 2 Banks
SOHC Engine With 8 Cylindersand 2 Banks
SOHC Engine With 10 Cylindersand 2 Banks

4C1B_OHV 2b3

OHV Engine With 4 Cylinders and 1 Bank

4C2B_OHV 2b3

OHV Engine With 4 Cylinders and 2 Banks

5C1B_OHV 2b3

OHV Engine With 5 Cylinders and 1 Bank

6C1B_OHV 2b3

OHYV Engine With 6 Cylinders and 1 Bank

6C2B_OHV 2b3

OHV Engine With 6 Cylinders and 2 Banks

8C2B_OHV 2b3

OHV Engine With 8 Cylinders and 2 Banks

10C2B_OHV_2b3 [ OHV Engine With 10 Cylindersand 2 Banks

Once the inputs for technology classes are defined, the user assigns each vehicle in the input fleet
to the appropriate vehicle and engine technology classes. The model then uses the technology class
assignments to obtain the applicability states and costs associated with each technology, as well as
the relevant simulation results for each individual vehicle.
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S4.2 Technology Pathways

The modeling system defines technology pathways for grouping and establishing a logical
progression of technologies on a vehicle. Technologies that share similar characteristics form
cohorts that can be represented and interpreted within the CAFE Model as discrete entities. These
entities are then laid out into pathways (or paths), which the system uses to define relations of
mutual exclusivity between conflicting sets of technologies. For example, as presented in the next
section, technologies on the Turbo Engine path are incompatible with those on the HCR Engine
or the Diesel Engine paths. As such, wheneveravehicle usesatechnology from one pathway (e.g,
turbo), the modelingsystem immediately disables the incompatible technologies from one or more
of the other pathways (e.g., HCR and diesel).

Additionally, each path designates the direction in which vehicles are allowed to advance as the
modeling system evaluates specific technologies for application. Enforcing this directionality
within the model ensures that a vehicle that uses a more advanced or more efficient technology
(e.g., AT8) is not allowed to “downgrade” to a less efficient option (e.g., AT5). Visually, as
portrayed in the charts in the sections that follow, this is represented by an arrow leading from a
preceding technology to a succeeding one, where vehicles begin at the root of each path, and
traverse to each successor technology in the direction of the arrows.

The modeling system incorporates 21 technology pathways for evaluation as shown in Table 15.
Similar to individual technologies, each path carries an intrinsic application level that denotes the
scope of applicability of all technologies present within that path, and whether the pathway is
evaluated on one vehicle at a time, or on a collection of vehicles that share a common platform,
engine, or transmission.

Table 15. Technology Pathways

Technology Pathway Application Level
Engine Configuration Path Engine

Basic Engine Path Engine
Turbo Engine Path Engine
Advanced Cylinder Deactivation (ADEAC) Engine Path Engine

High Compression Ratio (HCR) Engine Path Engine
Variable Compression Ratio (VCR) Engine Path Engine
Variable Turbo Geometry (VTG) Engine Path Engine
Advanced Turbo Engine Path Engine
Diesel Engine Path Engine
Alternative Fuel Engine Path Engine
Automatic Transmission Path Transmission
Electrification Path Vehicle

P2 Strong Hybrid/Electric Vehicle Path (Paired with a Basic Engine) | Vehicle
P2 Strong Hybrid/Electric Vehicle Path (Paired with a Turbo Engine) | Vehicle
P2 Strong Hybrid/Electric Vehicle Path (Paired with a HCR Engine) | Vehicle

Power-split Strong Hybrid/Electric Vehicle Path Vehicle
Plug-In Hybrid/Electric Vehicle Path Vehicle
Electric Vehicle Path Vehicle
Low Rolling Resistance Tires (ROLL) Path Vehicle
Aerodynamic Improvements (AERQ) Path Vehicle
Mass Reduction (MR) Path Platform
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Even though technology pathways outline a logical progression between related technologies, all
technologies available to the system are evaluated concurrently and independently of each other.
Once all technologies have been examined, the model selects a solution deemed to be most cost-
effective forapplication onavehicle. If the modeling system applies atechnology thatresides later
in the pathway, it will subsequently disable all preceding technologies from further consideration
to preventa vehicle from potentially downgrading to a less advanced option. Consequently, the
system skips any technology that is already present on a vehicle (either those that were available
onavehicle fromthe inputfleetorthose thatwere previously appliedby the model). This “parallel
technology” approach (which is a departure from the “parallel path” methodology used in some of
the early versions of the model) allows the system to always consider the entire set of available
technologies, instead of foregoing the application of potentially more cost-effective options that
happen to reside further down the pathway.18

S4.21 Engine-Level Pathways

The technologies that make up the 10 Engine-Level pathsavailable within the model are presented
in Figure 2, below. Note that the baseline-only technologies (SOHC, DOHC, and CNG) are grayed
out. As mentioned earlier, these technologies are used to inform the modeling system of the input
engine’s configuration, and are not otherwise applicable during the analysis. Additionally, note
that the OHV technology is not supported within the model, even as a baseline-only technology.
Considering that vehicles with OHV engines are rare within the input fleet, these vehicles were
notincluded as part of Argonne’s simulation. In the absence of simulation data, in orderto achieve
the closest possible vehicle mapping, OHV engines should be identified as using the SOHC
technology when setting up the input fleet.

As noted above, the DOHC and SOHC technologies, which are found on the Engine Configuration
path, are not available during modeling, instead serving to define the initial configuration of the
vehicle’s engine. Thus, the system begins its evaluation of the engine-level technologies starting
with those found on the Basic Engine path. Specifically, the model may select one of VVL, SGDI,
or DEAC, based on whichever is most cost-effective for application to a vehicle at the time of
evaluation. Since these technologies are not mutually exclusive, the system may continue to
examine the remainder of available Basic Engine technologies after applying the selected oneto a
vehicle. Thus, the order of application of VVL, SGDI, and DEAC is strictly based on their cost-
effectiveness and may change from vehicle to vehicle, given the varyingtechnology profiles of
different vehicle models. However, whether the system picks one order of application (e.g., VVL,
SGDI, DEAC) over another (e.g., DEAC, SGDI, VVL), the resulting net cost and fuel economy
improvement will be the same.1°

8 Some of the early versions ofthe CAFE Model followed a “low-cost” first a pproach, where the system would stop
evaluatingtechnologies residingwithin a given pathway, as soonas thefirst cost-effective option within that path
was reached.

¥ The technology progression described here for the Basic Engine path is the defaultmode of operation within the
current version of the CAFE Model, which directly applies when evaluating light-duty vehicles (i.e., those regulated
aspassenger cars or light trucks). For HDPUV vehicles, however, the modeling system only supports SGDI and
DEAC technologies, with SGDI also being a prerequisite for DEAC.
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As with the Basic Engine path, the model may immediately consider any of the technologies for
application from the remaining engine-level paths shown in Figure 2. However, as stated earlier,
once a technology from the given pathway is applied on a vehicle, the preceding technologies, if
any, are disabled (for that vehicle) from further evaluation. This means the modeling system may
evaluate and apply any technology fromany of the pathways (e.g., TURBO2 technology from the
Turbo Engine path) prior to exhausting the Basic Engine path.

With the exception of the Basic Engine path, the majority of the engine-level pathways available
within the model are mutually exclusive. This denotes that if a vehicle is using an engine
technology from one of the paths (e.g., HCR), some or all of the other pathways will be disabled
on that engine. Additionally, once the model transitions beyond the Basic Engine pathway, by
applying one of the more advanced engine technologies, all unused technologies on the Basic
Engine path will be permanently disabled from future applications. This ensures that the model
retains proper mapping of vehicles to the vehicle simulation database and that it does not
inadvertently downgrade a vehicle duringanalysis. The mutual exclusivity of the engine pathways,
as well as the conflicting relations of other paths, is discussed further in Section S4.2.5 below.

Lastly, the ADEAC Engine path includes two technologies that represent an advanced level of
cylinder deactivation for either the SOHC or the DOHC engine. These technologies are mutually
exclusive, where the use of one disablesthe other from application. Furthermore, when a vehicle
uses a basic engine, the ADEACS technology is only initially enabled for vehicles with a SOHC
engine, while ADEACD is only enabled for vehicles with a DOHC engine.
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S4.2.2 Transmission-Level Pathway

The current version of the CAFE Model provides support for only a single Transmission-Level
path. The technologies that make up this path are shown in Figure 3, below. The baseline-only
technologies (AT5, AT7L2, and CVT) are shown as grayed out and are only used to signify the
initial configuration of the vehicle’s transmission. Note that the technologies for the manual
transmissions are not explicitly supported within the model, even as baseline-only options. Since
vehicles with manual transmissions make up only about 1% of the input fleet,20 these vehicle
configurations were not included as part of Argonne’s simulation. In the absence of simulation
data, in order to achieve the closest possible vehicle mapping, manual transmissions should be
identified as using one of the available DCT technologies when setting up the input fleet.

4 N
Automatic Transmission Path

v v
[ DCT8 AT8

AT7L2 J
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(o] (s ) ()

MT Techs
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Figure 3. Transmission-Level Paths

When setting up the initial mapping of technologies, all dual-clutch (DCT), auto-manual (AMT),
and manual (MT) transmissions with five or six forward gears should be mapped to the DCT6
technology, and all DCTs, AMTs, and MTs with seven or more forward gears should be mapped
to DCT8. Additionally, all automatic transmissions with five forward gears or fewer should be
assigned the AT5 technology. These transmission technology utilization assignments provide the
recommended guidance that users should follow when setting up the initial transmission
technology mappings for the input fleet. However, while the modeling system adheres to the
aforementioned assumptions during analysis of a given technology, these requirements are not
strictly enforced by the system for the input fleet.

As with the engine pathways, all of the technologies on the transmission path are evaluated by the
model concurrently, with the most cost-effective being selected for application. Likewise, the
former transmission technologies, if any,will be disabled onavehicle once one of the latter options
are applied by the model.

20 The MY-2020 input fleet, used in the 2022 Final Rule analysis, included 1.12% of vehicles with manual
transmissions.
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As illustrated in Figure 3, above, the Automatic Transmission path incorporates various branch
points (and conversions), defining the mutual exclusivity of technologies within the pathway. The
arrows connecting the individual technologies may be followed to determine the possible
progression options the modeling system may follow as it upgrades a vehicle’s transmission.
Traversing through the connecting arrows down one of the branches, however, will disable the
conflicting technologies on one or more of the other branches. Since the Automatic Transmission
path includes technologies that serve as conversion points, in some cases, only a portion of the
branch may be disabled by the model. For example, if a vehicle starts with the AT5 transmission
technology and continuesto AT8L2, the DCT6 and DCT8 technologies will become unavailable.
Since CVTL2 follows from AT8 (or from CVT), for this example, the CVTL2 technology is not
otherwise reachable from AT8L2, and will thus be disabled from future applications as well.

Generally, atechnology on any pathway only remains available forapplication if it may be reached
from the highest technology being used on a vehicle, by following through the arrows within the
same path. As anotherexample, consideravehicle thatuses orupgradesto a CVTL2 transmission.
Since no other technology on the Automatic Transmission path can be reached from CVTL2, the
remaining automatic technologies will be disabled for that vehicle. Likewise, if either of the DCT
technologies are applied or used on a vehicle, the rest of the automatic technologies are
unreachable, and hence also become unavailable.

S4.2.3 Vehicle-Level Electrification & Hybridization Pathways

The technologies that are included on the seven Vehicle-Level paths relating to the electrification
and hybrid/electric improvements defined within the modeling system are illustrated in Figure 4
below. As shown in the Electrification path, the baseline-only CONV technology is grayed out.
This technology is used to denote whether a vehicle comes in with a conventional powertrain (ie.,
a vehicle that does not include any level of hybridization) and to allow the model to properly map
to simulation results found in the vehicle simulation database. As is the case with Engine- and
Transmission-Level pathways, all technologies on the Vehicle-Level electrification paths are
mutually exclusive and are evaluated in parallel, where, for example, the model may immediately
evaluate PHEV50T technology prior to having to apply more basic technologies, such as SS12V
or SHEVPS.

As shown in Figure 4, the HEV-P2 path includes two starting points, or root technologies, forming
two distinct and mutually exclusive branches. Additionally, the PHEV path includes three starting
points, while the Electric Vehicle path includes two. In each case, since the modeling system
evaluates each and every technology concurrently, the multiple starting points and branches bear
noweight on the actual traversal or analysis of the pathways. Instead,as soon asatechnology from
one branch is installed on a vehicle, the conflicting branches are disabled from application. For
example, if avehicle usesthe P2D technology, the P2Sand P2SGDIS will be disabled from further
consideration.
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Figure 4. Vehicle-Level (Electrification & Hybridization) Paths

Although not explicitly shown in the diagram, technologies on the HEV-P2 path are applicable
only when a compatible engine is presenton a vehicle. That is, the “S” variants are enabled for
vehicleswitha SOHC or an ADEACS engine, while the “D” variants are enabled for vehicles with
a DOHC or an ADEACD engine. Similarly, the technologies on the PHEV path may be further
restricted based on the specific engine in use ona vehicle, or the level of hybridization technology
that is installed on that vehicle. For example, if a vehicle uses an HRC engine, or is a P2 hybrid
paired with an HCR engine, that vehicle may only advance to the “H” variants of the PHEV20 and
PHEV50 technologies. The specifics of pathway relations and compatibility logic are discussed in
Section S4.2.5, below.

S4.24 Platform-Level and Other Vehicle-Level Pathways

The technologies that are included on the single Platform-Level path as well as the two remaining
Vehicle-Level paths provided by the model are displayed in Figure 5 below. The baseline-only
technologies (MRO, AEROO, and ROLLO) are grayed out and are only used to signify the initial
configuration of the vehicle. In each case, as with other baseline-only technologies, these are used
to allow for appropriate vehicle mapping to the vehicle simulation database. All of the pathways
shown in Figure 5 may be evaluated by the model independent of one another, with the most cost-
effective option being selected for application. Each of the Mass Reduction, AERO, and ROLL
pathsdefinealogical progression of technologies, where applicationof a latter technology disables
all former ones.
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Figure 5. Platform-Level and Vehicle-Level (Other) Paths
S4.25 Relationship Between Technology Pathways

Similar to the way the individual technologies are grouped into pathways in order to define the
logical progression within a given path, most of the pathways defined within the modeling system
are interconnected, signifyingadditional logical progression between various pathways. As before,
the connections between paths designate the direction in which vehicles are allowed to advance as
the system evaluates technologies from these pathways for application. The directionality of the
paths ensures that vehicles are only allowed to “upgrade” to a more advanced powertrain option
with each successive technology application. Of the 21 technology pathways present in the model,
almost all Engine paths, the Transmission path, the Electrification path, and all Hybrid/Electric
paths are connected, as illustrated in Figure 6 below.

Engine Automatic e T
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o

Some of the technology pathways, as defined in the CAFE Model and shown in the diagram above,
may not be compatible with a vehicle given its state at the time of evaluation. For example, a

Figure 6. Technology Pathways Diagram
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vehicle with a turbocharged engine will not be able to get improvements from a HEV-P2, HCR-
P2, or HEV-PS paths. For this reason, the system implements logic to explicitly disable certain
paths whenever a constraining technology from another pathis applied ona vehicle. On occasion,
not all of the technologies present within a pathway may produce compatibility constraints with
another path. In such a case, the system will selectively disable a conflicting pathway (or part of
the pathway) as required by the incompatible technology. In the preceding sections, this was
referred to as mutual exclusivity of paths. The full and precise logic for conflicting and mutually
exclusive pathways defined within the model is shown in the table below.

Table 16. Technology Pathway Compatibility Logic

Technology Pathway | Conflicting Pathways Disabled in the Model
Technology-Specific Logic:

SOHC disables: ADEACS, P2D, P2SGDID

DOHC disables: ADEACD, P2S, P2SGDIS
All Other Engine Paths (Except VCR, VTG, and Advanced Turbo Engine
Paths)
Turbo Engine Path All Strong Hybridization Paths (Except Turbo-P2 Path)
The Following Technologies fromthe PHEV Path: PHEV20H, PHEV50H,
PHEV20PS, PHEV50PS
All Other Engine Paths (Except Advanced Turbo Engine Path)
The Following Strong Hybridization Paths: HCR-P2, HEV-PS
ADEAC Engine Path Technology-Specific Logic:

ADEACS disables: P2D, P2SGDID

ADEACD disables: P2S, P2SGDIS
All Other Engine Paths
HCR Engine Path The Following Strong Hybridization Paths: HEV-P2, Turbo-P2
The Following Technologies from the PHEV Path: PHEV20T, PHEV50T
All Other Engine Paths
All Strong Hybridization Paths (Except Turbo-P2 Path)
The Following Technologies from the PHEV Path: PHEV20H, PHEV50H,
PHEV20PS, PHEV50PS
All Other Engine Paths
All Strong Hybridization Paths (Except Turbo-P2 Path)
The Following Technologies from the PHEV Path: PHEV20H, PHEV50H,
PHEV20PS, PHEV50PS
Technology-Specific Logic:

VVTGE supersedes and disables: Electrification Path
All Other Engine Paths
Advanced Turbo All Strong Hybridization Paths (Except Turbo-P2 Path)
Engine Path The Following Technologies from the PHEV Path: PHEV20H, PHEV50H,
PHEV20PS, PHEV50PS
All Other Engine Paths
All Strong Hybridization Paths (Except Turbo-P2 Path)
The Following Technologies from the PHEV Path: PHEV20H, PHEV50H,
PHEV20PS, PHEV50PS

All Paths Are Disabled®

All Engine, Transmission, and Electrification Paths
All Other Strong Hybridization Paths

Engine Configuration
Path

VCR Engine Path

VTG Engine Path

Diesel Engine Path

Alternative Fuel Engine
Path

HEV-P2 Path

2! If a vehicle uses any technology on the Alternative Fuel Engine path, which presently only includes CNG, the
model prohibits any further technology application to that vehicle.
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Technology Pathway | Conflicting Pathways Disabled in the Model

All Engine, Transmission, and Electrification Paths

All Other Strong Hybridization Paths

The Following Technologies from the PHEV Path: PHEV20H, PHEV50H,
PHEV20PS, PHEV50PS

All Engine, Transmission, and Electrification Paths

All Other Strong Hybridization Paths

Turbo-P2 Path

HCR-PZ Path The Following Technologies from the PHEV Path: PHEV20T, PHEV50T,
PHEV20PS, PHEV50PS
All Engine, Transmission, and Electrification Paths

HEV-PS Path All Other Strong Hybridization Paths

The Following Technologies from the PHEV Path: PHEV20T, PHEV50T,

PHEV20H, PHEV50H

PHEV Path All Engine, Transmission, Electrification, and Strong Hybridization Paths
. . All Engine, Transmission, Electrification, and Strong and Plug-In

Electric Vehicle Path Hybridization Paths

As can be observed from the logic described in Table 16, for any interlinked technology pathways
shown in Figure 6 above, the system additionally disables all precedingtechnology paths whenever
a vehicle transitions to a succeeding pathway. For example, if the model applies SHEVPS
technology on a vehicle, the system disables all of the Engine, Transmission, and Electrification
paths, which precede the HEV-PS pathway, in addition to the HEV-P2, Turbo-P2, and HCR-P2
paths, which are simply incompatible.

The compatibility logic presented in this section outlines the interaction between the various
pathways available within the modeling system, as well as highlights select technology-specific
restrictions. However, individual technologies may incorporate additional constraints not listed
here, which are described in greater detail in Section S4.5 further below.

S4.3 Technology Applicability

The modeling system determines the applicability of each technology on a vehicle, platform,
engine, or transmission using a combination of technology input assumptions, regulatory scenario
definition, and technology utilization settings defined in the input fleet (as specified in the market
data input file).22

For each vehicle technology class (discussed above), the technology input assumptions provide
the Applicable, Year Available, and Year Retired fields that control the scope of applicability of
each technology. If the Applicable field is set to FALSE or is not specified (leftas blank in the
technologies input file) for a specific technology, that technology will not be available for
evaluation. Conversely, if this field is set to TRUE, the technology will be available for
application. Furthermore, the Year Available and Year Retired fields determine the minimum and
maximum model years during which the technology may be considered by the modeling system.
If the Year Retired field is not specified (left as blank), the technology is assumed to be available
indefinitely. Additionally, technology phase-in caps may limit the availability of technologies if a
particular penetration rate is reached for a vehicle’s manufacturer in a model year being evaluated.

22 The technology utilization settings are described in various sections of Appendix A.
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Each regulatory scenario definition includesa Standard Setting Year field, which specifies whether
new standards are being set during a given year. Technologies that convert a vehicle to a plug-in
hybrid/electric vehicle (e.g., PHEV20) or to a battery-electric or a fuel-cell vehicle (e.g., BEV200
or FCV) may be further restricted from application during these “standard setting” years for the
light-duty fleet. If, however, the vehicle in question is designated as a “ZEV Candidate” by the
user in the market data inputs, the vehicle is regulated as class 2b/3 (i.e., HDPUV) for compliance
purposes, or the user configures the optional runtime settings to allow PHEV and/or BEV/FCV
application during standard setting years, this restriction will not apply.

In the market data input file, the worksheets describing each vehicle model, platform, engine, and
transmission selected for simulation provide the Technology Information sections that are used to
define the initial technology utilization state of the input fleet. Each of the technologies listed in
Table 9, Table 10, and Table 11 above are referenced on these worksheets, as appropriate for a
particular application-level of a technology. The user determines which technologies are initially
present in the input fleet, given the characteristics of each vehicle, platform, engine, and
transmission. Since the modeling system relies heavily on the Technology Information settings,
these sections must accurately and completely represent the initial state of each vehicle, platform,
engine, and transmission in order to avoid potential modeling errors.

Lastly, the logical restrictions imposed by the technology pathways described above, as well as
those applicable to individual technologies discussed in a later section, further restrict the
applicability of technologies should any compatibility issues arise during modeling.

S4.4 Technology Evaluation and Inheriting

Once the system determines the applicability of all technologies, it begins evaluating them for
application on a vehicle or a component.2® As noted in Section S4.2, the CAFE Model examines
all technologies concurrently and independently of one another. The model considers and applies
redesign-based technologies whenever a vehicle or a component is at a redesign, while refresh-
based technologies may be considered during refresh or redesign years.24

When the system evaluates vehicle-level technologies, it examines only one vehicle model at a
time, with all technology improvements being applied directly to that vehicle during its next
refresh or redesign year. However, since component-level technologies affecta component that
may be shared by multiple vehicles, the system must consider the resultant improvements on all
the vehicles that share that component and apply the upgrade when appropriate. During modeling,
all improvements from technology application are initially realized on a component and then
propagated (or inherited) down to the vehicles that share that component. As such, new
component-level technologies are initially evaluated and applied to a platform, engine, or
transmission during their respective redesign or refresh years. Any vehicles that share the same
redesign and/or refresh schedule as the component apply these technology improvements during

28 As discussed in Section S2.1, vehicle platforms, engines, and transmissions are all considered to be vehicle
components from the CAFE Model’s perspective.

2 Referto Table 9, Table 10,and Table 11 in the opening to Chapter TwoSection 4 for a listing of technologies’
“Redesign Only” or “Refresh/Redesign” application schedules.
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the same modelyear. Therestof the vehicles inherittechnologies from the componentduring their
refresh or redesign year (for engine- and transmission-level technologies), or during a redesign
year only (for platform-level technologies).

The approach implemented for the current version of the CAFE Model is a slight departure from
the logic that was previously utilized within the modeling system. In the preceding versions,
technology adoption would first occur on a component’s leader vehicle, rather than the component
itself, before being inherited to the rest of the vehicle models (formerly referred to as “followers™)
that share the same platform, engine, or transmission. The technology inheritance from a leader
vehicleto its followerswould occur in the same manner thatitcurrently does between a component
and its shared vehicles. The currentapproach, however, affords more flexibility in the analysis
than the previous one, as it allows for component-specific cadence to be explicitly defined, and it
does not necessitate the recalculation of the candidate leader vehicle whenever the existing leader
moves to an incompatible technology state (such receiving a battery-electric vehicle upgrade).

S4.5 Technology Constraints (Supersession and Mutual Exclusivity)

As the modeling system progresses through the various technology pathways, it may encounter
technologies that serve the same function on a vehicle, but represent upgraded or more advanced
versions of one another. For example, TURBO2 technology is an upgraded version of TURBOL,
however, both may not simultaneously exist on the same vehicle. The system may also encounter
technologies that represent entirely different powertrain designs, and may need to completely
remove a large set of conflicting technologies that may already exists on a vehicle. For example,
application of SHEVPS requires replacing the engine and transmission of a vehicle with a unique
version optimized for a power-split hybrid. Additionally, as discussed earlier, some technology
pathways are defined as mutually exclusive and may not be concurrently applied to a vehicle.

In order for users to diagnose the various technology application choices the CAFE Model made
during compliance modeling, and to allow for incremental evaluation and application of one or
more vehicle technologies on a vehicle, the modeling system includes a logical concept of
technology supersession. When a previously applied technology is superseded ona vehicle by the
modelingsystem, itis removed from thatvehicleand replaced by another, typically moreadvanced
option. The system internally keepstracks of each superseded technology, which is later reflected
in the diagnostic reports produced by the model.2

The following table provides a list of technologies that may supersede one or more of the other
technologies.

Table 17. Technology Supersession Logic
Technology | Superseded Technologies
TURBOO SOHC, DOHC, VVL, SGDI, DEAC
TURBOE | SOHC, DOHC, VVL, SGDI, DEAC, TURBOO
TURBOD | SOHC, DOHC, VVL, SGDI, DEAC, TURBOO
TURBO1 SOHC, DOHC, VVL, SGDI, DEAC, TURBOO, TURBOE, TURBOD

% Modeling reports are discussed in greater detail in Appendix B.
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Technology | Superseded Technologies

TURBO2 SOHC,DOHC, VVL, SGDI, DEAC, TURBOO, TURBOE, TURBOD, TURBO1

ADEACS SOHC, DOHC, VVL, SGDI, DEAC

ADEACD | SOHC,DOHC, VVL, SGDI, DEAC

HCR SOHC, DOHC, VVL, SGDI, DEAC

HCRE SOHC, DOHC, VVL, SGDI, DEAC, HCR

HCRD SOHC, DOHC, VVL, SGDI, DEAC, HCR
SOHC,DOHC, VVL, SGDI, DEAC, TURBOO, TURBOE, TURBOD, TURBOL1,

VCR TURBO2
SOHC,DOHC, VVL, SGDI, DEAC, TURBOO, TURBOE, TURBOD, TURBOL1,

VTG TURBO2

VTGE SOHC,DOHC, VVL, SGDI, DEAC, TURBOO, TURBOE, TURBOD, TURBO1,
TURBO2, VTG, CONV, SS12V, BISG

TURBOAD SOHC,DOHC, VVL, SGDI, DEAC, TURBOO, TURBOE, TURBOD, TURBOL1,
TURBO2, ADEACS, ADEACD

ADSL SOHC, DOHC, VVL, SGDI, DEAC

DSLI SOHC, DOHC, VVL, SGDI, DEAC, ADSL

AT6 AT5

AT8 AT5, AT6

AT8L2 AT5, AT6, AT7L2, AT8

AT8L3 AT5, AT6, AT7L2, AT8, AT8L2

ATIL2 AT5, AT6, AT7L2, AT8, AT8L2

AT10L2 AT5, AT6, AT7L2, AT8, AT8L2

AT10L3 AT5, AT6, AT7L2, AT8, AT8L2, AT8L3, AT9L2, AT10L2

DCT6 AT5

DCT8 AT5,DCT6

CVTL2 AT5, AT6, AT8, CVT

Ss12v CONV

BISG CONYV, Ss12V

P2S All Engine, Transmission, and Electrification Technologies

P2SGDIS All Engine, Transmission, and Electrification Technologies, P2S

P2D All Engine, Transmission, and Electrification Technologies

P2SGDID All Engine, Transmission, and Electrification Technologies, P2D

P2TRBO All Engine, Transmission, and Electrification Technologies

P2TRBE All Engine, Transmission, and Electrification Technologies, P2TRBO

P2TRB1 All Engine, Transmission, and Electrification Technologies, P2TRBO0, P2TRBE

P)TRB? All Engine, Transmission, and Electrification Technologies, P2TRBO, P2TRBE,
P2TRB1

P2HCR All Engine, Transmission, and Electrification Technologies

P2HCRE All Engine, Transmission, and Electrification Technologies, P2ZHCR

SHEVPS All Engine, Transmission, and Electrification Technologies

PHEV20T [ All Engine, Transmission, Electrification, and Strong Hybridization Technologies
All Engine, Transmission, Electrification, and Strong Hybridization Technologies,

PHEV5OT | 5LEvI0T gy g

PHEV20H [ All Engine, Transmission, Electrification, and Strong Hybridization Technologies
All Engine, Transmission, Electrification, and Strong Hybridization Technologies,

PHEVSOH | LEvaor gry g

PHEV20PS | All Engine, Transmission, Electrification, and Strong Hybridization Technologies

38




DRAFT - July 2023

Technology | Superseded Technologies
All Engine, Transmission, Electrification, and Strong Hybridization Technologies,
PHEV50PS PHEV20PS

BEV1 All Engine,_Transmission, Electrification,and Strong and Plug-In Hybridization
Technologies

All Engine, Transmission, Electrification,and Strong and Plug-In Hybridization

Technologies, BEV1

BEV3 All Engine, Transmission, Electrification,and Strong and Plug-In Hybridization
Technologies, BEV1, BEV2

BEV4 All Engine, Transmission, Electrification, and Strong and Plug-In Hybridization
Technologies, BEV1, BEV2, BEV3

FCvV All Engine, Transmission, Electrification,and Strong and Plug-In Hybridization
Technologies

ROLL10 ROLLO

ROLL20 ROLLO, ROLL10

ROLL30 ROLLO, ROLL10, ROLL20

AERO5 AEROO

AERO10 AEROO0, AERO5

AERO15 AEROO0, AERO5, AERO10

AERO20 AEROOQ, AERO5, AERO10, AERO15

BEV2

MR1 MRO

MR?2 MRO, MR1

MR3 MRO, MR1, MR2

MR4 MRO, MR1, MR2, MR3

MR5 MRO, MR1, MR2, MR3, MR4

Notice that the supersession logic for many technologies may be deduced by following through
the Technology Pathways Diagram presented in Figure 6 of Section S4.2.5 above, as well as
following through the arrows between technologies for the individual pathways.

In addition to the supersession logic applicable to individual technologies, the modeling system
defines additional constraints, where some combinations of technologies may not be concurrently
presenton the same vehicle, and are thus considered to be mutually exclusive. Section S4.2,above,
discusses such constraints as they apply to the technology pathways. However, the relationships
of mutually exclusivity defined for individual paths translate and may be adopted to individual
technologies found within those pathways as well. For example, since the Turbo and HCR Engine
paths are defined to be mutually exclusive, each technology found on one of these paths (e.g,
TURBOO) is automatically interpreted by the model as being mutually exclusive with all
technologies from another path (i.e., HCR, HCRE, HCRD). Aside from the constraints carried
over from the associated pathways, the individual technologies may include additional relations of
mutually exclusivity that are not formalized by the rules governing the accompanying paths. For
example, as detailed earlier, the branch points found within a pathway are mutually exclusive,
requiring additional “disabling” logic to be defined within the CAFE Model in order to prevent a
vehicle from simultaneously using multiple incompatible technologies. The specifics of the
technologies that are disabled whenever a conflicting technology is used or applied on a vehicle
are represented in the following table.
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Table 18. Technology Mutual Exclusivity Logic

Technology

Disabled Technologies

SOHC

ADEACD, P2D, P2SGDID

DOHC

ADEACS, P2S, P2SGDIS

TURBOO

All Other Engine Technologies (Except TURBOO, TURBOE, TURBOD,
TURBO1, TURBO2, VCR, VTG, VTGE, and TURBOAD), All Strong
Hybridization Technologies (Except P2TRBO, P2TRBE, P2TRB1, P2TRB2),
PHEV20H, PHEV50H, PHEV20PS, PHEV50PS

TURBOE

All Other Engine Technologies (Except TURBOE, TURBO1, TURBO2, VCR,
VTG, VTGE, and TURBOAD), All Strong Hybridization Technologies (Except
P2TRBO, P2TRBE, P2TRB1, P2TRB2), PHEV20H, PHEV50H, PHEV20PS,
PHEV50PS

TURBOD

All Other Engine Technologies (Except TURBOD, TURBO1, TURBO2, VCR,
VTG, VTGE, and TURBOAD), All Strong Hybridization Technologies (Except
P2TRBO, P2TRBE, P2TRB1, P2TRB2), PHEV20H, PHEV50H, PHEV20PS,
PHEV50PS

TURBO1

All Other Engine Technologies (Except TURBOL, TURBO2, VCR, VTG, VTGE,
and TURBOAD), All Strong Hybridization Technologies (Except P2TRBO,
P2TRBE, P2TRB1, P2TRB2), PHEV20H, PHEV50H, PHEV20PS, PHEV50PS

TURBO2

All Other Engine Technologies (Except TURBO2, VCR, VTG, VTGE, and
TURBOAD), All Strong Hybridization Technologies (ExceptP2TRBO, P2TRBE,
P2TRB1, P2TRB2), PHEV20H, PHEV50H, PHEV20PS, PHEV50PS

ADEACS

All Other Engine Technologies (Except ADEACS and TURBOAD), P2HCR,
P2HCRE, SHEVPS, P2D, P2SGDID

ADEACD

All Other Engine Technologies (Except ADEACD and TURBOAD), P2HCR,
P2HCRE, SHEVPS, P2S, P2SGDIS

HCR

All Other Engine Technologies (Except HCR, HCRE, HCRD), All Strong
Hybridization Technologies (Except P2HCR, P2HCRE, SHEVPS), PHEV20T,
PHEV50T

HCRE

All Other Engine Technologies (Except HCRE), All Strong Hybridization
Technologies (Except P2ZHCR, P2HCRE, SHEVPS), PHEV20T, PHEV50T

HCRD

All Other Engine Technologies (Except HCRD), All Strong Hybridization
Technologies (Except P2HCR, P2HCRE, SHEVPS), PHEV20T, PHEV50T

VCR

All Other Engine Technologies (Except VCR), All Strong Hybridization
Technologies (Except P2TRBO, P2TRBE, P2TRB1, P2TRB2), PHEV20H,
PHEV50H, PHEV20PS, PHEV50PS

VTG

All Other Engine Technologies (Except VTG and VTGE), All Strong
Hybridization Technologies (Except P2TRBO, P2TRBE, P2TRB1, P2TRB2),
PHEV20H, PHEV50H, PHEV20PS, PHEV50PS

VTGE

All Other Engine Technologies (Except VTGE), All Electrification and Strong
Hybridization Technologies (Except P2TRBO, P2TRBE, P2TRB1, P2TRB2),
PHEV20H, PHEV50H, PHEV20PS, PHEV50PS

TURBOAD

All Other Engine Technologies (Except TURBOAD), All Strong Hybridization
Technologies (Except P2TRBO, P2TRBE, P2TRB1, P2TRB2), PHEV20H,
PHEV50H, PHEV20PS, PHEV50PS

ADSL

All Other Engine Technologies (Except ADSL and DSLI), All Strong
Hybridization Technologies (Except P2TRBO, P2TRBE, P2TRB1, P2TRB2),
PHEV20H, PHEV50H, PHEV20PS, PHEV50PS

DSLI

All Other Engine Technologies (Except DSLI), All Strong Hybridization
Technologies (Except P2TRBO, P2TRBE, P2TRB1, P2TRB2), PHEV20H,
PHEV50H, PHEV20PS, PHEV50PS

CNG

All Other Technologies

AT5

CVT

AT6

AT5,CVT, DCT6,DCT8
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Technology | Disabled Technologies

AT7L2 AT5, AT6, CVT,CVTL2, DCT6, DCT8, AT8

AT8 AT5, AT6, CVT, DCT6, DCT8, AT7L2

AT8L2 AT5, AT6, AT7L2, AT8, CVT,CVTL2,DCT6, DCT8

AT8L3 AT5,AT6,AT7L2,AT8,AT8L2,CVT,CVTL2,DCT6,DCT8, ATOL2, AT10L2

ATIL?2 AT5,AT6,AT7L2,AT8,AT8L2,CVT,CVTL2,DCT6,DCT8, AT8L3, AT10L2

AT10L2 AT5,AT6,AT7L2,AT8,AT8L2, CVT, CVTL2,DCT6,DCTS8, AT8L3, ATIL2

AT10L3 AT5, AT6, AT7L2, AT8, AT8L2, AT8L3, AT9L2, AT10L2, CVT, CVTL2,
DCT6, DCT8
AT5,CVT,CVTL2, AT6, AT7L2, AT8, AT8L2, AT8L3, AT9L2, AT10L2,

DCT6 AT10L3

DCTS AT5,DCT6, CVT, CVTL2, AT6, AT7L2, AT8, AT8L2, AT8L3, ATIL2,
AT10L2, AT10L3
AT5,DCT6, DCT8, AT6, AT7L2, AT8, AT8L2, AT8L3, AT9L2, AT10L2,

CVT AT10L3

CVTL?2 AT5,AT6,AT8,CVT,DCT6,DCT8, AT7L2, AT8L2, AT8L3, ATI9L2, AT10L2,
AT10L3

Ss12v CONV

BISG CONV, Ss12V

P2S All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2S and P2SGDIS)

P2SGDIS All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2SGDIS)

P2D All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2D and P2SGDID)

P2SGDID All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2SGDID)
All Engine, Transmission, Electrification, and Strong Hybridization Technologies

P2TRBO (Except P2TRBO, P2TRBE, P2TRB1, and P2TRB2), PHEVV20H, PHEV50H,
PHEV20PS, PHEV50PS
All Engine, Transmission, Electrification, and Strong Hybridization Technologies

P2TRBE (Except P2TRBE, P2TRB1, and P2TRB2), PHEVV20H, PHEV50H, PHEV20PS,
PHEV50PS

PITRB1 All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2TRB1and P2TRB2), PHEV20H, PHEV50H, PHEV20PS, PHEV50PS

P)TRB? All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2TRB2), PHEVV20H, PHEV50H, PHEV20PS, PHEV50PS

POHCR All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2HCRand P2HCRE), PHEV20T, PHEV50T, PHEV20PS, PHEV50PS

POHCRE All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except P2ZHCRE), PHEV20T, PHEV50T, PHEV20PS, PHEV50PS

SHEVPS All Engine, Transmission, Electrification, and Strong Hybridization Technologies
(Except SHEVPS), PHEVV20T, PHEV50T, PHEVV20H, PHEV50H

PHEV20T | All Engine, Transmission, Electrification, and Strong Hybridization Technologies
All Engine, Transmission, Electrification, and Strong Hybridization Technologies,

PHEV50T PHEV20T

PHEV20H [ All Engine, Transmission, Electrification, and Strong Hybridization Technologies
All Engine, Transmission, Electrification, and Strong Hybridization Technologies,

PHEV50H PHEV20H

PHEV20PS | All Engine, Transmission, Electrification, and Strong Hybridization Technologies

PHEV50PS All Engine, Transmission, Electrification, and Strong Hybridization Technologies,

PHEV20PS

41




DRAFT - July 2023

Technology | Disabled Technologies

BEV1 All Engine,_Transmission, Electrification,and Strong and Plug-In Hybridization
Technologies, FCV

BEV?2 All Engine,_Transmission, Electrification,and Strong and Plug-In Hybridization
Technologies, BEV1, FCV

BEV3 All Engine, Transmission, Electrification,and Strong and Plug-In Hybridization
Technologies, BEV1, BEV2, FCV

BEV4 All Engine, Transmission, Electrification,and Strong and Plug-In Hybridization
Technologies, BEV1, BEV2, BEV3, FCV

FCV All Engine, Transmission, Electrification,and Strong and Plug-In Hybridization

Technologies, BEV1, BEV2, BEV3, BEV4
ROLL10 ROLLO

ROLL20 ROLLO, ROLL10

ROLL30 ROLLO, ROLL10,ROLL20

AERO5 AEROO

AERO10 AEROOQ, AERO5

AEROQO15 AEROO0, AERO5, AERO10

AERO20 AEROQOO, AERO5, AERO10, AERO15

MR1 MRO

MR2 MRO, MR1

MR3 MRO, MR1, MR2

MR4 MRO, MR1, MR2, MR3

MR5 MRO, MR1, MR2, MR3, MR4

In the table above, notice that any superseded technology is also disabled whenever a succeeding
technology is applied to a vehicle, even if a specific superseded technology was not previously
used on that vehicle. As previously emphasized, this requirement exists so that the modeling
system does not downgrade technologies during analysis.

S4.6 Technology Fuel Economy Improvements

The fuel economy improvements for the technologies analyzed within the CAFE Model were
derived from a database containing detailed vehicle simulation results, analyzed at ANL using the
Autonomie model. The Argonne simulated database was then externally processed into a dataset
of simulation results (from here on referredto as vehicle simulation database, or simply, database)
and integrated into the modeling system. Since the system accepts this database as an input, the
way by which these technologies were processed is beyond the scope of this document, and is
instead addressed in the Preamble.

In order to incorporate the results of the Argonne simulated technologies, while still preserving
the basic structure of the CAFE Model’s technology subsystem, it was necessary to translate the
pointsin this database into correspondinglocations defined by the technology pathways, described
in Section S4.2 above. 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.
Additionally, to allow for technologies present on the Basic Engine path to be evaluated and
applied in any given combination, a unique group was established for each of these technologies.
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As such, the following technology groups are defined within the modeling system: engine cam
configuration (CONFIG), VVL engine technology (VVL), SGDI engine technology (SGDI),
DEAC engine technology (DEAC), non-basic engine technologies (ADVENG),26 transmission
technologies (TRN), electrification andhybridization (ELEC), low rollingresistance tires (ROLL),
aerodynamic improvements (AERO), and mass reduction (MR). The combination of technologies
alongeach of these groups formsaunique technologystate 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. Utilizing these technology state vectors, the CAFE Model can then
assign each vehicle in the analysis fleet an initial state that corresponds to a point in the database.

Once a vehicle is assigned (or mapped) to an appropriate technology state vector (from one of
approximately 150 thousand unique combinations, which are defined in the vehicle simulation
database as CONFIG;VVL;SGDI;DEAC;ADVENG;TRN;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 avehicle. 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 a vehicle with a SOHC and VVL engine, 6-speed automatic transmission,
belt-integrated starter generator, low rolling resistance tires (level 2), aerodynamic improvements
(level 1), and mass reduction (level 1). An associated technology state vector describing this
vehicle would be specified as: SOHC;VVL;;;;AT6;BISG;ROLL20;AERO5;MR1.2” Assume the
system is evaluating PHEV20T as a candidate technology for application on this vehicle. As was
presented in Table 17, PHEV20T supersedes all engine, transmission, electrification, and strong
hybridization technologies. The new state vector for this vehicle is, hence, computed by removing
SOHC, VVL, AT6, and BISG technologies from the previous state vector, beforeadding PHEV20,
resulting in the following: PHEV20;ROLL20;AERO5;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. As such, the formula for calculating a vehicle’s fuel economy after application of each
successive technology represented within the database is defined as:

F
FEyew = FE x =X&% (5)

New

Where:

FE: the original fuel economy for the vehicle, in mpg;

%6 The ADVENG group includes alltechnologies found in the following pathways: Turbo, ADEAC, HCR, VCR,
VTG, Adv. Turbo, Alt. Fuel, and Diesel.

27 In the example technology state vector, the series of semicolons between VVL and AT6 correspond to the engine
technologies which arenotincluded 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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Fere:  the fuel economy improvement factor (on a gpm basis) associated with the
technology state vector before application of a candidate technology;

Frnew: the fuel economy improvement factor (in gpm) associated with the technology
state vector after application of a candidate technology; and

FEnew: the resulting fuel economy for the same vehicle, in mpg.

The fuel economy improvement factor is defined in a way that captures the incremental
improvement of moving between points in the database, where each point is defined uniquely as a
combination of up to 10 distinct technologies describing, as mentioned above, the engine’s cam
configuration, multiple distinct combinations of engine technologies, transmission, electrification
type, and various vehicle body level technologies.

For some technologies, the modeling system may converta vehicle or a vehicle’s engine from
operating on one type of fuel to another. For example, application of Advanced Diesel (ADSL)
technology converts a vehicle from gasoline operation to diesel operation. In such a case, the
aforementioned Equation (5) still applies, however, the FEyey Value is assigned to the vehicle’s
new fuel type, while the fuel economy on the original fuel is discarded.

Moreover, whenever the modeling system converts a vehicle model to one of the available Plug-
In Hybrid/Electric vehicles (e.g., PHEV20T), thatvehicle is assumed to operate simultaneously on
gasoline and electricity fuel types. In this case, the model obtains two sets of fuel economy
improvement factors, Fnew and F2yey, from the vehicle simulation database for estimating the
FEnew Values on gasoline and electricity, respectively. In the case of gasoline, Equation (5) is used
to obtain the new fueleconomy on gasoline. For electricity, since no reference fuel economy exists
prior to conversion to PHEV20T, the F2ye, value is defined as an improvement over FEp, value
on gasoline. That is, for calculating the fuel economy on electricity when upgrading a vehicle to
PHEV20T, Equation (5) becomes:

F
FEyewr = FEg X —=r<%- 6)
F 2New

Where:

FEs: the original fuel economy for the vehicle, in mpg, when operating on gasoline;

Fere:  the fuel economy improvement factor (in gpm) associated with the technology
state vector before application of a candidate technology;

F2new: the fuel economy improvement factor (in gpm) associated with the technology
state vector after application of a candidate technology; and

FENew,E:
the resulting fuel economy for the same vehicle, in mpg, when operating on
electricity.

Just as no reference fuel economy on electricity exists on a vehicle prior to application of the
PHEV20T technology, a reference fuel economy improvement factor would not exist in the
database either. For this reason, Equation (6) above uses Fpre, factor when calculating the new
vehicle fuel economy on electricity. Since both FEg and Fpr, refer to the same reference state,
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Equation (6) mathematically applies and produces accurate results with regard to the vehicle
simulation database.28

Additionally for PHEVs, the Secondary FS field, defined in the technologies input file, specifies
the assumed amount of miles driven by the vehicle when operating on electricity. The vehicle’s
overall rated fuel economy is then defined as the average of the fuel economies on gasoline and
electricity, weighted by the fuel shares.?? If the system transitions, as an example, from PHEV20T
to PHEV50T, the same calculation applies, however, this time, F2pye, is used and the F2ye,, value
is defined as a fuel economy improvement factor over FEg (or, fuel economy on electricity):

F2
FENewEr = FEg X —krey (7)
FZNew

Where:

FEe: the original fuel economy for the vehicle, in mpg, when operating on electricity;

F2pre: the fuel economy improvement factor (in gpm) associated with the technology
state vector before application of a candidate technology;

F2new: the fuel economy improvement factor (in gpm) associated with the technology
state vector after application of a candidate technology; and

FENEW,E:
the resulting fuel economy for the same vehicle, in mpg, when operating on
electricity.

Whenever the system further improves an existing PHEV, for example, converting it from a
PHEV50T to a 150-/200-mile Electric Vehicle (BEV1), the gasoline fuel component is removed,
while the electric-operated portion remains. However, since the model may transition to a BEV1
from any vehicle state (including gasoline-only or diesel-only operation), the calculation relies on
the gasoline component of the PHEV50T as the basis, rather than its electricity component. As
such, the Fpr, value, obtained from the simulation database, represents a fuel economy
improvement factor over FEg on PHEV50T’s gasoline component, with the FEye, value being
assigned to the vehicle’s electricity fuel type. Hence, Equation (5) defined earlier isused whenever
a vehicle is converted to any BEV technology. Similarly, when a vehicle is converted to a Fuel
Cell Vehicle (FCV) instead of BEV1, the same conversion logic applies, except the final fuel
economy, FEpew, IS defined on hydrogen fuel type.

S4.6.1 Fuel Economy Adjustments

Unlike the earlier versions of the modeling system, the current version of the CAFE Model relies
entirely on the vehicle simulation database for calculating fuel economy improvements resulting

28 Readers are invited to validate the calculations presented by this and other equations for accuracy.

» The overall fueleconomy for PHEVs is the rated value achieved by the vehicle assuming on-road operation
specified by the Secondary FS field. For compliance purposes, the vehicle’s overall fuel economy is determined by
the Multi-Fuel and the PHEV Share parameters defined in the scenarios input file. The scenarios input file is further
discussed in Section A.4 of Appendix A.
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from all technologies available to the system. The fuel economy improvements are derived from
the factorsdefined foreach unique technology combination or state vector. As defined in Equation
(5) above, each time the improvement factor for a new state vector is added to a vehicle’s existing
fuel economy, the factor associated with the old technology combination is entirely removed. In
that sense, application of technologies obtained from the Argonne database is “self-correcting”
within the model. As such, special-case adjustments defined by some of the earlier versions of the
model are not applicable to this one.

S4.7 Technology Cost Tables

The technology input assumptions, as defined in the technologies input file, provide a fully
“learned-out” table of year-by-year technology costs, as specified by the Cost Table section. The
technology costs associated with a vehicle’s engine are specified for each engine technology class,
while the costs that are associated with non-engine components of a technology are defined for
each vehicle technology class. When evaluating a given technology for application on a vehicle,
the modeling system, hence, combines the engine and the non-engine cost components to form the
overall cost of that technology.

For almost all technologies available within the modeling system, the costs are defined in the
technologies input file on an absolute basis over some reference technology state, usually within
the same technology path. For example, MRO is the reference technology state for the Mass
Reduction path, with all succeeding Mass Reduction technologies being defined in terms of
absolute cost (and improvement) over MRO. In most cases, when the CAFE Model computes the
incremental cost of a successor technology, the cost of a predecessor technology (if one exists)
will be negated. Furthermore, if the vehicle being upgraded from a reference technology state (for
example, MRO), to simplify the internal accounting process, the system will still negate the cost
of MRO, even though that technology is designated as a reference state. In some cases, however, a
predecessor does not exist, and the technology is applied without negating any other. Specifically,
the followingtechnologies do nothave a predecessor state defined, andare applied by the modeling
system directly (or on an incremental basis): VVL, SGDI, and DEAC. In other cases (i.e., all
technologies on the Hybrid/Electric path), multiple predecessor technologies exist, the costs of
which must be negated before a new technology may be applied. Additionally, for all technologies
on the Mass Reduction path, the input costs are specified on per pound basis, where the base cost
value is multiplied by the amountof pounds by which a vehicle’s glider weightis reduced, in order
to obtain the full cost of applying the technology.

Generally, the technology supersession logic, as defined in Table 17, dictates the predecessor
technologies forwhich the costs will be negated when asuccessor technology isapplied. However,
note thatif a technology on asuperseded listwas previously superseded, its costwill not be negated
forasecond time. As anexample, consider a vehicle with a DOHC engine that also uses VVL and
SGDI engine technologies (the rest of the technologies are not relevant for this example). Assume
the same vehicle transitions to TURBO1 technology. From Table 17, it can be seen that when the
model applies TURBOL1, it also supersedes: SOHC, DOHC, VVL, SGDI, DEAC, TURBOO,
TURBOE, and TURBOD technologies. Of those on the superseded list, the costs of DOHC, VVL,
and SGDI are negated prior to adding the cost of TURBOZ2, as those technologies are currently in
use on a vehicle in the example. If the same vehicle later upgrades to VTG, following the same
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logic (and referring back to Table 17), the cost of TURBOL is negated prior to adding the cost of
VTG. Note that, even though DOHC, VVL, and SGDI were used on the example vehicle, these
technologies have previously been superseded (and accounted for) when the vehicle was upgraded
to TURBO2. Thus, they are not counted for a second time.

For another example, consider the vehicle from above also uses AT8 and BISG. This time, assume
it is converted to SHEVPS. Again referring back to Table 17, it can be seen that SHEVPS
supersedes all engine, transmission, and electrification technologies. Thus, the costs of engine
technologies DOHC, VVL, and SGDI (as before) are negated, along with the costs of AT8 and
BISG, before the cost of SHEVPS may be added.

As discussed in Section S4.6 above, application of a new candidate technology on a vehicle is a
transition froma previous state vector to a new state vector. Takingthis into account, the procedure
outlined above, where incremental cost attributed to a specific technology is calculated by
adjusting for superseded technologies, may be greatly simplified. This is achieved by computing
the cumulate absolute costs for the technology combinations represented by the previous and the
new state vectors, then taking the difference in order to obtain the net incremental cost. Hence, the
calculation of incremental technology cost for a given vehicle during a specific model year is
outlined by the following equation:

TechCostyy = CoStyewmy — COStpreymy (8)
Where:

MY: the model year for which to calculate incremental cost attributed to application of
a candidate technology on a specific vehicle;

Costprey,my:
the cumulate cost associated with the technology state vector before application of
a candidate technology on a specific vehicle in model year MY;

COStNeW’MY:
the cumulate cost associated with the technology state vector after application of a
candidate technology on a specific vehicle in model year MY; and

TechCostwy:
the resulting net cost attributed to application of a candidate technology on a
specific vehicle in model year MY.

In Equation (8), Costpreymy and Costyew vy are simply the sum of costs across individual

technologies defined by the respective state vectors. The calculation of both of these costs is given

by the following equation:

GWrer X AW, i = MR ©)
1, i# MR

n
=0

_ Veh Eng
CoStrechsatemy = 2 ((CostMey'i + COStMY,i X {
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Where:

MY: the model year for which to calculate the cumulative cost associated with a
specific technology state vector and a specific vehicle;

TechState:
the technology state vector (previous or new) for which to calculate the

cumulative cost;

Veh .
Costyy ;-

the base cost of non-engine components, if applicable, attributed to application of
the i-th technology defined within the state vector TechState, on a specific vehicle

in model year MY;

Eng
Costyy ;-

the base cost of engine-specific components, if applicable, attributed to
application of the i-th technology defined within the state vector TechState, on a
specific vehicle in model year MY;
I =MR:
indicates whether the i-th technology is a mass reduction technology;
i # MR:
indicates whether the i-th technology is not a mass reduction technology;
GWkrer: the estimated reference weight of the vehicle’s glider;30
AW:  the percent reduction of the vehicle’s reference glider weight, GWkge, attributed to
application of the i-th technology defined within the state vector;3! and
CosStrechstate, My
the resulting cumulate cost associated with the technology state vector TechState,
for a specific vehicle in model year MY.

Note that the costs computed by Equations (8) and (9) above are definedstrictly for the non-battery
components of a technology. As discussed in Section S4.7.1, below, for some technologies (or
technology combinations), the modeling system additionally accounts for costs related to varying
battery sizes. Furthermore, GWge and AW in Equation (9) are applicable to mass reduction
technologies only. For any i-th technology that is not a mass reduction technology within the state
vector TechState, the GWges < AW product is removed from the calculation and is substituted by a
value of 1.

Along with the base Cost Table, the input assumptions also define the Maintenance and Repair
Cost Table, which is also specified for each model year and accounts for the learning effect,
whereverapplicable. The Maintenance and Repair Cost Table identifies the changes in the amount

® The referenceglider weight, GWrer, fora vehicle is defined as the vehicle’s reference curb weight multiplied by
the average share ofthe vehicle’s total curb weight attributable to its glider. The reference curb weight of the vehicle
is specified asa parameter in the input fleet, and is estimated by backing out any mass reduction technology that
may be present onthatvehicle. The calculation of the reference glider weight is further discussed in Section S4.8
below.

% The percent reduction of vehicle’s glider weight, AW, is specified foreach mass reduction technology in the input
assumptions.
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buyersare expectedto pay for maintaininga new vehicle 32as well as the increases in non-warranty
repair costs attributed to application of additional technology . Further discussion of the technology
cost input assumptions can be found in Section A.2 of Appendix A.

S4.7.1 Battery Costs

For some of the technologies evaluated within the CAFE Model, the system provides the ability
to separately account for costs related to varying vehicle battery sizes, depending on the overall
configuration of the vehicle (i.e., engine, transmission, electrification, hybridization, and other
variousbody levelimprovements). Aswith fueleconomy improvement factors (discussed earlier),
the battery costs are obtained from the vehicle simulation database, which includes technologies
simulated using the Autonomie model at ANL. Thus, the system relies on the same unigue
technology state vector assignment of a vehicle (as defined in Section S4.6 above) when
progressing from one technology to the next.

The CAFE Modelincludes discrete accounting of battery costs duringanalysiswhenevera vehicle
evaluates for application or already includes a technology from either the Electrification or
Hybrid/Electric paths. Even though VTGE is an engine-level technology, the modeling system
assumes that this technology explicitly includes the cost, improvement, and full utility attributable
to BISG. Therefore, the system also needs to account for battery costs whenever a vehicleevaluates
or includes VTGE technology.

As an example, consider a vehicle that uses a combination of technologies defined by the state
vector: DOHC;VVL;AT6;CONV;ROLLO;AEROO0;MR1. When this vehicle progresses to BISG
technology (from the Electrification path), the model calculates battery costs for the resulting
combination, which now includes the Belt-integrated Starter/Generator. Alternatively, consider a
vehicle with a technology state vector that already includes a Plug-In Hybrid/Electric technology
as: PHEV20T;ROLL20;AERO10;MR2. When the vehicle applies MR3 technology, the model
still calculates battery costs attributed to the new technology state vector, since the resulting
combination also includes PHEV20T. In the latter example, however, the model would produce
an incremental change in cost in order to capture the effect of different battery size requirements
between a 20-mile plug-in hybrid/electric vehicle with a level-2 mass reduction and a level-3 mass
reduction.

Since the vehicle simulation database provides a single costvalue for each technology state vector,
the modeling system accommodates an additional table of annual learning rate multipliers defined
within the technologies input file. Together, the two combine to produce a fully learned-out cost
value foreach technology state vector duringeach model year, as shown in the followingequation:

BatteryCostyy = BatteryCostyeyw X LR py new — BatteryCostpre, X LR yy prey  (10)

% The maintenance costs may lead to increases in cost to consumers, suchas for advanced diesel engines, or in cost
saving to consumers, such as for electric vehicles. In the case of electric vehicles, the cost savings result from
avoiding traditional vehicle maintenance such as engine oil changes. However, aswith all other inputs entered into
the CAFE Model, the maintenance and repair costs are user-supplied values, which may not necessarily correlate
with the stated assumptions.

49



DRAFT - July 2023

Where:

MY: the model year for which to calculate the incremental battery cost of a candidate
technology;

BatteryCostprey:
the base battery cost associated with the technology state vector before
application of a candidate technology;

LRwmy,prev:
the learning rate multiplier associated with the technology state vector before
application of a candidate technology in model year MY;

BatteryCostyew:
the base battery cost associated with the technology state vector after application
of a candidate technology;

LRmy,New:
the learning rate multiplier associated with the technology state vector after
application of a candidate technology in model year MY; and

BatteryCostyy:
the resulting battery cost associated with the technology state vector attributed to
application of a candidate technology in model year MY.

The learning rate multipliers, LRyynew @nd LRmyprer, are defined in the technology input
assumptions for each applicable technology.

Once the model obtains the battery cost associated with a specific candidate technology, the total
cost from application of that technology may be calculated by combining the results of Equations
(8) and (10) as:

TotalCostyy = TechCostyy + BatteryCostyy (11)
Where:

MY: the model year for which to calculate the total cost of a candidate technology;
TechCostwy:
the non-battery cost attributed to application of a candidate technology in model
year MY;
BatteryCostyy:
the battery cost associated with the technology state vector attributed to
application of a candidate technology in model year MY; and
TotalCostyy:
the resulting total cost attributed to application of a candidate technology in model
year MY.
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S4.8 Application of Mass Reduction Technology

Each time the modeling system evaluates a mass reduction technology for application, the curb
weight of avehicle is reduced by some percentage, asdefinedin the technology inputassumptions,
with respect to that vehicle’s reference glider weight. Within the model, the glider weight is
defined as the portion of the vehicle’s curb weight that is eligible for mass reduction and does not
include engine, transmission, or interior safety systems.33 The calculation for the reference glider
weight is then defined by the following:

GWres = CWges X AGS 12)
Where:

CWhee: the reference curb weight of the vehicle, as defined in the input fleet, assuming
that any mass reduction technology present on that vehicle has been negated;

AGS: the assumed average share of the vehicle’s total curb weight attributable to its
glider, as defined in the technology input assumptions for each technology class;
and

GWker: the calculated reference glider weight of the vehicle.34

Once the reference glider weight has been determined for each vehicle, the system may calculate
the changes in vehicles’ curb weights attributed to application of mass reductiontechnology. Since
the progression of all technologies available within modeling system is specified on an absolute
basis (i.e., the preceding technology is removed when a new one is added, as described in Sections
S4.2.4and S4.7), the system calculates the change in curb weightas the difference between percent
reduction attributed to the new candidate technology and the percentreduction of the greatest mass
reduction technology in use on a vehicle. This calculation is better demonstrated by the following
equation:

ACW = GWper X (AWnew — AWprey) (13)

Where:

GWke: the reference glider weight of the vehicle, as calculated in Equation (12) above;

AWhyew: the percent reduction of the vehicle’s reference glider weight, GWge, attributed to
application of the new mass reduction technology;

AWperev: the percent reduction of the vehicle’s reference glider weight, GWge, attributed to
the previously used mass reduction technology; and

* The definition of the glider weight within the CAFE Model is specified in a way that matches the vehicle
simulation results from ANL’s Autonomie model.

% The CAFE Model necessitates the use of a reference glider weight in order to correlate to the simulation results
foundin the Argonnedatabase, where all vehicle sizing for mass reductionapplicationis based on the glider weight
usingthe samemethodology as defined in Equation (12). In other words, since Argonne modeling assumes each
vehicle simulated begins with a base weight without any mass reduction, the vehicles analyzed by the CAFE Model
must also be brought back to a pre-mass reduction state.
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ACW: the amount (in Ibs.) by which a vehicle’s curb weight is reduced as a result of
applying new mass reduction technology.

From here, the vehicle’s new curb weight is obtained by subtracting the change in weight fromits
original curb weight, as:

CWyew = CW — ACW (14)
Where:

CW: the original curb weight of the vehicle before application of new mass reduction
technology;

ACW: the amount by which a vehicle’s curb weight is reduced as a result of applying
new mass reduction technology; and

CWhew:
the resulting curb weight of the vehicle after application of new mass reduction
technology.

In addition to affecting the vehicle’s curb weight, application of mass reduction technology may
also influence the vehicle’s new payload and towing capacities by way of adjusting the gross
vehicle weight rating (GVWR) and the gross combined weight rating (GCWR) values. With the
exception of pickups (the vehicles for which the vehicle style column in the input fleetis set to
“Pickup”), the GVWR and GCWR changes are presently not calculated within the model for all
light-duty vehicles (i.e., vehicles regulated as passenger cars or light trucks). For light-duty
pickups, however, the GVWR value is reduced by the same amount as the curb weight (as shown
in Equation (15) below), while GCWR does not change.

GVWR pow = GVWR — ACW (15)
Where:

GVWR:
the original gross vehicle weight rating before application of new mass reduction
technology;

ACW: the amount by which a vehicle’s GVWR is reduced as a result of applying new
mass reduction technology; and

GVWRNeW:
the resulting GVWR of the vehicle after application of new mass reduction
technology.

For HDPUV vehicles (i.e., vehicles regulated as class 2b/3), the degree by which GVWR and
GCWR are affectedis controlled in the scenarios inputfile through the Payload Return and Towing
Return parameters. The modeling system uses these parameters when calculating changes in
vehicle’s GVWR and GCWR as shown in the following formulas:
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 [GVWR — (1 — P) X ACW,
AGVWR = max | GVWR i, min GVWR (16)
CWNeW X ( CW pmax
Where:
GVWR:
the original GVWR of the vehicle before application of new mass reduction

technology;

ACW: the amount by which a vehicle’s curb weight is reduced as a result of applying
new mass reduction technology, as defined in Equations (13) above;

CWNEW:
the curb weight of the vehicle after application of new mass reduction technology,
as defined in Equations (14) above;

P: the percentage of curb weight reduction returned to payload capacity;

(G
the limiting factor, defined for each input vehicle, preventing GVWR from
increasing beyond levels observed among the majority of similar vehicles;

GVWRMin:
the minimum GVWR, defined as 8,501 Ibs. for class 2b vehicles and 10,001 Ibs.
for class 3 vehicles, that is used to preventa class 2b/3 vehicle from crossing into
the adjacent category; and

AGVWR:
the amount by which a vehicle’s GVWR is reduced as a result of applying new
mass reduction technology.

AGCWR _ (GCWR —-(1-T)x AGVWR,) )
= min
GVWRnew % (S50%)
Where:
GCWR:
the original GCWR of the vehicle before application of new mass reduction
technology;
AGVWR.

the amount by which a vehicle’s GVWR is reduced as a result of applying new
mass reduction technology, as defined in Equations (16) above;

GVWRpew:
the GVWR of the vehicle after application of new mass reduction technology, as
defined in Equations (18) below;

T the percentage of GVWR reduction returned to towing capacity;
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GCWR
GVR’ MAX
the limiting factor, defined for each input vehicle, preventing GCWR from
increasing beyond levels observed among the majority of similar vehicles; and
AGCWR:
the amount by which a vehicle’s GCWR is reduced as a result of applying new
mass reduction technology.

As with the calculation of the vehicle’s new curb weight, the new GVWR and GCWR are obtained
by subtracting AGVWR and AGCWR from the vehicle’s original GVWR and GCWR, as:

GVWR yew = GVWR — AGVWR (18)
Where:

GVWR:
the original GVWR of the vehicle before application of new mass reduction
technology;

AGVWR:
the amount by which a vehicle’s GVWR is reduced as a result of applying new
mass reduction technology; and

GVWRNeW:
the resulting GVWR of the vehicle after application of new mass reduction
technology.

GCWR new = GCWR — AGCWR (19)
Where:

GCWR:
the original GCWR of the vehicle before application of new mass reduction
technology;

AGCWR:
the amount by which a vehicle’s GCWR is reduced as a result of applying new
mass reduction technology; and

GCWRNew:
the resulting GCWR of the vehicle after application of new mass reduction
technology.
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Section 5 Compliance Simulation

Having determined the applicability of technologies on each vehicle model, platform, engine, and
transmission, the modelingsystem begins compliance simulationprocessing, iteratively evaluating
each of the defined scenarios, model years, and manufacturers. As shown in Figure 7 below,
compliance simulation follows a series of nested loops, or stages, progressing from one stage to
the next, performing the necessary tasks, and then returning back to the previous stage for further
processing. This process concludes when all available manufacturers, model years, iterations, and
scenarios have been analyzed.

Evaluate All
Scenarios

Evaluate All
Iterations

—> Evaluate Next Scenario
Evaluate Next Iteration

Calculate Modeling Effects

For Scenario

" Calculate Pending New Sales

Generate Modelm.g Reports Forecast & PC/LT Fleet Share for

For Scenario :

Entire Industry

Has More
Scenarios?

Has More
Iterations?

Evaluate All
Model Years

Next Model Year

First Iteration?

Initialize Sales for the New Year
Using Baseline Sales Volumes

N

Initialize Sales for the New Year
Using Sales Volumes Forecasted
by the DFS/SR Model

Has More
Model Years?

Evaluate Next

Manufacturer

l

Execute Compliance Simulation
Algortihm on a Manufacturer

Has More
Manufacturers?

END

Figure 7. Compliance Simulation

Compliance simulation begins with evaluation of all of the regulatory scenarios defined in the
scenarios input file. For each scenario, the system executes multiple iterations in order to achieve
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a stable outcome (i.e., reach convergence), given the slightly varying sales forecasts between
iterations. The first iteration is run as a reference case, relying on the sales volumes defined in the
input fleet, while all subsequent iterations use the output of a preceding iteration to determine the
inputforthe newone. The number of iterations that the modeling system considers duringanalysis
is specified as auserinput, which is available as a runtime switch within the model’s user interface.
However, testing conducted internally concluded that a stable solution may be achieved after four
iterations.

For each iteration, the system continues by examining all model years available during the study
period. In each model year, the modeling system prepares the input fleet for analysis in one of two
ways, depending on which iteration is being evaluated. For the first iteration, the system initializes
vehicle sales for the current year based on the initial sales volumes specified in the input fleet. For
all iterations after the first, the vehicle sales are initialized using the sales volumes forecasted by
the Dynamic Fleet Share and Sales Response model (or, DFS/SR model), based on the outcome
of a preceding iteration. Once the new sales forecast is updated for each vehicle, compliance
simulation proceeds to analyzing all manufacturers defined in the input fleet. For each
manufacturer, the compliance simulation algorithm (discussed below) is executed to determine a
manufacturer’s compliance state and, if necessary, apply additional technology to bring the
manufacturer into compliance. After evaluating all manufacturers for a given model year,
compliance simulation repeats the process with the next model year. Once all model years are
exhausted, the system finalizes the evaluation of the currentiteration by executing the DFS/SR
model to obtain a forecast of new vehicle sales for each year evaluated, as discussed in Section
S5.4 below. At the conclusion of the last iteration, the model completes the active scenario by
calculating modeling effects (discussed in Chapter Three below) and generating modeling reports.
This process then repeats for the next available scenario. After the system evaluates all scenarios,
the compliance simulation process concludes.

In order to ascertain the compliance state of a manufacturer during compliance simulation, the
modeling system continuously calculates the required and achieved levels attained by the
manufacturer during each model year being evaluated. The CAFE Model supports analysis of
compliance with standards defined by either the CAFE or the CO, program. Accordingly, the
manufacturer’s required and achieved levels computed by the model translate to either CAFE
standard and rating or CO, standard and rating. In order to gauge the impact of one program upon
another, the modeling system always calculates all compliance metrics simultaneously during
analysis (as applicable to each program), even in the cases when the system was configured to
evaluate compliance against only one program at a time.

In addition to calculating the required and achieved CAFE and CO, levels, the system also
calculates credits earned by a manufacturer, where positive values represent overcompliance with
a given standard, while negative values indicate a shortfall, or noncompliance. During analysis,
the model may offset negative credits earned by transferring credits from a different regulatory
class or carrying credits forward from an earlier model year. Likewise, if positive credits are
earned, they may be transferred to a differentregulatory class or carried forward to some later
model year. To allow for this, the model maintains separate accounting of credits in and credits
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out values, where each value is updated (as necessary) when a credit transaction is executed. 3
Collectively the credits earned, transferred or carried in, and transferred or carried out represent
the net credits attributed to a manufacturer.

Lastly, for credits earned under the CAFE and CO, programs, the model calculates the valuation
of those credits using the respective credit values defined in the regulatory scenario and the net
credits accumulated by the manufacturer. When evaluating compliance with the CAFE program,
the model also calculates civil penalties (or fines) incurred by a manufacturer for non-compliance
based on the fine rate defined in the regulatory scenario and the manufacturer’s net credits.36 For
the HDPUV fuel efficiency standards, however, while the system computes and reports civil
penalties for a 2b/3 regulatory class, these penalties are based on the CAFE fine rate, which are
not otherwise applicable to the HDPUYV fleet. In the case of the HDPUYV fleet, the finesare merely
computed as a proxy measure of non-compliance as well as for the purposes of gauging the cost-
effectiveness of new candidate technology application.

The calculation of all aforementioned compliance metrics (standard, rating, credits, credit value,
and fines) for both compliance programs are described in detail in the following two sections.

S5.1 CAFE Compliance Calculations

When evaluating compliance with the CAFE program, the modeling system calculates the values
for the standard (or the required CAFE value), CAFE rating (or the achieved CAFE value), credits
earned (or for noncompliance, credit shortfall), value of net credits (or the value of credits eamed
adjusted by credits transferred in/out), and civil penalties (or fines) for each manufacturer. To
determine the impact of technology application on a manufacturer’s fleet, the model repeatedly
performs all of the calculations before, during, and after each successive technology application.
Since manufacturers are required to attain compliance independently in each class of vehicles, the
standard, CAFE rating, credits, credit value, and fines are computed separately for each regulatory
class.

Before the modeling system may begin compliance calculations for a manufacturer, an updated
fuel economy target and fuel economy value (or rating) must be obtained for each vehicle model
defined within the manufacturer’s product line. The fuel economy target is calculated based on the
user-supplied functional form, as described in Section 3 above, and is applicable irrespective of
the fuel source the vehicle uses.3” The fuel economy rating, however, may be composed of one or
more values corresponding to the different fuel types the vehicle operates on (i.e., FFVs or
PHEVS). Prior to calculating the CAFE rating, the model computes a “combined” or average fuel

% Credit transfers and carry forward are discussed in greater detail in Section S5.8 below.

% For calculating the value of CAFE and CO; credits and the CAFE civil penalties, the modeling system uses net
credits accrued by themanufacturer, whenever it evaluates that manufacturer’s compliance state. However, when the
system calculates the impact and effective cost attributed to application ofa candidate technology, it instead relies

on the credits earned metric for the same credit valuation and civil penalty calculations.

3 While it is generally true thatthe fuel economy target does not depend on the fuel typethata vehicle operates on,
underthe HDPUV program, a target function that would typically be used for compliance differentiates betweenthe
functional coefficients depending on a vehicle’s fuel.
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economy value by harmonically averaging the individual components. Furthermore, as discussed
in Section S2.1, the vehicle fuel economy value provided in the input fleet excludes all form of
external credits and adjustments. When evaluating a manufacturer’s compliance, in order to
accountforthe creditsaccruedfromvehiclesthat makes use of alternative fuels, the system applies
a petroleum equivalency factor for any fuel type wherever appropriate. The calculation of the

2 13

vehicle’s “rated” and “compliance” fuel economy values is described in the next section.

In order to fully capture the incremental effect arising from technology application, the modeling
system maintains the full precision of the vehicle’s fuel economy target and rating values (i.e.,
both are kept unrounded). The unrounded values are used “as is” when evaluating the effect of
new technologies on a manufacturer’s compliance, and are only rounded when determining the
final compliance state of that manufacturer. Similarly, some of the aggregate manufacturer-Ilevel
measures may be keptunrounded for the duration of the analysis. Specifically, the achieved CAFE
value remains unrounded during technology evaluation, but is rounded later to compute the final
compliance state of a manufacturer. However, rounding is always applied to the final value of the
CAFE standard.

When the standard is calculated (as specified by Equations (28) and (29) below), if rounding is
being utilized during the final compliance calculations, the fuel economy target value is rounded
priorto use to two decimal places in mpg space (for light-duty vehicles) or gallons/100-miles space
(for HDPUV vehicles). However, since the target is computed, tracked, and reported as gpm, the
target value is transformed to the appropriate units, rounded, and then transformed back to gpm.
For the light-duty regulatory classes (DC, IC, LT), rounding is demonstrated by the following
equation:

1
Trg=
1 (20)
ROUND (EZ)
While for the HDPUV regulatory class (LT2b3), rounding of the target value is applied as:
_ ROUND(Tg * 100,3) 1)

FE = 100

Afterwards, the resultantvehicle fuel economytargets (roundedor unrounded) are used to compute
the value of the CAFE standard, with the final standard being rounded to one decimal place (for
light-duty vehicles) or three decimal places (for HDPUV vehicles). Similarly, for the achieved
CAFE value (as shown in Equations (32) and (33) further below), when rounding is considered,
the individual vehicle fuel economy ratings and the resultant CAFE value are rounded to either
one or three decimal places. The rounding of any mpg values (vehicle fuel economy, achieved
CAFE value, or CAFE standard) for compliance purposes is applied according to the following
two equations. For light-duty regulatory classes, the equation is:

mpg = ROUND(mpg, 1) (22)
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While for the HDPUV regulatory class, rounding is applied as:

100

23
ROUND (m, 3) @3)
mpg

mpg =

For the light-duty regulatory classes, the fuel economy standards are set and regulated on a mile-
per-gallon basis (mpg). Thus, with the exception of the vehicle target (which is specified as gpm),
all fuel economy related calculations are computed in mpg as well. However, for the HDPUV
regulatory class, the standards are set on a gallon per 100-mile basis. To display a comparable unit
of measure for all fuel economy related values produced in the model’s outputs, the modeling
system convertsand stores the standard and CAFE valuesfor the HDPUYV fleetas mpg. Therefore,
as shown in Equation (23) the mpg value is first converted from miles/gallon to gallons/100-miles,
rounded to three decimal places, and then converted back to miles/gallon. The resulting value
adheres to the rounding precision required when setting the standards for the HDPUV vehicleson
a gallon per 100-mile basis. However, in each case, the mpg value reported by the system will
appear as unrounded.

S5.1.1 Calculation of Vehicle’s Fuel Economy

As discussed in Section S2.1, the vehicle fuel economy value defined in the manufacturer’s input
fleet represents a “rated” value, which is specified for any fuel type the vehicle operates on. All
fuel economy improvements associated with technology application are initially applied to this
rated value. Then, when determining the compliance state of a manufacturer, the rated value is
converted to a “compliance” value by applying a petroleum equivalency factor to select fuel types.
During analysis, the modeling system uses the rated and compliance fuel economy values to
produce the associated CAFE ratings for a manufacturer — one without the use of credits and
adjustments, and the other with all credits and adjustments taken into account. At the end of the
analysis, the system outputs both sets of the fuel economy values in the modeling reports.

The fuel economy rating may be comprised of one or more subcomponents. Before it can be used
for calculating the CAFE rating, an average value must be obtained. For single-fuel vehicles (i.e.,
vehicles operating exclusively on a single source of fuel), this equates to the fuel economy rating
on the specific fuel, while for dual-fuel vehicles, the fuel economy value is computed by
harmonically averaging the individual components from the different fuel types, subject to the
“Multi-Fuel,” “FFV Share,” and “PHEV Share” settings specified in the scenario definition. For
all vehicles, the average fuel economy calculation may be generalized by the following equation:

1
FE = s FSer (24)
FT FEF‘T

Where:

FT.  the fuel type the vehicle operates on;
FSer:  the percent share of miles driven by a vehicle when operating on fuel type FT;
FEFr: the fuel economy rating of the vehicle when operating on fuel type FT; and
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FE: the average fuel economy rating of the vehicle, aggregated across all fuel types
the vehicle operates on.

In Equation (24), when evaluating dual-fuel vehicles, the “Multi-Fuel” setting specified in the
scenario definition may be configured to have the model ignore secondary fuel economy
components when calculating the average fuel economy value.38 In such a case, the system
assumes that the vehicle operates exclusively on gasoline fuel for compliance purposes only.
Additionally for dual-fuel vehicles, the fuel share value, FSgr, represents the maximum of a
vehicle’s “on-road” share of miles and a specific regulatory value applicable for compliance
purposes, as defined by the “FFV Share” and “PHEV Share” settings. Refer to Section A4 of
Appendix A for definitions of each of these scenario settings.

The value obtained from Equation (24) represents the average rated fuel economy of a vehicle. To
obtain the average fuel economy value to use for compliance purposes for the light-duty fleet, the
above equation is modified as in the following:

1
FE" = 5 FSpr (25)
FT(FEps X PEFzy)

Where:

FT:  the fuel type the vehicle operates on;

FSer:  the percent share of miles driven by a vehicle when operating on fuel type FT;

FEgrr: the fuel economy rating of the vehicle when operating on fuel type FT;

PEFgr:the petroleum equivalency factor of fuel type FT; and

FE' the average fuel economy rating of the vehicle, adjusted by the petroleum
equivalency factor and aggregated across all fuel types the vehicle operates on.

In Equation (25), the petroleum equivalency factor, PEFgr, varies dependingon the associated fuel
type and regulatory class. Generally, the PEF is appropriate for use with the light-duty vehicle
fleet, but not for the HDPUV fleet. When used with the light-duty vehicles, for gasoline and diesel
fuels, this value is notapplicable, and is thus interpreted as “1” in the equation above. For E85,
hydrogen, and CNG fuel types, the PEFgr is defined as: 1/ 0.15. For electricity fuel type, PEFg
varies depending on whether the vehicle is a BEV or a PHEV and is calculated as a “reference
scalar” multiplied by the ratio of energy densities of electricity to gasoline, as shown in the
equation below:

Scalar EDg

PEF; = ———X
E™ 1000 " ED;

(26)

¥ within the contextof themodeling system, for FFVsand PHEVs, gasoline isalways assumed to be the primary
fuel source for the vehicle, regardless of the actual on-road use.
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Where:

Scalar:the reference scalar for computing the petroleum equivalency factor of electricity,
specified in W-h/gallon, which is defined in the scenarios input file as “PEF 1”
for BEVs and “PEF 2” for PHEVS;

EDg: the energy density of electricity, specified in BTU/kWh, as defined in the
parameters input file;

EDg: the energy density of gasoline, specified in BTU/gallon, as defined in the
parameters input file; and

PEFe: the petroleum equivalency factor of electricity.

While the PEF is notapplicable to the HDPUV fleet, the HDPUYV fuel efficiency standards employ
a different methodology for representing petroleum equivalency of some alternative fuels for
compliance purposes. When computing the average fuel economy rating for compliance for the
HDPUYV vehicles, the fuel consumptionrating on electricity and hydrogen fuel types is assumed
to be 0 (zero) in gallons/100-miles space, or (when expressed as fuel economy) “infinity” in mpg
space. Hence, Equation (24) from earlier is modified as follows:

1

- FSer
Lpr { FEp, FT ZE ot H @n

Infinity, FT = E or H

FE'

Where:

FT.  the fuel type the vehicle operates on;

E: the electricity fuel type;

H: the hydrogen fuel type;

FSer: the percent share of miles driven by a vehicle when operating on fuel type FT;

FEgrr: the fuel economy rating of the vehicle when operating on fuel type FT;

FE' the average fuel economy rating of the vehicle, adjusted for compliance purposes
and aggregated across all fuel types the vehicle operates on.

Note that in Equation (27), the “infinity” fuel economy value in mpg space is interpreted by the
CAFE Model as 0 (zero) when converted into either gpm or gallons/100-mile space.

S5.1.2 Calculation of the CAFE Standard

The modeling system calculates the value of the CAFE standard using a sales-weighted harmonic
average of the fuel economy targets applicable to each vehicle model of a specific regulatory class.
This defines the manufacturer’s required fuel economy standard for regulatory class, RC, and is
represented by the following equation:

ZiEVRCSalesi

STDp- =
ke Yievp (Sales; X Trg ;)

(28)
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Where:

Vre:  avector containing all vehicle models in regulatory class RC;

Sales;: the sales volume for a vehicle model i;

Teei:  the fuel economy target (in gpm) applicable to a vehicle model i; and

STDgc:the calculated fuel economy standard attributable to a manufacturer in regulatory
class RC.

Equation (28) universally applies to an attribute-based standard (i.e., a functional form where a
different fuel economy target is computed for each vehicle based on, for example, its footprint) as
well as aflatstandard (i.e., afunctional formwhereeach vehicle model has the same fuel economy
target). However, for a flat standard, since with a common target the sales volumes of individual
vehicle models cancel out, Equation (28) is reduced to the following:

1

As stated in Section 3 above, vehicles regulated as domestic passenger automobiles are subject to
a minimum domestic car standard, as specified in the scenario definition. Thus, for the Domestic
Car class, the calculation of the standard is further refined as:

STDpc = max(Miny, g, Ming, X STDpcaypg,STDpc) (30)
Where:

MinMpg:
the minimum CAFE standard that each manufacturer must attain, specified as a
flat-standard in miles per gallon;

Ming,: the minimum CAFE standard that each manufacturer must attain, specified as a
percentage of the combined Passenger Car standard, STDpcaug;

STDPCAvg:
the average Passenger Car standard (for the DC and IC classes) calculated across
all manufacturers defined in the input fleet;

STDpc:
the fuel economy standard attributable to a manufacturer in the Domestic Car
regulatory class, before adjusting for the minimum domestic car standard; and

STD'DC:
the calculated fuel economy standard attributable to a manufacturer in the
Domestic Car regulatory class, after adjusting for the minimum domestic car
standard.

Since the minimum domestic car standard isapplicable to vehicles regulated as domestic passenger
automobiles, the Minyyg and Ming, variables are specified in the scenario definition for the
Passenger Car class only. The STDpcay Value from Equation (30) is calculated by harmonically
averaging the standards for the Domestic Car and Imported Car regulatory classes across all
manufacturers defined in the input fleet, as shown in the following equation:
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ZieM(Salesi,DC + Salesi,lc)
(Salesl- De Salesuc) (31)
ieM — + :
STD; pc STDj ¢

STDPCAvg =

Where:

M: a vector containing all manufacturers defined within the input fleet;

Sales;j pc:
the sales volume for all vehicle models regulated as domestic passenger
automobiles for a manufacturer i;

Sales; c:
the sales volume for all vehicle models regulated as imported passenger
automobiles for a manufacturer i;

STDi,DC:
the fuel economy standard attributable to a manufacturer i in the Domestic Car
regulatory class, before adjusting for the alternative minimum standard;

STD;j c:
the fuel economy standard attributable to a manufacturer i in the Imported Car
regulatory class; and

STDpcavg:
the average Passenger Car standard (for the DC and IC classes) calculated across
all manufacturers defined in the input fleet.

As described above, the values calculated by Equations (28), (29), and (30) are rounded to produce
the final standard for a manufacturer. Although not explicitly shown, the Tgg j and Tgg in the same
equations may also be rounded prior to use as was shown by Equations (20) and (21).

S5.1.3 Calculation of the CAFE Rating

Similar to the calculation of the standard, the CAFE rating is computed by taking a sales-weighted
harmonic average of the individual fuel economies attained by each vehicle model for a specific
regulatory class. The system first calculates the achieved CAFE value without any adjustments or
credits that are supplied for each manufacturer in the input fleet or the off-cycle credits accrued
through technology application. Within the context of the modeling system, and as reported in the
model outputs, this value is referred to as the “2-cycle” CAFE rating, and is calculated for each
regulatory class, RC, as:

YievgeSales;

CAFEg, =
RC ™ YievpcSales;/FE;

(32)

Where:

Vre:  avector containing all vehicle models in regulatory class RC;

Sales;: the sales volume for a vehicle model i;

FEi: the “rated” average fuel economy (in mpg) attained by a vehicle model i; as
calculated by Equation (24); and
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CAFERgc:
the calculated corporate average fuel economy (CAFE) rating (for light-duty) or
fuel efficiency rating (for HDPUV), expressed in mpg, achieved by a
manufacturer in regulatory class RC, before application of FFV credits, off-cycle
credits, or adjustments for improvements in air conditioning efficiency.

In addition to the 2-cycle CAFE rating, the modeling system also calculates the CAFE rating to
use for compliance by applying any credit or adjustment available to the manufacturer. For each
regulatory class, this calculation is defined by the following equation:

L CO2Factorg.
CAFEgc = CO2Factorg, C j
. les: ~ CrAdjpc .
LievpcSAUESi | ppve i
ZieVRcsaleSi/FE,i "
Where:
CO2Factorgc:

the CO; factor to use for converting between fuel economy and CO; values;
Vre:  avector containing all vehicle models in regulatory class RC;
Sales;: the sales volume for a vehicle model i;
FE': the “compliance” average fuel economy (in mpg) attained by a vehicle model i, as
calculated by Equation (25) or (27);
FFVCreditsgc:
the credits associated with production of flex-fuel vehicles in regulatory class RC;
CrAdec:
the netamount of credits and adjustments, specified in grams per mile of CO,, a
manufacturer is able to claim toward compliance with the CAFE standard in
regulatory class RC, subject to the applicable caps; and
CAFE'Rc:
the CAFE rating (for light-duty) or fuel efficiency rating (for HDPUV), expressed
in mpg, achieved by a manufacturer in regulatory class RC, after application of
FFV credits, off-cycle credits, or adjustments for improvements in air
conditioning efficiency.

In the above equation, CrAdjrc is further defined by the following:

. ACEffAdeC,) _<0fnycleCreditsRc,>
CrAdjgc = min CEf fCapgc OffCycleCap p¢ (34)

Where:

ACEffAdjgc:
the amount of adjustments associated with improvements in air conditioning
efficiency, specified in grams per mile of CO,, a manufacturer has accumulated
toward compliance with the CAFE standard in regulatory class RC;
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ACEffCapgc:
the maximum amount of AC efficiency adjustments, specified in grams per mile
of CO,, a manufacturer may claim toward compliance with the CAFE standard in
regulatory class RC;

OffCycleCreditsgc:
the amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer has accumulated toward compliance with the CAFE standard in
regulatory class RC;

OffCycleCapgc:
the maximum amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer may claim toward compliance with the CAFE standard in regulatory
class RC; and

CI’AdeC:
the netamount of credits and adjustments, specified in grams per mile of CO,, a
manufacturer is able to claim toward compliance with the CAFE standard in
regulatory class RC, subject to the applicable caps.

In Equations (33) and (34), the CO2Factorgc, ACEffCaprc, and OffCycleCapgc variables are
specified in the scenario definition for each regulatory class. The FFVCreditsgc, ACEffAdjrc, and
OffCycleCreditsgc variables are specified in the input fleet for each manufacturer, and for each
regulatory class.

Although notexplicitly shown, in Equations (32) and (33), the FE;and FE'; values may be rounded
as described in Equations (22) and (23) above, before they are used to calculate the associated
CAFE ratings, with the CAFE ratings also being rounded when appropriate.

S5.1.4 Calculation of the CAFE Credits, Credit Value, and Fines

Once the standard and CAFE values have been computed, the model may proceed to determine
the degree of noncompliance for a manufacturer by first calculating the CAFE credits, then using
these credits to obtain the value of these credits and the amount of CAFE civil penalties owed by
a manufacturer. Within each regulatory class, the amount of CAFE credit created3? is calculated
by taking the difference between the standard and the CAFE value attributable to a specific
regulatory class, then multiplyingthe resultby the number of vehiclesinthatclass. The calculation
of credits earned differs depending on the regulatory class being evaluated by the model. For the
light-duty regulatory classes, the calculation of CAFE credits is expressed as follows:

Creditsgc = (CAFEg — STDgc) X Salesg X 10 (35)
And for the HDPUV regulatory class, credits are computed as:

1
STDrc CAFE},

Creditspc = ( > X VMTgc X Salesgc (36)

¥ Note thatnoncompliance causes credit creation to be negative, which implies the use of previously earned CAFE
credits or the payment of civil penalties.
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Where:

SaleSRC:
the sales volume of all vehicle models attributable to a manufacturer in regulatory
class RC;

VMTrgc:
the assumed average lifetime vehicle miles traveled by typical vehicle models in
regulatory class RC (the average lifetime vehicle miles traveled may also be
referred to as the useful life value of a vehicle);

STDRC:
the standard, in mpg, attributable to a manufacturer in regulatory class RC;

CAFE'Rc:

the CAFE (or, for HDPUV, fuel efficiency) rating, in mpg, achieved by a
manufacturer in regulatory class RC; and

Creditsgc:
the calculated amount of credits earned by a manufacturer in regulatory class RC,
where for the light-duty fleet 1 credit is equal to one-tenth of a vehicle mpg and
for the HDPUV fleet 1 credit is equal to one gallon of fuel.

The credits produced by Equations (35) and (36) may be positiveor negative, where positive values
represent overcompliance with a given standard, while negative values indicate a shortfall, or
noncompliance. If a manufacturer is at a shortfall in specific regulatory class, the modeling system
may transfer available credits from a different regulatory class within the same model year, or
carry credits forward from an earlier model year within the same regulatory class. As mentioned
earlier, the modeling system keeps track of credits transferred or carried into or out of a specific
regulatory class. A combination of credits earned, transferred or carried in, and transferred or
carried out form the net credits attributed to a manufacturer, which are then used to calculate the
value of CAFE credits and civil penalties, as well as to assess the degree of noncompliance (or if
the net credits are positive, signify that the manufacturer has attained compliance).

In addition to the credits earned, as outlined by the above equation, the system also computes an
alternative representation of generated credits, which are denominated in thousands of gallons and
are defined as follows:

CreditsKGal e = | — ! PMTze o sal 37)
TEAUSRUAIRE =\ STDRe  CAFEL:)” 1,000 ~ ~HERC
Where:
Salesgc:
the sales volume of all vehicle models attributable to a manufacturer in regulatory
class RC;
VMTge:

the assumed average lifetime vehicle miles traveled by typical vehicle models in
regulatory class RC (the average lifetime vehicle miles traveled may also be
referred to as the useful life value of a vehicle);
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1,000: the conversion factor from gallons to thousands of gallons;
STDgc:
the standard attributable to a manufacturer in regulatory class RC;
CAFE'Rc:
the CAFE rating achieved by a manufacturer in regulatory class RC; and
CreditsKGalgc:
the calculated amount of credits earned by a manufacturer in regulatory class RC,
where 1 credit is equal to one thousand gallons of fuel.

As with Equations (35) and (36), the credits produced by Equation (37) may be positive or
negative. The magnitude of the credits obtained by the different equations will differ, however the
directionality will remain the same. That s, in all cases, positive values represent overcompliance,
while negative signify a shortfall. The CreditsKGalgc calculated above is later used when
calculating the effective cost of a technology application (as discussed in a section below), and are
not otherwise recorded in modeling reports. As such, the CAFE standard and rating, when used by
the equation above, remain unrounded.

Lastly, the value of the net CAFE credits accumulated by a manufacturer in each regulatory class
is calculated as shown in the following equation:

ValueCreditsg; = (Creditsge + Creditsing: — CreditsOutgc) X CreditValueg, (38)
Where:

Creditsgc:

the amount of credits earned by a manufacturer in regulatory class RC;
Creditslngc:

the amount of credits transferred or carried into regulatory class RC;
CreditsOutgc:

the amount of credits transferred or carried out of regulatory class RC;
CreditValuegc:

the valuation of CAFE credits, specified in dollars, to apply per one credit of

shortfall; and
ValueCreditSgc:

the calculated amount of CAFE civil penalties owed by a manufacturer in

regulatory class RC.

Additionally, the calculation for CAFE civil penalties, or fines, in each regulatory class is given
by the following:

Finesgc = min(Creditsg. + Creditsing. — CreditsOutg.,0) X FineRateg,  (39)

Where:

Creditsgc:
the amount of credits earned by a manufacturer in regulatory class RC;
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Creditsingc:

the amount of credits transferred or carried into regulatory class RC;
CreditsOutgrc:

the amount of credits transferred or carried out of regulatory class RC;
FineRategc:

the fine rate, specified in dollars, to apply per one credit of shortfall; and
Finesgc:

the calculated amount of CAFE civil penalties owed by a manufacturer in

regulatory class RC.

In the Equations (38) and (39) above, the CreditValuegrc and the FineRaterc variables are both
specified in the scenario definition, separately for each regulatory class and model year.

S5.2 CO2 Compliance Calculations

When the CAFE Model is configured to evaluate compliance with the CO, program, it calculates
the values for the CO, standard and rating, the CO, credits earned, as well as the value of net CO,
credits for each manufacturer. As with the CAFE compliance calculations, the model repeatedly
performs all of the CO, computations before, during, and after each successive technology
application, independently for each regulatory class. Since the CO, compliance program does not
differentiate between domestic and imported passenger automobiles, all compliance calculations
are performed on the: Passenger Car (combined DC and IC), Light Truck, and Light Truck 2b/3
regulatory classes.

During analysis, the modeling system evaluates and applies all technology improvements on a
vehicle’s fuel economy rating. The system maintains (keeps track of and updates) the fuel
economies for each vehicle model, converting them the equivalent CO;, ratings, only as required
for compliance calculations. Likewise, the model first calculates the vehicle’s fuel economy target
before converting itto an equivalent CO, target, as defined by Equation (4), described in Section
3 above. Thus, before the system may carry out the CO, compliance calculations, it obtains the
updated CO, target and CO; value (or rating) for each vehicle model in the manufacturer’s fleet.
Similar to the vehicle’s fuel economy targetand rating values, as well as the manufacturer’s CAFE
rating value, the model calculates CO, values unrounded when evaluating impact of new
technologies on compliance, only rounding to a whole gram-per-mile (or a tenth of a gram-per-
mile) when establishing the final compliance state of a manufacturer. Specifically, when rounding
is utilized, the vehicle-level CO; rating is rounding to a whole gram-per-mile prior to use, with the
resultant manufacturer-level CO, rating being rounded to whole grams as well. Likewise, the
vehicle’s CO, target may be rounded as required as well, but to a tenth of a gram-per-mile.
However, as was the case with CAFE compliance calculations, rounding is always applied to the
final value of the CO, standard.

S5.21 Calculation of Vehicle’s CO, Rating

The modeling system uses a vehicle’s fuel economy value to calculate a corresponding CO ; rating
for each fuel type the vehicle operates on. Since battery-electric and fuel-cell vehicles do not
release CO, emissions during operation, the CO, rating for these vehicles is assumed to be zero
for all model years where the CO2 Include Upstream scenario setting is not set to TRUE.
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Similarly, for PHEVs, the CO, rating when operating on electricity is assumed to be zero as well,
while the CO; rating on gasoline is computed from the associated fuel economy value. For model
years where the CO2 Include Upstream setting is TRUE, however, the CO; rating of a vehicle
when operating on electricity or hydrogen is computed by taking into account the differences
between the upstream emissions associated with electric operation and gasoline operation of a
comparable vehicle. Thus, for model years that consider upstream emissions, the vehicle’s CO,
rating when operating on electricity or hydrogen fuel types is calculated as follows:

1 EDg x 1000 x 0.534 2478
) = (7eor )

CO2Rati = ( X X ——
Hngrr FEgr EDg x 0.935 CO2Factorgc

(40)

Where:

FT.  the fuel type the vehicle operates on (for this case, either electricity or hydrogen);

RC: the regulatory class of the vehicle;

FErr: the fuel economy rating of the vehicle, specified in miles per gallon, when
operating on fuel type FT,

EDg: the energy density of gasoline, specified in BTU/gallon, as defined in the
parameters input file;

EDg: the energy density of electricity, specified in BTU/kWh, as defined in the
parameters input file;

1000: the conversion factor from kilowatt-hours (kWh) to watt-hours;

0.534: the assumed average upstream emissions rate of electricity (in grams/watt-hour),
used for regulatory purposes;

0.935: the assumed electricity transmission losses between a generation source and the
wall;

Tcoz:  the calculated vehicle CO;, target, in grams per mile;

2478: the assumed upstream CO, emissions of a gallon of gasoline, used for regulatory
purposes;

CO2Factorge:
the CO, factor to use for converting between fuel economy and CO; values; and

CO2Ratinger:
the CO;, rating of the vehicle, specified in grams per mile, when operating on fuel

type FT.

For all other fuel types, the vehicle’s CO; rating in all model years is defined by the following
equation:

CO2Contentpr

41
FEpr @

CO2Ratinggr =

Where:

FT. the fuel type the vehicle operates on;
CO2Contentgr:
the mass (in grams) of CO, released by using a gallon of fuel type FT;
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FEgrr: the fuel economy rating of the vehicle, specified in miles per gallon, when
operating on fuel type FT; and

COZRating,:T:
the CO, rating of the vehicle, specified in grams per mile, when operating on fuel

type FT.

For vehicles operating on compressed natural gas, since the model assumes the fuel economy
rating is specified as gasoline gallon equivalent, the CO2Contentgr in the equation above refers to
the mass of CO;released by usinga gallon of gasoline. Foreach applicable fuel type, the modeling
system calculates the CO2Contentgr using the inputs specified in the parameters file as:

CO2Contentyr = MDpr X CCrr x (44/15) (42)

Where:

FT.  the fuel type the vehicle operates on;

MD¢gr: the mass density of a fuel type FT, specified in grams per gallon in the parameters
input file;

CCer: the percentage of each fuel type’s mass that represents carbon, specified in the
parameters input file;

(44/12): the ratio of the molecular weight of carbon dioxide to that of elemental carbon;
and

CO2Contentgs:
the mass (in grams) of CO; released by using a gallon of fuel type FT.

Similar to a vehicle’s fuel economy value, the CO; rating as calculated in Equations (40) and (41)
may be comprised of one or more subcomponents corresponding to each fuel type the vehicle uses
(specifically for FFVs and PHEVs). Before it can be used for calculating a manufacturer’s CO,
rating, a combined or average CO, rating for each vehicle must be obtained. For single-fuel
vehicles, this equates to the CO, rating on the specific fuel, while for dual-fuel vehicles, the
combined CO, value is computed by averaging the individual components from the different fuel
types. For all vehicles, the average CO, calculation may be generalized by the following equation:

CO2Rating = Z(FSFT X CO2Ratingpr) 43)
FT

Where:

FT. the fuel type the vehicle operates on;
FSer:  the percent share of miles driven by a vehicle when operating on fuel type FT;
CO2Ratinger:
the CO, rating of the vehicle when operating on fuel type FT; and
CO2Rating:
the average CO, rating of the vehicle, aggregated across all fuel types the vehicle
operates on.
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As with the calculation of the average fuel economy rating (defined in Equation (24) above), the
average CO; rating for dual-fuel vehicles depends on the “Multi-Fuel,” “FFV Share,” and “PHEV
Share” settings specified in the scenario definition. Using these settings, the model may be
optionally configured to assume that dual-fuel vehicles (FFVs and PHEVs) operate exclusively on
gasoline fuel for compliance purposes, and to also tune the assumed fuel share, FSgr, to use when
calculating the average CO, rating.

While the CAFE compliance program makes provisions for including the petroleum e quivalency
factorwhen computingthe fueleconomy ratingto use for compliance purposes(see Section S5.1.1
above), the CO, program does not include such adjustments. Therefore, the CO, rating produced
by Equation (43) may be used directly when calculating a manufacturer’s sales-weighted average
CO; rating.

S5.2.2 Calculation of the CO, Standard

The CAFE Model calculates the value of the CO, standard using a sales-weighted average of the
CO, targets applicable to each vehicle model of a specific regulatory class. However, the
calculation of the CO, standard varies depending on the EPA Multiplier Mode used by the
manufacturer, as specified in the market data input file. Thus, the manufacturer’s required CO;
standard for regulatory class, RC, is represented by the following equation:

Yievp (EPASales; X Teoz;)
ZiEVRC EPASalesi

CO2STDpe = (44)

Where:

Vre:  avector containing all vehicle models in regulatory class RC;
EPASales;:
the EPA adjusted sales volume for a vehicle model i;
Tcozi: the CO, target (in grams per mile) applicable to a vehicle model i; and
CO2STDkgc:
the calculated CO, standard attributable to a manufacturer in regulatory class RC.

In equation (44) above, EPASales; is calculated according to the EPA Multiplier Mode specified
for a vehicle’s manufacturer, and represents either a vehicle’s actual sales volume, or the sales
volume adjusted by the production multiplier. When calculating the CO, standard, EPASales for a
given vehicle, veh, is computed according to the following:

EPAMultiplierg. X Sales,en, EPAMode = 2 or 3

EPASalesyep, = { Sales,en, EPAMode =0 or 1

(45)

Where:
SalesSyen:

the sales volume for a vehicle model veh;
RC: the regulatory class of a vehicle model veh;
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EPAMultipliergc:
a production multiplier used to scale the sales volumes of CNGs, PHEVS, BEVs,
and FCVs;

EPAMode:
an EPA multiplier mode defining the applicability of EPA production multipliers;
and

EPASalesSyen:
the EPA adjusted sales volume for a vehicle model veh.

The EPAMultipliergc variable in the above equation is specified in the scenario definition for each
regulatory class. As described in Section 3, EPAMultipliergc corresponds to the “EPA Multiplier
1” or “EPA Multiplier 2” variable, where the former applies to the production multipliers of CNGs
and PHEVs, while the latter includes BEVsand FCVs. The EPAMode (as defined in the input fleet
foreach manufacturer) isthen used to determine which of the CO, compliance metricsare adjusted
by the production multipliers, as outlined in the following table.

Table 19. EPA Multiplier Modes

EPAMode | Applies to
0 Disabled (do not consider production multipliers)
1 CO2 Rating Calculation
2 CO2 Standard and CO2 Rating Calculation
3 CO2 Standard, CO2 Rating,and CO2 Credits Calculation

Equation (44) universally applies to an attribute-based standard (i.e., a functional form where a
different CO, target is computed for each vehicle based on, for example, its footprint) as well as a
flat standard (i.e., a functional form where each vehicle model has the same CO, target). However,
for a flat standard, since with a common target the sales volumes of individual vehicle models
cancel out, Equation (44) is reduced to the following:

COZSTDRC == TCOZ (46)

Since under the CO, compliance program, all passenger automobiles are regulated under a single
class, the calculation of the CO, standard is not subject to a minimum domestic car standard.
Lastly, the values calculated by Equations (44) and (46) are rounded to awhole number to produce
the final CO, standard for a manufacturer, as discussed above. Although not explicitly shown, the
Tcozi and Tcop in the same equations may also be rounded prior to use.

S$5.2.3 Calculation of the CO; Rating

Similar to the calculation of the standard, the CAFE Model calculates the manufacturer’s CO,
rating by taking a sales-weighted average of the individual CO; ratings attained by each vehicle
model foraspecific regulatory class. As with the CO, standard, calculation of the CO;ratingvaries
depending on the EPA Multiplier Mode. During calculation, the modeling system additionally
applies any credit or adjustment available to the manufacturer. Hence, the calculation for a
manufacturer’s CO; rating for each regulatory class is defined by the following equation:
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2ievg (EPASales; x CO2Rating;)

2Rati = — CrAdj 47
CO2Ratinggc Sev. EPASales; CrAdjgc (47)
Where:
Vre:  avector containing all vehicle models in regulatory class RC;
EPASales;:
the EPA adjusted sales volume for a vehicle model i;
CO2Rating;:

the average CO; rating (in grams per mile) attained by a vehicle model i, as
calculated by Equation (43);

CrAdjgc:
the netamount of credits and adjustments, specified in grams per mile of CO,, a
manufacturer is able to claim toward compliance with the CO, standard in
regulatory class RC, subject to the applicable caps; and

CO2Ratinggc:
the CO; rating achieved by a manufacturer in regulatory class RC, taking into
consideration the application of EPA multipliers, off-cycle credits, and
adjustments for improvements in air conditioning efficiency and leakage.

As with the calculation of the CO2 standard, EPASales; from Equation (47) is calculated based on
the EPA Multiplier Mode. However, as specified in Table 19 above, different EPAModes are
applicable when calculating a manufacturer’s rating then its standard. When calculating the CO,
rating, EPASales for a given vehicle, veh, is computed as follows:

EPAMultiplierg; X Sales,e, EPAMode # 0

= 48
EPASalesven { Sales,.n, EPAMode = 0 (48)

Where:

SaleSyen:
the sales volume for a vehicle model veh:

RC: the regulatory class of a vehicle model veh;
EPAMultipliergc:

a production multiplier used to scale the sales volumes of CNGs, PHEVs, BEVs,
and FCVs;

EPAMode:
a mode defining the applicability of EPA production multipliers; and

EPASalesSyen:
the EPA adjusted sales volume for a vehicle model veh.
In Equation (47) above, CrAdjgc is further defined by the following:

Coadi — .(ACEffAdec,> .(ACLeakageAdec,) .(OfnycleC”d"“RC') (49)
rAdjgc = min ACEffCapg, ACLeakageCapg Of fCycleCapgc
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Where:

ACEﬁAdeC
the amount of adjustments associated with improvements in air conditioning
efficiency, specified in grams per mile of CO,, a manufacturer has accumulated
toward compliance with the CO, standard in regulatory class RC;

ACEffCapgc:
the maximum amount of AC efficiency adjustments, specified in grams per mile
of CO,, a manufacturer may claim toward compliance with the CO, standard in
regulatory class RC;

ACLeakageAdjgc:
the amount of adjustments associated with improvements in air conditioning
leakage, specified in grams per mile of CO,, a manufacturer has accumulated
toward compliance with the CO; standard in regulatory class RC;

AClLeakageCaprc:
the maximum amount of AC leakage adjustments, specified in grams per mile of
CO,, a manufacturer may claim toward compliance with the CO, standard in
regulatory class RC;

OffCycleCreditsgc:
the amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer has accumulated toward compliance with the CO, standard in
regulatory class RC;

OffCycleCapgc:
the maximum amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer may claim toward compliance with the CO, standard in regulatory
class RC; and

CrAdjgc:
the netamount of credits and adjustments, specified in grams per mile of CO,, a
manufacturer is able to claim toward compliance with the CO, standard in
regulatory class RC, subject to the applicable caps.

In Equations (47) and (49), EPAMultipliergc, ACEffCapgrc, ACLeakageCaprc, and OffCycleCapgrc
variables are specified in the scenario definition for each regulatory class. At the same time, the
ACEffAdjrc, ACLeakageAdjrc, and OffCycleCreditsgc variables are specified in the input fleet for
each manufacturer, in each regulatory class.

Although not explicitly shown, in Equation (47), the CO2Rating; value may be rounded to a whole
number before it is used to calculate the manufacturer’s CO2Ratingrc, with the CO, rating also
being rounded when appropriate.

S5.24  Calculation of the CO. Credits and Credit Value
Using the CO, standard and rating values computed in the preceding sections, the CAFE Model

calculates the amount of CO, credits earned by a manufacturer. The CO, credits may then be used
to determine the degree of noncompliance for a manufacturer. Within each regulatory class, the
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amount of CO; credit created? is calculated by taking the difference between the standard and the
CO,, rating attributable to a specific regulatory class, then multiplying the result by the number of
vehiclesand the assumed lifetime VMT in that class. For each regulatory class, RC, the calculation
of CO; credits is expressed as follows:

(CO2STD g, — CO2Ratingpe) X VMT,
CO2Creditspe = Re 500 000‘9 Re RC « EPASales (50)

Where:

EPASalesgc:
the EPA adjusted sales volume of all vehicle models attributable to a
manufacturer in regulatory class RC;
VMTge:
the assumed average lifetime vehicle miles traveled by typical vehicle models in
regulatory class RC (the average lifetime vehicle miles traveled may also be
referred to as the useful life value of a vehicle);
CO2STDkc:
the CO; standard attributable to a manufacturer in regulatory class RC;
CO2Ratinggc:
the CO;, rating achieved by a manufacturer in regulatory class RC; and
1,000,000:
the conversion factor from grams to metric tons;

CO2Creditsgc:
the calculated amount of CO; credits earned by a manufacturer in regulatory class
RC, where 1 credit is equal to one metric ton.

In Equation (50), EPASalesgc is calculated based on the EPA Multiplier Mode, similar to the way
the CO2 standard and rating values were computed in prior sections. When calculating the CO,
credits, however, EPASalesgc are accumulated from individual vehicle models, using either a
vehicle’s unadjusted sales volume, or the sales volume adjusted by the production multiplier.
Hence, for each regulatory class, RC, the calculation is given by:

_ EPAMultipliergc X Sales;, EPAMode = 3
EPASalesgc = Z { Sales;, EPAMode # 3 (51)

iEVRC
Where:

Vre:  avector containing all vehicle models in regulatory class RC;
Salesyen:
the sales volume for a vehicle model i;

“0 Note thatnoncompliance causes credit creation to be negative, which implies the use of previously eamned CO;
credits.
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EPAMultipliergc:
a production multiplier used to scale the sales volumes of CNGs, PHEVs, BEVS,
and FCVs;

EPAMode:
an EPA multiplier mode defining the applicability of EPA production multipliers;
and

EPASalesgc:
the EPA adjusted sales volume of all vehicle models attributable to a
manufacturer in regulatory class RC;

The credits produced by Equation (50) above may be positive or negative, where positive values
represent overcompliance with a given standard, while negative values indicate a shortfall, or
noncompliance. If a manufacturer is at a shortfall in specific regulatory class, the modeling system
may transfer available credits from a different regulatory class within the same model year, or
carry credits forward from an earlier model year within the same regulatory class. As mentioned
earlier, the modeling system keeps track of credits transferred or carried into or out of a specific
regulatory class. A combination of credits earned, transferred or carried in, and transferred or
carried out form the net credits attributed to a manufacturer, which are used to assess the degree
of noncompliance (or if the net credits are positive, signify that the manufacturer has attained
compliance). Even though the CO, compliance program does not allow the use of civil penalties
to offset shortfalls, but instead mandates that all manufacturers must attain compliance, the
modeling system may still produce results where some manufacturers are shown as noncompliant.
This situation is more likely to arise under particularly stringent regulatory scenarios, if a
manufacturer runs out of available technologies for application prior to reaching compliance.

In addition to the CO, credits earned, the modeling system also calculates the value of the net
credits accumulated by a manufacturer as shown in the following equation:

ValueCO2Creditsgc = (CO2Creditsgc + CO2Creditsing: — CO2CreditsOutgc) (52)
X CO2CreditValueg,

Where:

CO2Creditsgc:

the amount of CO, credits earned by a manufacturer in regulatory class RC;
CO2CreditsIngc:

the amount of CO; credits transferred or carried into regulatory class RC;
CO2CreditsOutgc:

the amount of CO;, credits transferred or carried out of regulatory class RC;
CO2CreditValuegc:

the valuation of CO; credits, specified in dollars, to apply per one credit of

shortfall; and
ValueCO2Creditsgc:

the calculated value of CO,, credits attributable to a manufacturer in regulatory

class RC.
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In the equation above, the CO2CreditValuegc is specified in the scenario definition, separately for
each regulatory class and model year. The ValueCO2Creditsgc, as calculated for a manufacturer
in each regulatory class, is later used when computing the effective costofatechnology application
whenever the CAFE Model is configured to evaluate compliance with the CO, program.

S5.3 Compliance Simulation Algorithm

As the modeling system evaluates a manufacturer for compliance, the compliance simulation
algorithm begins the process of applying technologies based on the CAFE or CO, standards
applicable during the current model year. This involves repeatedly evaluating the degree of
noncompliance, identifying and selecting the “best next” technology (described in the following
section) fromasetof available technologies forapplication. Figure 8 (below) providesan overview
of this process.

The algorithm first evaluates all technologies defined within the modeling system. For any
technology that resulted in a valid solution (that is, may be applicable to at least one vehicle
model), the algorithm selects best next option for application. For any technology solution
determined to be cost-effective (as defined below), the modeling system applies the selected
technology to the affected vehicles, regardless of whether the manufacturer is in compliance . After
exhausting all cost-effective solutions, the algorithm reevaluates the manufacturer’s degree of
noncompliance and applies available credits (CAFE, CO,, or both, depending on the compliance
programs being evaluated), which were generated during preceding model years and which are
due to expire during the analysis year4l. After applying expiring credits, if a manufacturer has not
attained compliance, the algorithm proceeds to evaluate and apply non-cost-effective (aka,
ineffective) technologies on an as-needed basis. If a manufacturer is assumed to be unwilling to
pay fines, the algorithm finds and applies additional technology solutions until compliance is
achieved, reevaluating the manufacturer’s degree of noncompliance after every successive
technology application. Conversely, if a manufacturer is assumed to prefer to pay fines, the
algorithm stops applying additional technology to this manufacturer’s product line once no more
cost-effective solutions are encountered. In either case, once all viable technology solutions have
been exhausted, if a manufacturer still has not reached compliance, the algorithm uses the
remainder of available credits, before generating fines for noncompliance.

In the case of the CAFE compliance program, “fines” refer to the CAFE civil penalties. However,
since the CO, compliance program does not allow fine payment, the algorithm assumes that every
manufacturer is unwilling to pay fines and continues to apply technology until compliance is
achieved or the manufacturer exhausts all technologies during the analysis year.

L Within the contextof the CAFE Model, analysis year refers to the model year currently being evaluated by the
modeling system.
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Figure 8. Compliance Simulation Algorithm

Determination of “Best Next” Technology Solution
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Atthe root of the compliance simulation algorithm is the way the modeling system determines the
best next technology solution and the way it calculates the effective cost of that solution. These
topics are addressed in the following two sections.

As discussed in preceding sections, the modeling system concurrently evaluates all available
technologies for application. As such, when selecting the “best next” technology solution, the
algorithm simultaneously considers all technologies, regardless of their ordering within pathways.
If the phase-in limit for a specific technology has been reached during some model year, the
algorithm halts application of that technology for that year. If the phase-in limit has not been
reached, the algorithm determines whether or not the technology remains applicable to any sets of
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vehicles, evaluatesthe effectivecostof applyingthe technology to each such set, and identifies the
application that would yield the lowest effective cost.

As shown in Figure 9 below, the algorithm repeats this process for each technology, and then
selects the technology application resulting in the lowest effective cost. As discussed above, the
algorithm operates subject to expectations of each manufacturer’s preference to pay fines within
the model year being evaluated. However, the effective cost is calculated, as described in the
following section, irrespective of the fine payment settings.

Begin j

Evaluate Next Technology
from All Available Technologies

Evaluate Potential Applications
of Pending Technology on all
Vehicles for a Manufacturer Components for a Manufacturer

| {

Evaluate Next Vehicle Evaluate Next Component €

Is Pending
Technology
Vehicle-Level?

Evaluate Potential Applications
of Pending Technology on all

Calculate Effective Cost

Calculate Impact of Pending
Technology on Each Affected
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> New FE,

> Change in Weight,

> Tech Cost,

> Change in Tax Credits,

> Value of Fuel Saved

. L\ Estimate New Compli val
[Calculate Effective Cost j<::> fs lgnaheR emél ompliance Values
V or tac eg-Class

for a Manufacturer:

Can Pending Tech
be Appliedon a
Component?

Can Pending Tech
be Appliedon a
Vehicle?

Find All Vehicles Where
Pending Tech Can be Applied

> CAFE Standard and Rating

A .
L > Eﬁii Ereduts and Credit Value <:j>[ Calculate Effective Cost j
> ines

> CO2 Standard and Rating
> CO2 Credits and Credit Value
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More Vehicles?

Calculate Change in Compliance

Credits or Compliance Value
(subject to effective-cost mode;
across all reg-classes)

Manufacturer Has
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Select Best Solution for Calculate Effective Cost for
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(i.e., yielding lowest eff-cost) Combination
Select Best Solution for
\L Pending Technology
(i.e., yielding lowest eff-cost)

More
Technologies
Available?

Select Best Solution from
All Evaluated Technologies

More
Technologies
Available?

Figure 9. Determination of “Best Next” Technology Solution
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Note, in the diagram above, a “component” is any platform, engine, or transmission produced by
a manufacturer, where application of a candidate technology is evaluated during that component’s
redesign or refresh cycle. Any vehicle models that use the same component, and for which a
candidate technology is available for application in the same analysis step as the component itself,
will also be evaluated during technology application.

S5.3.2 Calculation of Effective Cost

Whenever the compliance simulation algorithm evaluates the potential application of candidate
technologies, it considers the effective cost of applying those technologies on a subset (or group)
of vehicles selected by the algorithm, and chooses the option thatyields the lowest effective cost. 42
The effective cost, however, is only used for evaluating the relative attractiveness of different
technology applications, and not for actual cost accounting. This calculation can span multiple
model years, if the algorithm selects a candidate technology that was left unused on a vehicle
duringits last redesign or refresh cycle. Forexample, if the technology was enabled for application
in apreviousyearand wasnotused, then itcan remain asa candidate to be applied and then carried
forward to the current model year.

The current version of the CAFE Model uses the “Cost/Credit” methodology for computing the
effective cost of new technology application, as outlined by the equations that follow:

TechCostrorqr — TaxCreditsrorq — FuelSavingsrorq; — AFines

EffCost = (53)

AComplianceCredits
Where:

TechCostrotar:
the total cost of a candidate technology evaluated on a group of selected vehicles;
TaxCreditStotal:
the cumulative value of additional vehicle and battery tax credits (or, Federal
Incentives) resulting from application of a candidate technology evaluated on a
group of selected vehicles;
FuelSavingsStotar:
the value of the reduction in fuel consumption (or, fuel savings) resulting from
application of a candidate technology evaluated on a group of selected vehicles;
AFines:
the change in manufacturer’s fines in the analysis year if the CAFE compliance
program is being evaluated, or zero if evaluating compliance with CO standards;
AComplianceCredits:
the change in manufacturer’s compliance credits in the analysis year, which
depending on the compliance program being evaluated, corresponds to the change

“2 Such groups can spanregulatory classes. Forexample, if the algorithm is evaluating a potential upgrade to a given
engine, thatengine mightbe used by a station wagon, which is regulated asa passenger car, and a minivan, which is
regulated asa light truck. Ifthe manufacturer’s passenger car fleet complies with the corresponding standard, the
algorithm accounts for the fact thatupgrading this engine will incur costs and realize fuel savings for both of these
vehicle models, but will only yield a change in compliance for the light truck fleet.
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in CAFE credits (denominated in thousands of gallons) or the change in CO,
credits (denominated in metric tons); and

EffCost:
the calculated effective cost attributed to application of a candidate technology
evaluated on a group of selected vehicles.

In the above equation, the technology cost, tax credits, and fuel savings may span multiple vehicle
models if the algorithm choses, e.g., to apply an engine-level technology to multiple vehicles that
share the same engine. Additionally, as stated above, if a candidate technology thatwas left unused
fromavehicle’s last redesign orrefresh is selected forapplication, the technology cost, tax credits,
and the fuel savings values will include multiple model years ranging from the vehicle model’s
last redesign or refresh year to the analysis year being evaluated. Furthermore, when multiple
vehicles are selected for evaluation, with the varying redesign and refresh schedules, the range of
model years may differ for each vehicle model. For example, consider that the modeling system is
evaluating a manufacturer’s compliance during MY 2025. The algorithm proceeds to select an
engine-level technology for application on an engine that is being redesigned in MY 2020.43 Any
vehicle model that uses the same engine and is redesigned or refreshed between MYs 2020 and
2025 (inclusive) may be selected for application by the algorithm, starting with the respective
vehicle’s last redesign or refresh year (whichever is greater).4

Hence, for all selected vehicle models, coveringa given range of model years, the total cost of
technology application, TechCostrqa, is calculated as shown in the following equation:

MY
TechCostryrgr = z z (TechCostiJ- X Salesi,j) (54)
ieEV \ j=BaseMY
Where:
V: a vector containing a subset of vehicle models selected by the compliance

simulation algorithm from a manufacturer’s entire product line, on which to
evaluate the potential application of a candidate technology;
BaseMY:
the first model year of the potential application of a candidate technology, which
represents the latest redesign or refresh year of vehicle model i occurring on or
before the model year being analyzed for compliance;
MY: the model year being analyzed for compliance, corresponding to the last model
year for which to evaluate the potential application of a candidate technology;
Sales;:
the sales volume of a vehicle model i during model year j;

3 As shown in Table 9 above, allengine-level technologies are initially applicable duringa vehicle’s redesign year.

“ As discussed in Section S4.4, engine-level technologies are applicable to a vehicle during that vehicle’s redesign
or refresh year.
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TechCost;;:
the net cost attributed to a candidate technology selected for application on a
vehicle model i during model year j, as defined by Equations (8) through (11) in
Section S4.7 above; and

TechCostrotar:
the total cost of a candidate technology aggregated for a subset of selected vehicle
models.

The amount of additional vehicle and battery tax credits, TaxCreditStota, from Equation (54), is
computed using two individual tax credit (or, Federal Incentive) components that are attributed to
the sale of new vehicle models that feature a hybrid/electric technology. Within the CAFE Model,
tax credits are computed for all SHEV, PHEV, BEV, and FCV technologies, all of which are also
defined in Table 11 above. For the purposes of the effective cost calculation, the tax credits are
considered from the perspective of amanufacturer, rather than avehicle buyer. Assuch, the vehicle
tax credit component represents a portion of consumer tax incentives that an auto manufacturer
would receive during the sale of a particular vehicle model. Meanwhile, the battery tax credit
component represents a portion of battery tax incentives passed through from a battery supplier to
an automobile manufacturer as a consequence of selling the same vehicle. In both cases, the
additional vehicle and battery tax credits are calculated by taking the difference between the
respective components attributed to each vehicle immediately before and after application of the
candidate technology, then aggregating across all vehicle models as follows:

TaxCreditStotq

MY , .,
(TaxCredltl-J - TaxCredlti‘j) x(1- TaxScalei,j) X Sales;

Z (55)
T\ j=imomy <+(BatCrediti_j — BatCrediti‘j) X (1 — BatScalei,j) X Salesi,j>

Where:

V, BaseMY, MY:
variables as defined in Equation (54) above;

Sales;;:
the sales volume of a vehicle model i during model year j;

TaxCredit; j:
the amount of vehicle tax credits attributed to a vehicle model i during model year
J, before application of a candidate technology;

TaxCredit' j:
the amount of vehicle tax credits attributed to a vehicle model i during model year
J, after application of a candidate technology;

1-TaxScale; ;:
the amount by which to scale the vehicle tax credits attributed to a vehicle model i
during model year j, where the tax scale is defined from a consumer’s perspective,
while the inverse of the scale (i.e., 1-scale) is defined from a manufacturer’s
perspective;
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BatCrediti,j:
the amount of battery tax credits attributed to a vehicle model i during model year
J, before application of a candidate technology;

BatCredit'; j:
the amount of battery tax credits attributed to a vehicle model i during model year
J, after application of a candidate technology; and

1-BatScale;j:
the amount by which to scale the battery tax credits attributed to a vehicle model i
during model year j, where the tax scale is defined from a consumer’s perspective,
while the inverse of the scale (i.e., 1-scale) is defined from a manufacturer’s
perspective;

TaxCreditStotar:
the cumulative value of additional vehicle and battery tax credits resulting from
application of a candidate technology evaluated on a group of selected vehicle
models.

In Equation (55), the amounts of vehicle tax credits (TaxCredit;j and TaxCredit';;) and battery tax
credits (BatCredit; ; and BatCredit'; ;) are defined in the scenario definition for each model year,
based on a specific hybrid/electric technology being utilized on each vehicle model. As described
in Appendix A.4 below, the scenario definition provides different tax credit assumptions as
applicable to each type of hybrid/electric vehicle. Furthermore, the modeling system may be
optionally configured to consider these tax credit provisions for individual model years by setting
the Apply Tax Credits (for the vehicle tax credit component) and Apply Battery Tax Credits (for
the battery tax credit component) settings to TRUE in each of the scenario definitions. If either of
these settings are disabled (left blank or set to FALSE), the CAFE Model will not consider the
associated tax credit component during the effective cost calculation.® If, however, both of these
settings are disabled, the result of the calculation for TaxCreditsto from Equation (55) will be
zero.

When calculating the vehicle tax credit components (TaxCredit;; and TaxCredit'; j), the modeling
system also accounts for the MSRP cap, which limits the eligibility of vehicles that qualify for the
consumer tax incentive. If the MSRP of a specific vehicle during a given model year is above the
predetermined cap, that vehicle will be considered ineligible to receive the tax incentive, with the
system computing the associated vehicle tax credit value as zero.#6 When calculating the effective
cost of a candidate technology for a subset of vehicle models, the MSRP cap will be evaluated on
each vehicle prior to and immediately following the application of the given technology, taking
into account any differencesin costs resulting from that technology. Consequently, it is possible
that, by incurring additional costs and raising its MSRP above the accompanying cap, a given

> For example, if Apply Tax Credits is set to FALSE fora given scenario andmodel year, the system will assume
that theadditional vehicle tax creditsare zerofor the purposes of effective cost calculation in the affected scenario
and model year combination.

% Currently, the CAFE Modelappliesa MSRP cap of $80k for SUVs, vans, pickups, and HDPUVs, and a cap of
$55k for passenger automobiles starting in MY 2023.
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vehicle model may lose the consumer tax incentive that was ascribed to that vehicle prior to
application of a specific candidate technology.4’

The value for the fuel savings, FuelSavingstoa, in Equation (54), is calculated by taking the
difference between the fuel cost attributed to each vehicle model immediately before and after
application of the candidate technology, aggregated across all vehicle models as follows:48

MY
FuelSavingsrorq = Z Z ((FuelCostl-,j — FuelCost{’j) X Salesi,]-) (56)

ieV \j=BaseMY
Where:

V, BaseMY, MY:
variables as defined in Equation (54) above;

Sales;;:
the sales volume of a vehicle model i during model year j;

FuelCost; ;:
the “fuel cost” for a vehicle model i during model year j, before application of a
candidate technology;

FuelCost'; :
the “fuel cost” for a vehicle model i during model year j, after application of a
candidate technology; and

FuelSavingStotal:
the value of the reduction in fuel consumption (or fuel savings) resulting from
application of a candidate technology aggregated for a subset of selected vehicle
models.

In Equation (56), the FuelCost; j and FuelCost';j values refer to an assumed cost a typical vehicle
purchaser expects to spend on refueling a new vehicle model over a specific number of years,
which is defined from the manufacturer’s perspective in the input fleet as the “payback period.” In
each case, the fuel cost is given by the following equation:

PB
VMT, ha X FSvehFT X PT'iC@FTMy
FuelCost - Z z veh, ' : o7
uellostyenmy - ( 0< (1 — GAPgpy) x FEyenrr 0
a=

" Note thatthe candidate technology in this case does notnecessarily need to be one of the hybrid/electric vehicle
technologies. Forexample, considera pickup that startsas a BEV with a MSRP of $79.9k. If the CAFE Model is
evaluating a body-level technology (e.g., AERO20) that has an additional cost of $200, application of that
technology will result in the vehicle’s new MSRP becoming $80.1k. This places the vehicle abovethe $80k cap for
pickups, and results in the vehicle losing its consumer tax incentive.

8 This is not necessarily the actual valueof the fuel savings, but rather the increase in vehicle price a manufacturer
is assumed to expect to be able to impose without losing sales.
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Where:

veh: the vehicle for which to calculate the fuel cost;

MY: the model year being evaluated for compliance;

FT.  the fuel type the vehicle operates on (refer to Table 1 above for fuel types
supported by the model);

PB: a‘“payback period,” or number of years in the future the consumer is assumed to
take into account when considering fuel savings;

VMT e a
the average number of miles driven in a year by a vehicle at a given age a;
PriCGFTYMY:
the price of the specific fuel type in model year MY;
GAPEr:
the relative difference between on-road and laboratory fuel economy for a specific
fuel type;
I:Sveh,FT:
the percent share of miles driven by a vehicle when operating on fuel type FT;
FEen,Fr:

the fuel economy rating of the vehicle when operating on fuel type FT, excluding

any credits, adjustments, and the petroleum equivalency factors; and
FuelCostyen my:

the fuel cost attributed to a vehicle during model year MY.

As discussed in Section A.3 of Appendix A, VMTen a, Priceer vy, and GAPgr are all specified in
the parameters input file, while the value for PB is specified in the market data input file (see
Section A.1.1 in Appendix A). For electricity, hydrogen, and CNG fuel types, the price of fuel is
specified in either $/kWh or $/scf, as appropriate. For use with the equation above, however, the
prices of these fuel types are converted to gasoline gallon equivalent (GGE) by multiplying the
input price value by the ratio of the energy densities between gasoline and that of the affected fuel

type.

Since the CO, program does not allow the use of civil penalties in order to offset a manufacturer’s
compliance shortfall, the AFines component in Equation (53) above is only applicable when
evaluating compliance with the CAFE program. When the CAFE Model is configured to evaluate
CO, compliance, the AFines value is interpreted as zero by the system. However, in the case of
the CAFE program, or when the modeling system is configured to seek compliance with both
programs simultaneously, this value represents the change in CAFE civil penalties (or fines),
aggregated for each affected regulatory class, corresponding to the subset of vehicles selected by
the compliance simulation algorithm. The calculation for this change in fines isdefined as follows:

AFines = z (FineSRC,MY - Finesllec,my) (58)
RCev

Where:

V, MY:variables as defined in Equation (54) above;
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RC: the regulatory class obtained from a subset of vehicle models selected for
evaluation;

FinesRC,j:
the fines owed by a manufacturer in regulatory class RC during model year MY,
before application of a candidate technology;

Fines'rc j:
the fines owed by a manufacturer in regulatory class RC during model year MY,
after application of a candidate technology; and

AFines:
the change in manufacturer’s fines during model year MY, resulting from
application of a candidate technology on a subset of selected vehicles.

In the above equation, the fines owed (before and after application of technologies) are calculated
as defined by Equation (39) in Section S5.1.4.

The last component of the effective cost calculation, AComplianceCredits, varies depending on
the compliance program being evaluated by the modeling system. When the system is configured
to evaluate compliance with the CAFE program or CAFE and CO; programs simultaneously, this
value represents the change in CAFE credits, denominated in thousands of gallons, aggregated for
each affected regulatory class, corresponding to the subset of vehicles selected by the compliance
simulation algorithm. This calculation is then defined by the following:

ACreditsKGal = z (CreditsKGal;QC,My - CreditsKGalRC’My) (59)
RCEV

Where:

V, MY:variables as defined in Equation (54) above;

RC: the regulatory class obtained from a subset of vehicle models selected for
evaluation;

CrEditSKGalRC’MY:
the credits earned by a manufacturer in regulatory class RC during model year
MY, before application of a candidate technology;

CreditsKGal'rc my:
the credits earned by a manufacturer in regulatory class RC during model year
MY, after application of a candidate technology; and

ACreditsKGal:
the change in manufacturer’s credits earned during model year MY, resulting from
application of a candidate technology on a subset of selected vehicles.

In the above equation, credits earned (before and after application of technologies) are calculated
as defined by Equation (37) in Section S5.1.4.

When the model is evaluating the CO, compliance program (by itself), AComplianceCredits from

Equation (53) specifies the change in the CO, credits, aggregated for each affected regulatory
class, and is calculated as follows:
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ACO2Credits = Z (co2Creditspc yy — CO2Creditsgemy) (60)
RCeV

Where:

V, MY:variables as defined in Equation (54) above;
RC: the regulatory class obtained from a subset of vehicles selected for evaluation;
COZCreditSRC,MY:
the CO; credits earned by a manufacturer in regulatory class RC during model
year MY, before application of a candidate technology;
CO2Credits'rc, my:
the CO; credits earned by a manufacturer in regulatory class RC during model
year MY, after application of a candidate technology; and
ACO2Credits:
the change in manufacturer’s CO, credits earned during model year MY, resulting
from application of a candidate technology on a subset of selected vehicles.

In the above equation, the CO, credits earned (before and after application of technologies) are
calculated as defined by Equation (50) in Section S5.2.4.

S5.4 Cost of Compliance

Upon completing compliance simulation for a given manufacturer, the CAFE Model computes a
number of compliance-related cost metrics for each vehicle model produced by the manufacturer,
as well as the aggregate costs for the manufacturer as a whole. The various compliance costs are
calculated based on each vehicle’s accrued technology cost (resulting from application of
additional technology), the manufacturer’s civil penalties (resulting from non-compliance), and
any credits and adjustments claimed by the manufacturer toward compliance (subject to the
maximum cap defined by the compliance program being evaluated). For each vehicle, the system
calculates and reports the “final” technology cost, which is comprised of the cost of credits and
adjustmentsadded to the technology costaccrued by the vehicle,and the estimated price increases,
which also includes manufacturer’s civil penalties (if applicable). For the manufacturer’s cost of
compliance, the system accumulates the individual vehicle-level costs (by regulatory class),
however, the vehicles’ accrued technology costs and the manufacturer’s costs of claimed credits
and adjustments are kept separate when aggregated.

For each vehicle model produced and sold by a manufacturer, the final vehicle-level technology
cost is computed as shown in the following equation:
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TechCost',.;, = TechCost,,.,

_ ACEffAdec,> . (ACEffAdecmnMy,)
(m ( _ : x ACEffCost
ACES f Capgc ACES fCaprcaminmy J1Costae
+ [ mi (ACLeakageAdeC,> . (ACLeakageAdec,MmMy,)
min ACLeakageCapg min ACLeakageCapgc pinmy (61)
X ACLeakageCost z
+ i (OfnycleCreditsRC,>_ . (OfnycleCreditsRC,Ml-nMy,)
Of fCycleCapg, Of f CycleCap reminmy
X Of fCycelCost »
Where:
RC: the regulatory class of a vehicle model veh;
MinMY:
the minimum (or first) model year evaluated during the study period;
TechCosten:

the technology cost accumulated by a vehicle model veh from application of
additional technology, as described in Section S4.7 above;

ACEﬁAdeC
the amount of adjustments associated with improvements in air conditioning
efficiency, specified in grams per mile of CO,, a manufacturer has accumulated
toward compliance with either the CAFE or CO, standard in regulatory class RC;

ACEffCapgc:
the maximum amount of AC efficiency adjustments, specified in grams per mile
of CO,, a manufacturer may claim toward compliance with either the CAFE or
CO; standard in regulatory class RC;

ACEffAdjrc, minmy:
the amount of adjustments associated with improvements in air conditioning
efficiency, specified in grams per mile of CO,, a manufacturer has accumulated
toward compliance with either the CAFE or CO, standard in regulatory class RC,
during the first model year (MinMY) evaluated during the study period;

ACEffCaprc,minmy:
the maximum amount of AC efficiency adjustments, specified in grams per mile
of CO,, a manufacturer may claim toward compliance with either the CAFE or
CO; standard in regulatory class RC, during the first model year (MinMY)
evaluated during the study period;

ACEﬁCOStRC:
the estimated cost of each AC efficiency adjustment, specified in $/grams per
mile of COy;

ACLeakageAdjrc:
the amount of adjustments associated with improvements in air conditioning
leakage, specified in grams per mile of CO,, a manufacturer has accumulated
toward compliance with the CO; standard in regulatory class RC;
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ACLeakageCapgc:
the maximum amount of AC leakage adjustments, specified in grams per mile of
CO,, a manufacturer may claim toward compliance with the CO, standard in
regulatory class RC;

ACLeakaQEAdeC’MinMY:
the amount of adjustments associated with improvements in air conditioning
leakage, specified in grams per mile of CO,, a manufacturer has accumulated
toward compliance with the CO, standard in regulatory class RC, during the first
model year (MinMY) evaluated during the study period;

ACLeakageCaprc minmy:
the maximum amount of AC leakage adjustments, specified in grams per mile of
CO,, a manufacturer may claim toward compliance with the CO, standard in
regulatory class RC, during the first model year (MinMY) evaluated during the
study period;

AClLeakageCostrc:
the estimated cost of each AC leakage adjustment, specified in $/grams per mile
of CO,;

OffCycleCreditsgc:
the amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer has accumulated toward compliance with either the CAFE or CO,
standard in regulatory class RC;

OffCycleCaprc:
the maximum amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer may claim toward compliance with either the CAFE or CO,
standard in regulatory class RC;

OffCycleCreditsgc, minmy:
the amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer has accumulated toward compliance with either the CAFE or CO,
standard in regulatory class RC, during the first model year (MinMY) evaluated
during the study period;

OffCycleCapgre, minmy:
the maximum amount of off-cycle credits, specified in grams per mile of CO,, a
manufacturer may claim toward compliance with either the CAFE or CO,
standard in regulatory class RC, during the first model year (MinMY) evaluated
during the study period;

OffCycleCostrc:
the estimated cost of each off-cycle credit, specified in $/grams per mile of CO;;
and

TechCost'yen:
the final technology cost attributed to a vehicle model veh from application of
additional technology and manufacturer’s credits and adjustments.

Inthe equation above, the various “cap” and “cost” variables are specifiedin the scenario definition
for each regulatory class, while the AC adjustment and off-cycle credit variables are specified in
the input fleet for each manufacturer, in each regulatory class. Since the manufacturers may not
claim AC leakage adjustments when complying with the CAFE standards, the associated terms for
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AC leakage are ignored during calculation of final vehicle technology cost when the system is
configured to evaluate the CAFE compliance program by itself. When the modeling system is
configured to simultaneously evaluate both compliance programs (CAFE and CO,), the AC and
off-cycle caps are applicable based on whichever is the maximum between the two.

As stated earlier, when computing and reporting the final technology cost for each manufacturer,
the system separates the costs of technology application from those attributed to credits and
adjustments. Thus, the manufacturer’s technology cost is computed as simply the sales-weighted
sum of individual vehicle technology costs, aggregated for each regulatory class, as follows:

TeChCOStmfr,Rc = Z (Salesi X TeChCOSti) (62)

i€EVRe
Where:

Vre:  avector containing all vehicle models in regulatory class RC;
Sales;: the sales volume for a vehicle model i;
TechCost;:
the technology cost accumulated by a vehicle model i from application of
additional technology, as described in Section S4.7 above; and
TechCosStmr re:
the final technology cost attributed to a manufacturer mfr from application of
additional technology, in regulatory class RC.

Meanwhile, the cost attributed to each credit or adjustment is simply based on the amount that was
used by the manufacturer for compliance (subject to the cap), and is calculated for each regulatory
class as in the following three equations:

ACEffAdjgc,

ACEffCapRC> X ACEffCostgc (63)

ACEffCostyfrre = Salesge X min (

ACLeakageAdjg,

ACLeakageCapRC) X ACLeakageCostgp, (64)

ACLeakageCostypy prc = Salesge X min (

Of fCycleCreditsg,

65
O FCycleCapny )xOfnycleCostRC (65)

Of fCycleCostpfr gc = Salesge X min(

Where:

RC: theregulatory class for which the manufacturer-level credit/adjustment costs are
being computed;

Salesgc:
the sales volume of all vehicle models attributable to a manufacturer in regulatory
class RC;

ACEffAdjrc -through- OffCycleCostrc:
variables as defined in Equation (61) above;
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ACEffCostrc:
the cost attributed to a manufacturer mfr, in regulatory class RC, due to AC
efficiency adjustments;

AClLeakageCostrc:
the cost attributed to a manufacturer mfr, in regulatory class RC, due to AC
leakage adjustments; and

OffCycleCostrc:
the cost attributed to a manufacturer mfr, in regulatory class RC, due to off-cycle
credits.

Once again, since AC leakage adjustments are not applicable for the CAFE compliance program,
Equation (64) is ignored and evaluates to zero for CAFE.

S5.41 Regulatory Costs

Once the final vehicle technology costs are determined, the system proceeds to calculate the
estimated price increases for each vehicle model. The individual vehicle’s price increases are then
aggregated foreach manufacturer, per eachregulatory class, signifyingthat manufacturer’s overall
cost of compliance, or its regulatory cost. Since fine payment is not allowed under the CO,
program, when the modeling system is configured to comply with CO, standards, the price
increases attributed to individual vehicles are simply defined as the technology costs accumulated
on those vehicles. When evaluating compliance with the CAFE program (or, CAFE and CO,
concurrently), however, the system apportions the total fines owed by a manufacturer (combined
from all regulatory classes within a specific fleet) to each individual vehicle model, based on the
relative fuel economy shortfall attributed to each affected vehicle with respect to a manufacturer’s
standard. The system performs thisallocationof fines separately for the light-duty and the HDPUV
fleets. In the case of the light-duty fleet, the cumulative fines owed from the Domestic Car, the
Imported Car, and the Light Truck regulatory classes are distributed over the entire fleet. For the
HDPUV fleet, the fines accrued by the Light Truck 2b/3 regulatory class are spread across the
HDPUV vehicles. This is represented by the series of equations that follow.

First, the system computes the sales weighted pseudo-fine associated with each vehicle model, for
any vehicle where its fuel economy rating is lower than the manufacturer’s standard, as follows:

PseudoFine,e, = max(0, (STDgc — FE),,,) X FineRateg) (66)

Where:

RC: the regulatory class of a vehicle model veh;
STDgc:the standard attributable to a manufacturer in regulatory class RC;
FE'en: the average fuel economy rating of the vehicle, adjusted by the petroleum
equivalency factor, as defined by Equation (25) above;
FineRategc:
the fine rate, specified in dollars, to apply per one credit of shortfall; and
PseudoFineyen:
the resulting pseudo-fine for a vehicle model veh.
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Afterwards, the associated pseudo-fine value for the manufacturer is aggregated from that of the
individual vehicles, as:

PseudoFiney, ¢, = Z(PseudoFinei X Sales;) (67)

ieV
Where:

V: a vector containing all vehicle models produced by a manufacturer;
Sales;: the sales volume for a vehicle model i;
PseudoFine;:
the pseudo-fine for a vehicle model i; and
PseudoFinens:
the resulting pseudo-fine for a manufacturer mfr.

From here, the model proceeds to compute the regulatory costs, or prices increases, for individual
vehicle models, as specified by the following equation:

, ) Finesyfrc
RegCosty,ep = TechCost',ep + PseudoFine,q, X PseudoFine, e (68)
Where:

C: the category of a vehicle model veh, for which to compute the regulatory costs,
which is taken from one of the following: the aggregate light-duty fleet or the
HDPUV fleet;

FineSmsr.c:
the amount of CAFE civil penalties owed by a manufacturer mfr, in a given
category C;

PseudoFinems c:
the pseudo-fine attributed to a manufacturer mfr, for a given category C;
PseudoFineen:
the pseudo-fine attributed to a vehicle model veh;
TechCost'yen:
the technology cost accumulated by a vehicle model veh from application of
additional technology and manufacturer’s credits and adjustments; and
RegCostyen:
the resulting regulatory cost, or price increase, for a vehicle model veh.

In the equation above, note that TechCost'\e, and RegCost,e, are both calculated and specified for
a single vehicle unit (i.e., not cumulative total across all vehicle sales).

Lastly, the manufacturer’s cost of compliance, in each regulatory class, is computed by summing
across regulatory costs of individual vehicles, as follows:
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RegCostmprac= ) (RegCost; x Sales;) (69)

i€Vgrc
Where:

Vre:  avector containing all vehicle models in regulatory class RC;

Sales;: the sales volume for a vehicle model i;

RegCost;:
the regulatory cost, or price increase, for a vehicle model i; and

RegCoStmfr re:
the resulting regulatory cost, or cost of compliance, for a manufacturer mfr, in
regulatory class RC.

S5.5 Federal Incentives for Hybrid/Electric Vehicles

In addition to calculating the cost of compliance for each vehicle model and the manufacturer as a
whole, the CAFE Model also computes the vehicle and battery tax credits (or, Federal Incentives)
that are attributed to the use of the hybrid/electric technology on a vehicle. The system computes
these incentives for any model that entered the analysis as a hybrid/electric vehicle (i.e., from the
input fleet), or was converted to one by the compliance simulation algorithm. As with the
compliance costs, the tax credits are first estimated at the vehicle level, then aggregated to the
overall manufacturer.

As was described for the effective cost calculation in Section S5.3.2, the tax credit calculations are
broken down into two components: (1) vehicle tax credits that represent consumer tax incentives
associated with the purchase of a new vehicle, and (2) battery tax credits that are assumed to be
passed through from a battery supplier to an automobile manufacturer. However, while for the
effective cost calculation the tax credits are computed from the manufacturer’s perspective,
elsewhere in the CAFE Model they are calculated and reported from the consumer’s perspective.
Therefore, the vehicle tax credit component is the portion of tax incentives claimed by a consumer
for purchasing a hybrid/electric vehicle, while the battery tax credit component is the portion of
battery tax incentives that are assumed to be additionally passed through to a vehicle buyer from
a manufacturer. As noted previously, these tax credits are computed within the system for all
vehicles that utilize any of the SHEV, PHEV, BEV, or FCV technologies. 9

The inclusion and amounts of tax credits that may be attributed to a vehicle in a given model year
are controlled by the appropriate settings in the scenario definition (refer to Appendix A.4 for more
details). When the Apply Tax Credits (for the vehicle tax credit component) and Apply Battery Tax
Credits (for the battery tax credit component) settings are set to TRUE, the CAFE Model would
compute the accompanying tax incentive values for each affected vehicle model. In each case, the
system would use a tax credit input that is relevant for the hybrid/electric technology that is being

* However, the actual vehicle and battery tax credit amounts, their applicability during specific modelyears, as well
asthe proportions of credits claimed by manufacturers versus being passed through to the consumers are all user-
defined inputs.
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used on a vehicle. Hence, the vehicle tax credits and battery tax credits for individual vehicle

models are calculated as shown in the following two equations:

TaxCredit,ey X TaxScale, MSRP,,, < MSRPE®

veh

0, MSRP,,, > MSRPS®

veh

TaxCredits,ep = {

And:
BatCredits,., = BatCredit,., X BatScale
Where:
TaxCredityen:

the amount of vehicle tax credits attributed to a vehicle model veh;
TaxScale:

(70)

(71)

the amount by which to scale the vehicle tax credits attributed to a vehicle model

veh, where the tax scale is defined from a consumer’s perspective;
BatCredityen:

the amount of battery tax credits attributed to a vehicle model veh;
BatScale:

the amount by which to scale the battery tax credits attributed to a vehicle model

veh, where the tax scale is defined from a consumer’s perspective;
MSRP\/eh

the final Manufacturer’s Suggested Retail Price for a vehicle model veh, taking
into account price increases incurred on a vehicle due to application of additional
technology;

MSRPE

veh *

the MSRP cap associated with a vehicle model veh, above which the vehicle may

no longer claim vehicle tax credits; and
TaxCreditSyen:

the resultingamount of vehicle tax credits claimed by a consumer for purchasing

a vehicle model veh;
BatCreditsyen:

the resultingamount of battery tax credits that are passed through to a consumer

that purchases a vehicle model veh.

In the equation above, note that TaxCredits,e,, BatCredits,e,, and MSRP,¢, are calculated and
specified for a single vehicle unit (i.e., not cumulative total across all vehicle sales). Additionally,

Cap
veh

when computingvehicle tax credits, TaxCredits,en, the MSRP

value appliesstartingin MY 2023

and is setto $80k for SUVs, vans, pickups, and HDPUVs, and to $55k for passenger automobiles.

From here, the vehicle and battery tax credit components are accumulated to the manufacturer, for
each regulatory class, by summing across the individual vehicle models as shown in the following

two equations:

94



DRAFT - July 2023

TaxCreditsmfr,Rc = Z (TaxCreditSi X Salesi) (72)
i€Vgrc

BatCreditSyfrrc = Z (BatCredits; x Sales;) (73)
i€VRc

Where:

Vre:  avector containing all vehicle models in regulatory class RC;

Sales;: the sales volume for a vehicle model i;

TaxCredits;:
the amount of vehicle tax credits claimed by a consumer for purchasing a vehicle
model i;

BatCredits;:
the amount of battery tax credits that are passed through to a consumer that
purchases a vehicle model i; and

TaxCreditSmir rc:
the resulting total amount of vehicle tax credits claimed by the consumers for
purchasing hybrid/electric vehicles produced by a manufacturer mfr, in regulatory
class RC;

BatCreditSmir rc:
the resulting total amount of battery tax credits that are passed through to the
consumers that purchase hybrid/electric vehicles produced by a manufacturer mfr,
in regulatory class RC.

S5.6 Hybrid/Electric “Burden” Cost

At the conclusion of each model year, the CAFE modeling system calculates several supplemental
cost values, including the “burden” cost attributed to each vehicle model as a result of applying
any hybrid/electric technology — that is, the cost borne by the manufacturer and not modeled as
being recovered from vehicle buyers. For each vehicle, the system begins by computing the costs
of: (1) the hybrid/electric component of a vehicle, (2) the vehicle and battery tax credits associated
with a purchase of a new hybrid/electric vehicle, and (3) the consumer’s willingness to pay for a
hybrid/electric vehicle. From there, the technology burden cost associated with a vehicle model
due to the presence of a hybrid/electric powertrain is computed as the difference between the cost
of an HEV technology, and the sum of the tax credits and consumer’s willingness to pay for an
HEV. Afterwards, each of the aforementioned cost values are aggregated to the manufacturer (by
regulatory class), denoting, for example, the total burden cost incurred by a given fleet for
upgrading to a hybrid/electric powertrain, in part or in full.

The costvaluesoutlined here are only applicable to vehicles thatend the simulation duringa given
year with some form of a hybrid/electric technology. Furthermore, these values represent the
incremental costs attributed to the HEV technology used on a vehicle at the end of analysis of a
specific model year, as compared to the HEV technology (if any) that was in use on the same
vehicle at the start of modeling. As such, the associated costs are computed by the system on an
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incremental basis as well. Consequently, if a vehicle model begins and ends simulation of a given
model year without a hybridized powertrain, the costs noted above, including the burden cost, will
all be zero during that year.

Since the battery cost of an HEV technology differs based on the configuration of the vehicle, and
since the intention is to isolate the added cost associated with hybridization, the system computes
the incremental cost of the hybrid/electric powertrain present on a vehicle with respect to the final
technology configuration of that vehicle during a specific model year, but substituting the initial
HEV technology as appropriate. For example, if a vehicle enters the CAFE Model with the
following technology configuration: SHEVPS;ROLL10;AERO10;MRO, but is later upgraded to:
BEV2;ROLL20;AERO20;MRO0, the incremental cost attributed to HEV technology would be the
difference between the BEV2;ROLL20;AERO20;MR0 and SHEVPS;ROLL20;AERO20;MR0
states. Likewise, if a vehicle’s initial state includes some hybrid/electric technology (e.g.,
SHEVPS) and it concludes simulation during a given year with the same HEV technology, that
vehicle will not incur any additional tax credits or consumer’s willingness to pay costs, but the
HEV technology and burden costs will be a reflection of the small difference attributed to changes
in the cost of the hybrid battery (if any).

For each vehicle model produced and sold by a manufacturer, the burden cost associated with
application of hybrid/electric technology on vehicle is calculated as follows:

AHEVCost,ep, — ATaxCreditsep )
= 74
TechBurdenyen (—ABatCreditsve,1 — AConsumerWTP,,, (74)
Where:
the change in cost associated with the hybrid/electric powertrain of a vehicle
model veh;
ATaxCreditSyen:

the change in vehicle tax credits claimed by a consumer for purchasing a vehicle
model veh with an upgraded hybrid/electric powertrain;
ABatCreditsen:
the change in battery tax credits that are passed through to a consumer that
purchases a vehicle model veh with an upgraded hybrid/electric powertrain;
AConsumer WTP .
the change in cost that consumers are willing to pay for a vehicle model veh with
an upgraded hybrid/electric powertrain; and
ATechBurdenen:
the resulting technology burden cost associated with application of hybrid/electric
technology on a vehicle model veh.

In the equation above, the ATaxCreditSyen, ABatCreditsyen, and AConsumerWTP, are computed
as the differences between the associated cost values based on the HEV technology in use on a
vehicle at the end of the model year, and the one (if any) that was used on a vehicle prior to start
of analysis. If the vehicle initially used a conventional powertrain, the tax credits and consumer’s
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willingness to pay, after upgrading to an HEV, will consist of the full value applicable to the
technology. The inputs for each of these values are defined, per technology, in the scenarios and
the technologies input files, with the calculations of the tax credits (for a given vehicle state) being
presented by Equations (70) and (71).

The AHEVCostyy value in Equation (74) iscomputed as the difference of the base HEV technology
costs (defined in the technologies input file), plus the incremental battery cost, between the new
HEV technology used on a vehicle and the initial HEV technology that the vehicle had at the start
of the analysis. The calculation of AHEVCostyy is, hence, given by the following equation:

Veh Eng
(COStveh,NewHEV + Cost

hN HEV)
AHEVCostyep, = < ( Veh ;’,ig ew ) >+ BatteryCostyy (75)
—\Costyenmitney + COSt oy mitney
Where:
Veh i
Cos tveeh,NewI—E V-

the base cost of non-engine components attributed to the new HEV technology
found on a vehicle model veh at the end of a specific model year;

Cos fvE:ﬁg,New}E v
the base cost of engine-specific components attributed to the new HEV
technology found on a vehicle model veh at the end of a specific model year;

Cost L/ee}fl InitHEV-
the base cost of non-engine components attributed to the HEV technology that
was initially in use on a vehicle model veh at the start of analysis, or zero, if the

vehicle did not have any HEV technology present;

Cos ffen/fln itHE V"
the base cost of engine-specific components attributed to the HEV technology that
was initially in use on a vehicle model veh at the start of analysis, or zero, if the
vehicle did not have any HEV technology present;

BatteryCosten:
the incremental battery cost associated with application of a new HEV technology
on a vehicle model veh; and

AHEVCosty:
the resultant change in cost associated with the hybrid/electric powertrain of a
vehicle model veh at the end of a specific model year.

The incremental battery cost in the above equation, BatteryCoste, is calculated as demonstrated
by Equation (10) in Section S4.7.1. However, when using Equation (10) for calculation of
incremental HEV costs, the “New” technology state corresponds to the final configuration of the
vehicle, while the “Prev” technology state isa combination of the previously used HEV technology
(if applicable), but using the final non-HEV technology configuration of the same vehicle (as
demonstrated in the example above).

After the technology burden and the rest of the cost “deltas” are computed for each vehicle model,
those values are also accumulated to the manufacturer for each regulatory class. For each value,
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the calculations remain the same, regardless of the cost that is being computed. For example, the
technology burden cost from Equation (74) is aggregated to the manufacturer as in the following:

TechBurdenme’RC = Z (TechBurden; x Sales;) (76)

i€VRc
Where:

Vre:  avector containing all vehicle models in regulatory class RC;

Sales;: the sales volume for a vehicle model i;

TechBurden;:
the technology burden cost associated with application of hybrid/electric
technology on a vehicle model i; and

TechBurden pgr re:
the resulting total technology burden cost associated with the cumulative
applications of hybrid/electric technology on multiple vehicle models produced
by a manufacturer mfr, in regulatory class RC.

S5.7 Dynamic Fleet Share and Sales Response

When evaluating a manufacturer’s fleet for compliance, the CAFE Model may be configured to
rely on a user-supplied static fleet forecast, which may be based on a combination of manufacturer
compliance data, public data sources, and proprietary forecasts. In such a case, the modeling
system uses predefined sales volumes for each vehicle model available within the input fleet,
carrying forward the same volumes for each model year analyzed during the study period. During
analysis, any increases in vehicle costs, and associated fuel economy levels, resulting from
technology application will not yield changes in the volume or mix of vehicles available for sale.
As such, with the static forecast, the model assumes that there is no associated growth in vehicles’
sales volumes between model years.

As an alternative to the static forecast, users may electto utilize the Dynamic Fleet Share and Sales
Response model (or, DFS/SR model), by enabling the “Dynamic Economic Modeling” option
within the CAFE Model’s user interface. When this option is enabled, the DFS/SR model
dynamically adjusts the fleet forecast during modeling for each analysis year.>° The purpose of the
Sales Response component of the DFS/SR model is to allow the CAFE modeling system to
estimate new vehicle sales in a given future model year, by accounting for the impact of a
regulatory scenario’s stringency on new vehicle prices and associated fuel savings. Additionally,
the Dynamic Fleet Share (DFS) component may further modify the share of passenger cars and
light trucks with respect to the overall light-duty vehicle market, in view of the changes to the
vehicles’ curb weights, fuel economy ratings, and regulatory costs resulting from application of
additional technologies. Note, however, that at present the CAFE Model does not simulate fleet
share adjustments between the light-duty and the HDPUYV vehicle fleets.

%0 Referto the CAFE Model’s Software Manual (a vailable from the model’s Help menu and in Appendix C below)
for instruction on how to toggle the “Dynamic Economic Modeling” option.
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Considering that the attributed-based standards defined for the CAFE and CO, compliance
programs used within the modeling system rely upon a fixed forecast, the DFS/SR model needs to
calculate the new vehicle sales for any future model year prior to performing compliance
calculations on that year. Furthermore, as the modeling system progresses through the individual
years, multiyear planning feature integrated into the system may necessitate application of
additional technologies in one or more of the preceding years, thereby changing the achieved
CAFE and CO,ratings, as well as potentially increasingthe costof compliance duringthose years.
This, in turn, would require the recalculation of the forecast for the affected model years, in order
to accurately reflect the impact of changing vehicle costs and fuel economies on the new vehicle
sales. Thus, when the DFS/SR model is used, after completing analysis for all model years
available during the study period, the system forecasts the pending new sales volumes of all
vehicles defined within the input fleet for each model year evaluated. The model achieves this by
calculating the new total vehicles sales (via the Sales Response portion of the DFS/SR model),
computing the shares of the passenger car and light truck fleets (using the DFS component of the
model), keeping the HDPUYV fleet shares fixed, then combing these results to produce the updated
vehicle fleet. Since the system executes the DFS/SR model after evaluation of all model years, the
pending new forecast (for each year) must be fed back into the system for another pass through
the compliance simulation algorithm. In order to achieve a stable solution, multiple passes (or
iterations) are required, where at the conclusion of each iteration, the DFS/SR model recalculates
a new forecast, whichisthen available for use duringthe nextiteration. This procedure is generally
illustrated by the diagram shown in Figure 7, at the opening of Section 5, above.

Since the first model year available within the study period is considered to define the production
year of the vehicles being simulated, where the vehicle configurations and sales forecast are
predetermined, the system is typically configured to not impose application of additional fuel
improvingtechnologies duringanalysis of thatyear. Accordingly, the DFS/SR model assumes that
no action is taken for the first year of simulation, or that any such action will be inconsequential.
Therefore, the DFS/SR model only begins computing new vehicle sales starting with the model
year after the first.

The CAFE Model provides multiple options for dynamically adjusting the vehicle sales forecasts
in each future model year evaluated during the study period. However, the specifics for some of
the options may differ depending on whether the system is evaluating the baseline scenario or the
action alternatives (i.e., alternative scenarios). For the baseline scenario, the modeling system
begins by estimating a “nominal forecast,” from where it proceeds to compute the passenger car
and light truck shares. When evaluating the action alternatives, the system uses the nominal
forecast (obtained duringthe estimation of the baseline) to compute relativechanges in new vehicle
sales, based on the relative variances in costs and fuel economies projected for the different
scenarios. Afterwards, the carand truck shares are estimated by either usingthe same methodology
as in the baseline, or by adjusting the alternative scenario fleet shares with reference to those
obtained in the baseline. The sections that follow describe the various available options and the
application of the DFS/SR model to the baseline scenario and the action alternatives.

S5.7.1 Nominal Forecast in the Baseline Scenario

When analyzingthe baseline scenario,the CAFE Model begins the process of adjustingthe vehicle
sales volumes by using the Sales Response portion of the DFS/SR model to establish a nominal
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forecast for each model year. The nominal sales forecast produces the same outcome for any given
year, irrespective of the standards defined by the baseline scenario (though the sales volumes are
still likely to change between model years). As such, the calculation of the sales forecast in the
baseline does not depend on the changing vehicle prices or fuel consumption improvements.

The system defines two methods for estimating the nominal forecast in the baseline scenario. The
first option is a user defined annual forecast of sales, which employs the total light-duty and
HDPUV sales volumes specified in the parameters input file for each future model year evaluated
duringthe study period. The second is a “dynamic” model, which relies on the pre-specified inputs
describing the overall size of the new vehicle fleet in preceding model years, the various
macroeconomic assumptions, as well as the user supplied model coefficients. When the dynamic
model is employed, the system separately accounts for and creates independent forecasts for the
overall light-duty and the HDPUV vehicle fleets.?1 Both Sales Response model options may be
selected within the CAFE Model’s GUI, with the accompanying inputs described in Section A.3.5
of Appendix A. By using the dynamic model, the nominal forecast, or the total new vehicle sales
for the baseline scenario, within either the light-duty or the HDPUV fleet, is calculated for each
model year as follows:

C
+£; X SalesPerHHyy_4
+£, X 3YrSumPerHHyy_4

Salesggsemy = | +B3 X In(GDPyy) X By X HHyy % 1000 77)
+B4 X In(GDPyy_1)
+L5 X Sentiment yy /
+6¢ X Sentimentyy_4
Where:
C, p1— Bz

the intercept term (constant) and a set of beta coefficients, as defined by Table 39
in Section A.3.5 of Appendix A;
SalesPerHHpy.1:
the number of new vehicle sales per household in the year immediately preceding
model year MY;
3YrSumPerHHyy.1:
the sum of new vehicle sales over the three years prior to model year MY, divided
by the number of households in the year immediately preceding model year MY;
|n(GDP|\Ay):
the natural log of the Gross Domestic Product in model year MY;

°1 The current versionof the DFS/SR model, and the CAFE Model in general, does not attempt to simulate the
interaction betweenthe light-duty and the HDPUV market segments. As such, the system avoids attributing any
impacts of newstandards from, e.g., the light-duty fleet ontothe HDPUV fleet (and vice-versa). Hence, the system
keeps the accounting of the fleets separate to avoid any unintended crosspollination between the two.
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|n(GDP|\/|Y_1):
the natural log of the Gross Domestic Product in the year immediately preceding
model year MY;
Sentimentyy:
the consumer sentiment in model year MY;
Sentimentyy.1:
the consumer sentiment in the year immediately preceding model year MY;
HHwmy: the number of U.S. households, in thousands, during model year MY;
1000: the conversion factor from thousands of households to units; and

SalesBase’MY
the resulting nominal forecast, representing the total new vehicle sales in the

baseline scenario for model year MY.

In Equation (77), the values for GDP, consumer sentiment, and the number of households, are
specified in the parameters input file. Additionally, the SalesPerHHy.; and 3YrSumPerHHwy4
values are computed as defined by the following two equations:

SaleSMy_l

SalesPerHHyy_1 = 78
e iy —1 = g % 1000 7%
And:
SaleSMy_g + SaleSMy_Z + SaleSMy_l
3YrSumPerHHyy_{ = 79
rSumPerHHyy_4 HH s x 1000 (79)
Where:
Salesyy.a:
the total new vehicle sales in the year three years prior to model year MY;
Saleswy-:
the total new vehicle sales in the year two years prior to model year MY;
Salesyy-1:
the total new vehicle sales in the year immediately preceding model year MY;
HHMy_l:

the number of U.S. households, in thousands, in the year immediately preceding
model year MY;
1000: the conversion factor from thousands of households to units; and
SalesPerHHwy.1:
the resulting number of new vehicle sales per household in the year immediately
preceding model year MY;
3YrSumPerHHwy.:
the resulting sum of new vehicle sales over the three years prior to model year
MY, divided by the number of households in the year immediately preceding
model year MY.
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In the equations above, for the new vehicle sales for the model years that are outside the study
period, the system relies on the observed total industry sales as defined in the “Historic Fleet Data”
sheet of the parameters input file (see Section A.3.7 of Appendix A). Once the modeling system
evaluates and generates the nominal forecast for the first few years, the sales volumes from the
preceding model years correspond to those that were produced by the system itself.

S5.7.2 DFS Model in the Baseline Scenario

Once the system computes the overallnew vehicle sales fora given model year, the Dynamic Fleet
Share component of the DFS/SR model is used to apportion those sales into individual passenger
carand light truck fleets. For the baseline scenario, the system providesthree options for estimating
the fleet share adjustments: (1) a user defined annual forecast of car shares for each future model
year, where a “car” denotes a vehicle that is regulated as a Passenger Car; (2) a “legacy” DFS
model, employed during previous rulemakings, which responds to the changes in vehicle fuel
economies as well as other attributes within each fleet; and (3) an “experimental” model, which
responds to the differences in fuel economies and other vehicle attributes between passenger cars
and light trucks. All options may be selected within the CAFE Model GUI, with the accompanying
inputs described in Section A.3.4 of Appendix A. However, since the CAFE Model does not
currently simulate fleet share adjustments between the HDPUV vehicles and any other vehicle
markets, the DFS model has no bearing on the HDPUV vehicle fleet.

When the legacy DFS model is used with the light-duty fleet, the CAFE Model calculates the fleet
shares based on the vehicle classification (or body style) of a vehicle (per Table 5 above), rather
than its regulatory class assignment. Thisis done to accountforthe large-scale shiftin recentyears
to crossover utility vehicles that have model variants in both the passenger car and light truck
regulatory classes. Conversely, when the experimental DFS model or the user defined annual
forecastof car sharesare used, the resultingshares are specified by regulatory class (i.e., Passenger
Car or Light Truck). Irrespective of which DFS model is used, the car and truck shares produced
by those models are then combined with the overall new light-duty sales, obtained from the Sales
Response model, to produce the final vehicle-level volumes for each year. The specifics of the
legacy and experimental DFS models, as well as the way the car and truck shares are combined
with the overall fleet are discussed in the next three sections.

S5.7.2.1 “Legacy” DFS Model

The legacy DFS model is defined by a series of difference equations that determine the relative
share of LDV and LDT1/2a fleets based on the average horsepower, curb weight, and fuel
economy associated with the specific vehicle class, the previous year’s fleet share of that class, as
well as the current and past fuel prices of gasoline. As with the Sales Response model, the DFS
portion uses values from one and two years preceding the analysis year when estimating the share
of the fleet during the model year being evaluated. For the horsepower, curb weight, and fuel
economy values occurring in the model years before the start of analysis, the DFS model uses the
observed values as defined in the “Historic Fleet Data” sheet of the parameters input file. After the
first model year is evaluated, the DFS model relies on values calculated during analysis by the
modeling system. Hence, the system begins by calculating the natural log of the new shares during
each model year, independently for each vehicle class, as specified by the following equation:
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/ Be X (1 = Brio) + Brio X ln(Sharevc,My—1)
+Brp X (1n(PriceGas,MY) = Brho X 1n(PriceGas,MY—1))
+Bup X (ln(HPVC,MY—l) — Brio X 1n(HPVC,MY—2))

In(Share )= (80)
vemy +Bew X (1n(CWVC,MY—1) — Brho X ln(CWVC,MY—Z ))
+Bupc X (1n(FEVC,MY—1) — Brio X ln(FEVC,MY—Z))
+Bowmmy X (In(0.423453) — frpo X In(0.423453))
Where:
ﬁC - ,BDummy:

set of beta coefficients, as defined by Table 20 below;

ShareVC’My.]_:
the share of the total industry fleet classified as vehicle class VC, in the year
immediately preceding model year MY;

Pricegas my:
the fuel price of gasoline fuel, in cents per gallon, in model year MY;

PriCGGas,My.]_:
the fuel price of gasoline fuel, in cents per gallon, in the year immediately
preceding model year MY;

HPvc my-1:
the average horsepower of all vehicle models belonging to vehicle class VC, in the
year immediately preceding model year MY;

HPvc my-2:
the average horsepower of all vehicle models belonging to vehicle class VC, in the
year preceding model year MY by two years;

CWve my-1:
the average curb weight of all vehicle models belonging to vehicle class VC, in
the year immediately preceding model year MY;

CWuye,my-2:
the average curb weight of all vehicle models belonging to vehicle class VC, in
the year preceding model year MY by two years;

FEvc My
the average on-road fuel economy rating of all vehicle models (excluding credits,
adjustments, and petroleum equivalency factors) belonging to vehicle class VC, in
the year immediately preceding model year MY;

FEvc My
the average on-road fuel economy rating of all vehicle models (excluding credits,
adjustments, and petroleum equivalency factors) belonging to vehicle class VC, in
the year preceding model year MY by two years;

0.423453:
a dummy coefficient; and

In(Shareyc my):
the natural log of the calculated share of the total industry fleet classified as
vehicle class VC, in model year MY.
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In the equation above, the beta coefficients, ¢ through Soummy, are provided in the following table.
The beta coefficients differ depending on the vehicle class for which the fleet share is being
calculated.

Table 20. DFS Coefficients

Coefficient | LDV Value | LDT1/2aValue
Pc 3.4468 7.8932
Lrho 0.8903 0.3482
Prp 0.1441 -0.4690
Lrw -0.4436 1.3607
Bow -0.0994 -1.5664
Supe -0.5452 0.0813

,BDummy '01174 06192

Once the initial LDV and LDT1/2a fleet shares are calculated (asa natural log), obtaining the final
shares for a specific vehicle class is simply a matter of taking the exponent of the initial value, and
normalizingthe resultat one (or 100%). This calculation is demonstrated as shown in the following
equation:

eln(Shareycuy)

Share = e
vC,.MY eln(ShareLDVMY)-|- eln(ShaT'eLDT1/2a,MY)

Where:

In(Shareyc my):
the natural log of the calculated share of the total industry fleet classified as
vehicle class VC, in model year MY;

In(ShareLDV,My):
the natural log of the calculated share of the total industry fleet classified as light-
duty passenger vehicles (LDV), in model year MY;

In(Share_pri/2a,mv):
the natural log of the calculated share of the total industry fleet classified as class

1/2a light-duty truck (LDT1/2a), in model year MY; and

ShareVC,My:
the calculated share of the total industry fleet classified as vehicle class VC, in
model year MY.

S5.7.2.2 “Experimental” DFS Model

The experimental DFS model was introduced with a previous version of the CAFE Model to
provide an alternative way of estimating carand truck shares. Aswith the legacy fleetshare model,
the experimental model predicts the new car and trucks shares; however, doing so by regulatory
class cohorts instead of vehicle classes. The experimental DFS model is defined by the differences
in fuel economies, horsepower values, and curb weights between passenger cars and light trucks,
as well as annual measures such as the price of gasoline and average household income. However,
all of the coefficients are defined in the parameters input file, and any of them may be disabled
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(zeroed-out) by the user in order to ignore the associated variable during estimation. Section A.3.4
of Appendix A further describes the coefficients available to the experimental DFS model.

The experimental fleet share model begins by calculating the natural log of the new share for the
passenger car fleet during each model year, as specified by the following equation:

C
+FE X (FEPC,MY - FELT,MY)
+Price X Pricegqs my

. RDPIyy
X
+inc USPopulation,y
HP, HP,
+HPWT X PC MY _ LT MY
In(Sharepc yy) = CWpc ay /1000 CWyz 11y/ 1000 (82)

+HP X (HPPC,MY - HPLT,MY)
CWhpe my _ CWLT,MY)
1000 1000
+Rec X {0, MY #= 2009 and 2010
1, MY = 2009 or 2010
+Trend X (MY — TrendStart + 1)

+WTx<

Where:

C, FE, Price, Inc, HPWT, HP, WT, Rec:
set of coefficients used with the experimental DFS model, as defined in Section
A.3.4 of Appendix A;
FEpc My, FELT mv:
the average fuel economy rating of all vehicle models classified as Passenger Car
(PC subscript) or Light Truck (LT subscript) in model year MY (excluding
credits, adjustments, and petroleum equivalency factors);
HPpc my, HPLT My:
the average horsepower of all vehicle models classified as Passenger Car or Light
Truck in model year MY;
CWhpc,my, CWLT my:
the average curb weight of all vehicle models classified as Passenger Car or Light
Truck in model year MY;
PriCGGaS’MY:
the fuel price of gasoline fuel in model year MY;
RDPlwy:
the real disposable personal income, in billions of dollars, associated with model
year MY (specified on the “Economic Values” tab of the parameters input file);
USPopulationyy:
the U.S. population, in millions, associated with model year MY (specified on the
“Economic Values” tab of the parameters input file);
Trend: the annual trend to use for augmenting the share of the passenger car fleet;
TrendStart:
the model year to begin applying the annual trend coefficient; and
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In(Sharepc my):
the natural log of the calculated share of the total industry fleet classified as
Passenger Car, in model year MY.

From here, the result obtained in Equation (82) is exponentiated to produce the new share for the
passenger car fleet in each model year as follows:

In(Sharepc
e ( PCMY) (83)

Share =
PC,MY 1 + eln(Sharepcmy)

In some cases, the value produced by Equation (83) may result in a very aggressive decline of the
passenger car share. Insuch a case, users may optionally apply a bounding function, by specifying
appropriate values onthe DFS Model Values tab in the parameters input file, in order to curtail the
reduction in the car fleet share. The bounding function is defined by the following equation:

Slope X MY + Intercept, MY > StartYear
BoundSharepcmy = { P pO MY < StartYear (84)

Where:

MY:  the model year during which the bounding share is calculated;
Slope: the slope of the bounding function;
Intercept:
the intercept of the bounding function;
StartYear:
the first model year when the bounding function applies; and
BoundSharepc my:
the calculated bounded share of the total industry fleet classified as Passenger

Car, in model year MY.

Finally, applying the result of the bounding function to the passenger car share obtained from
Equation (83) yields:

Sharepc yy = max (Sharepc yy, BoundSharepc yy) (85)

Once the final passenger car fleet share is calculated, the light truck fleet share may be obtained
by attributing the remainder of the total fleet as follows:

ShareLT'My =1- SharepC’My (86)
S5.7.2.3 Finalizing Vehicle Sales
The last step of the DFS model correlates with the last step of the overall DFS/SR model, which

involves combining the results previously obtained from the Sales Response portion with those
obtained from either of the fleet share models used for analysis. This involves scaling the sales
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volumes of each individual vehicle model present within the input fleet in order to obtain the final
vehicle sales in each future model year, as demonstrated by the following equation:

Sharec py X Salesyy

Salesyenmy = Salesyenmy-1 X @87)

Sales¢ pyy—1,
Where:

C: the classification of the vehicle, which is either a regulatory class (when using the
legacy DFS model) or a vehicle class (when using the experimental DFS model or
user defined annual forecast of car shares);

Salesveh’My_l:
the sales volume of vehicle model veh in the year immediately preceding model
year MY;

SalesC,My.l:
total industry sales of vehicles classified as class C, for the year immediately
preceding model year MY;

ShareC,MY:
the share of the total industry fleet classified as class C, in model year MY;

Salesyy:
total industry sales (aggregated across all manufacturers and vehicle models) for
model year MY, which are computed by the Sales Response model; and

Salesyen my:
the resulting sales volume of vehicle model veh in model year MY.

When the legacy DFS model is used, the Sharec myand Salesc wy.1 values in the above equation
are obtained based on the vehicle class assignment of the vehicle being evaluated. For example, if
a vehicle is classified as LDT1, the corresponding shares of the combined LDT1/2a class will be
used.

S5.7.3 Sales Response in the Action Alternatives

For all action alternatives, the modeling system begins with the nominal forecast, as computed for
the baseline scenario and described in Section S5.7.1, and further extends the calculation to
incorporate the price elasticity effect with regard to the incremental differences of regulatory costs,
tax credits, and fuel savings occurring between the baseline and the action alternative scenarios.
The outcome of this calculation produces two forecasts of the total new vehicle sales in a given
model year for the action alterative scenario being evaluated. As was the case when estimating the
nominal forecast in the baseline, the system continues to separately account for the new vehicle
sales within the light-duty and the HDPUV vehicle fleets. For the light-duty fleet, the newly
calculated forecast is further adjusted to split the total sales into resulting car and truck fleets, as
demonstrated further below.

For each model year, the total new vehicle sales, as applicable to the action alternative and the
fleet being evaluated, are computed as follows:
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Salesscenmy = Salespgse my + SaleSpase My X Eprice
x ( ARegCostpyy—ATaxCreditsyy—ABatCreditsyy—FuelSavingsyy ) (88)
PricestartMmy—-1tRegCostpgse, my—TaxCreditSggse, my—BatCreditspase,Mmy.

Where:

Salesgase mv:
the new vehicle sales in the baseline scenario for model year MY, as calculated by
Equation (77) above;

eprice.  the price elasticity multiplier (a runtime setting defined within the CAFE Model’s
GUI);

ARegCostyy:
the incremental difference of average regulatory cost, or price increase, of new
vehicle models sold during model year MY, occurring between the action
alternative and the baseline scenarios;

ATaxCredityy.
the incremental difference of average additional vehicle tax credits®2 claimed by
the consumers for purchasing new vehicle models with the upgraded
hybrid/electric powertrains sold during model year MY, occurring between the
action alternative and the baseline scenarios;

ABatCredityy:
the incremental difference of average additional battery tax credits®2 that are
passed through to the consumers for purchasing new vehicle models with the
upgraded hybrid/electric powertrains sold during model year MY, occurring
between the action alternative and the baseline scenarios;

FuelSavingswy:
the incremental fuel savings realized by new vehicle models sold during model
year MY, as a result of increasing standards in the action alternative scenario
versus the baseline scenario, based on the assumed number of miles during which
an added investment in fuel improving technology is expected to pay back;

Pricestartmy-1:
the sales-weighted average transaction price of new vehicle models sold during
the model year immediately preceding the first analysis year evaluated during the
study period;

RegCostgase,my:
the average regulatory cost of new vehicle models sold during model year MY, in
response to standards defined by the baseline scenario;

TaxCreditSgase,mv:
the average additional vehicle tax credits®2 claimed by the consumers for
purchasing new vehicle models with the upgraded hybrid/electric powertrains

sold during model year MY, in response to standards defined by the baseline
scenario;

2 Here, the term additional with respect to the vehicle and battery tax credits denotes that the tax credits are
computed based on the differences in applicable HEV technologies that are present onthe vehicles at the end of the
modelyearversus their initial states. The same terminology for additional tax credits was employed during the
calculation of HEV burden cost. Refer to Section S5.6 for more information.
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BatCI’EditSBase’MY:
the average additional battery tax credits>? that are passed through to the
consumers for purchasing new vehicle models with the upgraded hybrid/electric
powertrains sold during model year MY, in response to standards defined by the
baseline scenario; and

Salesseen,my:
the resulting total new vehicle sales for the action alternative scenario for model
year MY.

The average transaction price, Pricesiartmy-1, IS defined by vehicle style in the Historic Fleet Data
sheet of the parameters input file, using the same designation defined in Table 6. For use with the
equation above, however, the values from individual vehicle styles are weighted >3 to obtain an
industry average transaction price, based on the initial production volumes of the associated model
year, also defined on the “Historic Fleet Data” sheet. The ARegCostywy, ATaxCredityy, and
ABatCredityy are defined as a given cost value in the action alternative scenario minus that of the
baseline scenario. For example, for the average price increase of new vehicle models, this can be
represented by the following equation:

ARegCostyy = RegCoStscenmy — RegCostpgse my (89)

In the above equation, the average regulatory cost for the baseline and action alternative scenarios
is computed as a sales-weighted average of the price increases of individual vehicle models,
aggregated over the entire light-duty or HDPUV fleets, as:

ZiEVMY(RegCosti,My X Salesi,My)

(90)
Salesyy

RegCostyy =

Where:

Vmy:  avector containing all vehicle models produced for sale during model year MY;
Sales; wmy:
the sales volume for a vehicle model i, during model year MY;
RegCost; my:
the regulatory cost for a vehicle model i, during model year MY;
Salesyy:
the total volume of all vehicle models sold during model year MY; and
RegCostwy:
the resulting average regulatory cost of new vehicle models sold during model
year MY.

Similarly, the incremental fuel savings, FuelSavingswy, in Equation (88) above is calculated by
subtracting the average fuel cost per mile (CPM) of new vehicle models resulting from the
standards imposed by the action alternative from the average CPM associated with the baseline
scenario, with the difference being multiplied by the assumed number of payback miles. The

¥ Though, the average transaction prices are stillaccounted for separately for the light-duty and the HDPUV fleets.

109



DRAFT - July 2023

specifics pertaining to the calculation of fuel cost per mile are detailed in the following chapter.
Those calculations, however, are typically ascribed to individual vehicles, whereas for the
purposes of estimating the total new vehicle sales during a specific model year, an aggregate
measure of fuel economies across all vehicle models is used. Hence, the incremental fuel savings
in each model year, for use in Equation (88), are calculated as:

FuelSavingsyy = (CPMBase,MY - CPMScen,MY) x PBMiles (91)
Where:

CI:)MBase,MY:
the fuel cost per mile of new vehicle models sold during model year MY, based on
the average fuel economy attained by those vehicles in response to standards
defined by the baseline scenario;

CI:)MScen,MY:
the fuel cost per mile of new vehicle models sold during model year MY, based on
the average fuel economy attained by those vehicles in response to standards
defined by the action alternative scenario;

PMMiles:
the assumed number of miles during which an added investment in fuel improving
technology is expected to pay back (a runtime setting defined within the CAFE
Model’s GUI); and

FuelSavingswy:
the resulting incremental fuel savings realized by new vehicle models sold during
model year MY, as a result of increasing standards in the action alternative
scenario versus the baseline scenario.

S5.7.4 DFS Model in the Action Alternatives

As was the case for the baseline scenario, after the overall sales forecast has been established for
the action alternatives, the DFScomponentof the DFS/SR model isrun in order to adjustthe shares
of the light-duty car and truck fleets. The same three fleet share options applicable in the baseline
(discussed in Section S5.7.2) are available here as well. However, for the alternative scenarios,
users may additionally elect to propagate the light-duty fleet shares previously computed during
the baseline scenario, in either their “unadjusted” form or “adjusted” based on the differences in
relative vehicle value. These additional DFS model options for action alternatives are defined as
runtime settings that are selectable from the CAFE Model’s GUI. As noted before, however, the
system does not perform fleet share adjustments for the HDPUV vehicle fleet.

When propagatingunadjusted baseline shares to the action alternatives, the modeling system takes
the final light duty car and truck shares from each model year of the baseline scenario, and applies
them directly to the vehicle fleet in the alternative being evaluated. However, when the “adjusted”
option is used, the system adjusts the baseline’s passenger car shares based on the differences in
average costs, tax credits, and fuel savings that occur between the alternative and the baseline
scenarios within each fleet, as well as the differences that occur between the car and truck fleets.
This results in new passenger car shares for the action alternative. The new shares of the lighttruck

110



DRAFT - July 2023

fleet are then derived from the remainder of the overall light-duty fleet. The system performs these
adjustments based on the regulatory class assignments of vehicles. Thus, considering that the
legacy DFS model operates on vehicle classes instead, the “adjusted” fleet share propagation
option is not supported for the action alternatives whenever the legacy fleet share model is used to
estimate baseline car and truck shares.

The calculation of the new share for the passenger car fleet during each model year for the action
alternatives is defined by the following:

1

Sharepc scenmy = 1 92)

1+ €<ln <SharePCBaseMY 1)+CpricexvaluePc/LT'My)

Where:

Sharepc, gase,mv:
the share of the total industry fleet classified as Passenger Car, in model year MY,
in the baseline scenario, as defined by Equation (83) above;

Crrice: @ coefficient on the price difference between cars and trucks (a runtime setting
defined within the CAFE Model’s GUI);

Valuepc/itmy:
the difference in relative value between passenger cars and light trucks sold
during model year MY, based on the incremental difference occurring between the
action alternative and the baseline scenarios; and

Sharepc,scen,mv:
the resulting share of the total industry fleet classified as Passenger Car, in model
year MY, in the action alternative.

Therelative value component, Valuepc 1 My, in the above equationis computed from the individual
differences in average regulatory costs, tax credits, and fuel savings, each of which is defined on
an incremental basis between the alternative and the baseline scenarios. The calculation for the
relative value is quantified by the following equation:

Valuepc)ir my = (ARegCostLT’MY — ATaxCredits;r yyy — ABatCredits;r yy
- FuelSavingsLT’My)
- (ARegCostpC,My — ATaxCreditspc yyy — ABatCreditspc yy
- FuelSavingsPC,My)

(93)

Where:

ARegCOStLT,My, ARegCOStpC,MY:
the incremental difference of average regulatory cost, or price increase, of new
vehicle models sold during model year MY, occurring between the action
alternative and the baseline scenarios, specified for vehicles classified as either
Passenger Car (PC subscript) or Light Truck (LT subscript);
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ATaxCreditLT,My, ATaxCreditLT,MY:
the incremental difference of average additional vehicle tax credits>* claimed by
the consumers for purchasing new vehicle models with the upgraded
hybrid/electric powertrains sold during model year MY, occurring between the
action alternative and the baseline scenarios, specified for vehicles classified as
either Passenger Car or Light Truck;

ABatCreditLT,My, ABatCreditLT,My:
the incremental difference of average additional battery tax credits>* that are
passed through to the consumers for purchasing new vehicle models with the
upgraded hybrid/electric powertrains sold during model year MY, occurring
between the action alternative and the baseline scenarios, specified for vehicles
classified as either Passenger Car or Light Truck;

FuelSavings,t my, FuelSavings,t wy:
the incremental fuel savings realized by new vehicle models sold during model
year MY, as a result of increasing standards in the action alternative scenario
versus the baseline scenario, based on the assumed number of miles during which
an added investment in fuel improving technology is expected to pay back,
specified for vehicles classified as either Passenger Car or Light Truck;

Valuepc/i1,my:
the resulting difference in relative value between passenger cars and light trucks
sold during model year MY, based on the incremental difference occurring
between the action alternative and the baseline scenarios.

The individual components for the average regulatory costs, tax credits, and fuel savings for the
car and truck fleets are computed similarly to what was discussed for the Sales Response model in
Section S5.7.3. Though, here, they are accumulated based on the Passenger Car and Light Truck
regulatory classification of vehicles instead of being combined for the overall light-duty fleet.

Once the final passenger car fleet share is calculated, the light truck fleet share may be obtained
by attributing the remainder of the total fleet as follows:

ShareLT'My =1- SharepC’My (94)

From here, the final car and truck shares for the action alternatives, obtained by either directly
invokingone of the DFSmodel options, or usingeither of the unadjusted or adjusted baseline share
propagation options, are combined with the results of the Sales Response model to produce the
final vehicle sales volumes for each model year. This calculation for the action alternatives is
carried out in the same manner as it was for the baseline scenario, which was previously described
in Section S5.7.2.3 above.

> As was previously noted (footnote 52), here, the term additional denotes thatthe tax credits are computed based
on the differences in applicable HEV technologies between the vehicles’ final and initial states.
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S5.8 Credit Transfers and Carry Forward

During analysis, the compliance simulation algorithm may, as necessary, apply credits generated
by a manufacturer in some compliance category in order to offseta shortfall of another compliance
category. Here, a compliance category is defined as a combination of a manufacturer, model year,
and regulatory class in which credits may be earned or used. The currentversion of the CAFE
Model supports two forms credit usage:

(1) Credit carry forward: where credits earned by a manufacturer during some previous model
year are carried forward into the analysis year, within the same regulatory class, for up to
five years;

(2) Credit transfers: where credits earned by a manufacturer in one regulatory class are
transferred to another regulatory class, during the same model year, subject to a maximum
transfer cap for any given year.

Whenever the modeling system initiates a credit transfer or credit carry forward operation for a
manufacturer, that operation forms a new “credit transaction” for the affected compliance
categories. Each transaction is subsequently recorded in a model log file upon successful
completion. The modeling system performs these credit transactions regardless of whether the
system is configured to evaluate compliance with the CAFE program or the CO, program.
However, since the denomination and applicability of credits is specific to each compliance
program, the system accumulates and maintains CAFE and CO, credits independent of one
another.

The CAFE Model relies on the configuration options found in the Credit Trading Values sheet of
the parameters input file for controlling the behavior of credit carry forward and credit transfer
operations. For example, a user may elect to increase the caps for credit transfers in any of the
listed model years, allowing the modeling system to transfer additional credits into a specific
compliance category. Additionally, a user may disable one or both of the credit usage options
within the parameters file, to have the model ignore a specific form of credit usage during analysis
altogether. Although options forenabling credittrades between manufacturersand carrying credits
backward into the preceding model years are listed in the parameters file, the modeling system
currently does not support those options during analysis. Section A.3.9 of Appendix A provides
additional information on the available credit trading configuration options.

Some of the credit usage options defined in the parameters file may not be applicable when the
CAFE Model is configured to evaluate CO, standards. Specifically, since the CO, program allows
forunlimited amountof fleettransfers, the transfer capsdefined in the inputfile are ignored during
CO;, credit transfers. Likewise, since the CO; credits are denominated as metric tons and may be
carried forward and transferred without requiring any form of fuel-preserving adjustment, the
assumed lifetime VMT parameter is not considered when evaluating the CO, compliance program
as well.5

> Note, however, that theassumed lifetime VMT is still used when computingthe amountof CO; credits earned by
a manufacturer.
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Lastly, when the modeling system is evaluating compliance of the light-duty fleet with the CAFE
program, credit transfers and credit carry forward are not considered during the years that are
identified as “standard setting” (though, credit use is still permitted for the HDPUV fleet). The
Standard Setting Year field in aregulatory scenario definition specifies which years are designated
as “standard setting” years.

S5.81 Evaluation and Application of Credits

As described in Section S5.3, if a manufacturer is noncompliant after exhausting all cost-effective
technology solutions, the compliance simulation algorithm carries forward and transfers as much
expiring credits as available in order to attain compliance. If the amount of expiring credits carried
forward into the analysis year does not cover the entire shortfall of one or more regulatory classes,
the algorithm proceeds to apply additional ineffective technologies, then carries forward and
transfers the remainder of available credits. As it examines credit deficits in each compliance
category attributable to a manufacturer (i.e., regulatory class and analysis year), the algorithm
carries forward and transfers credits from other compliance categories in a specific order of
precedence. The algorithm completes each step, described in the list below, for all regulatory
classes, before moving on to the next step:

(1) The algorithm begins by carrying forward credits into the analysis year, within the same
regulatory class (e.g., LT-2017 to LT-2021), starting with oldest generated credits first;

(2) The algorithm then carries forward and transfers credits earned in a previous model year
of one regulatory class, into the analysis year of another regulatory class (e.g., DC-2017 to
LT-2021), again, starting with the oldestavailable credits first; however, since directcredit
carry forward is restricted to within the same regulatory class only, this step results in two
credit transactions, where credits are first carried forward into the analysis year for the
originating regulatory class, then transferred into the final destination class (e.g., carry
forward: DC-2017 to DC-2021, then transfer: DC-2021 to LT-2021);

(3) Lastly, if one or more of the regulatory classes has a surplus of credits during the analysis
year, while some other regulatory classes are at a deficit, the algorithm concludes with
transferring credits between regulatory classes (e.g., DC-2021 to LT-2021).

The modeling system follows the same logical evaluation of credits whether it is configured to
evaluate compliance with the CAFE standards or the CO; standards. With the CAFE compliance
program, however, fleettransfers may occur between DCand IC,DCand LT, or IC and LT classes,
while for the CO, program, fleet transfers are defined as simply between PC and LT regulatory
classes. In the case of the CAFE program, the algorithm has a predefined preference for the source
regulatory class (where credits are earned) when transferring into a destination regulatory class
(where credits are used). The model’s credit transfer preference for each class is summarized by
the following table.

Table 21. Credit Transfer Preference
Regulatory Class | Source Regulatory Class

Domestic Car Imported Car, Light Truck
Imported Car Light Truck, Domestic Car
Light Truck Imported Car, Domestic Car

Light Truck 2b/3 | N/A (fleet transfers notallowed)
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When transferring credits into the Imported Car or Light Truck regulatory class, the algorithm
considers credits originating in the Domestic Car class only after exhausting credits from the other
classes. Considering that the minimum domestic car standard cannot be met via fleet transfers
(though, credit carry forward is allowed), the algorithm prefers to bank as much credits earned by
the domestic car fleet during the analysis year, in order to be able to use those credits for carry
forward during later years. When transferring credits into the Domestic Car regulatory class, the
algorithm prefers to begin by transferring credits earned in the Imported Car fleet, then if needed,
transferringcredits fromthe Light Truck fleet. Fleet transfers under the CAFE program require the
use of anadjustmentfactor in order to preserve total gallons consumed. Since the calculated DC/IC
adjustment factor is likely to be closer to one than the DC/LT factor, the model favors using
Imported Car credits first.

The adjustment factor used by the algorithm when transferring credits between regulatory classes
under the CAFE compliance program is calculated by using the assumed lifetime VMT, the CAFE
standard, and the CAFE rating attributed to compliance categories where credits are earned and
where credits are used, according to the following equation:

VMTCUsed X CAFECEarned X STDCEarned 4> (95)

AdjFactor = ROUND
] actor < VMTCEarned X CAFECUsed X STDCUsed

Where:

Cearned: the compliance category where credits are earned;

Cused:  the compliance category where credits are used;

VMTCEarned:
the assumed average lifetime vehicle miles traveled by typical vehicle modelsin a
regulatory class corresponding to the compliance category where credits are
earned;

VMTcused:
the assumed average lifetime vehicle miles traveled by typical vehicle models in a
regulatory class corresponding to the compliance category where credits are used;

CAFECEarned:
the CAFE rating achieved by a manufacturer in a regulatory class corresponding
to the compliance category where credits are earned;

CAFECUsed:
the CAFE rating achieved by a manufacturer in a regulatory class corresponding
to the compliance category where credits are used;

STDCEamed:
the calculated fuel economy standard attributable to a manufacturer in a
regulatory class corresponding to the compliance category where credits are
earned;

STDCUsed:
the calculated fuel economy standard attributable to a manufacturer in a
regulatory class corresponding to the compliance category where credits are used;
and
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AdjFactor:
the adjustment factor to use when transferring credits between compliance
categories with different regulatory classes.

As stated above, the purpose of the adjustment factor defined by Equation (95) is to preserve total
gallons when transferring credits between compliance categories of different regulatory classes.

As described in previous sections, the modeling system keeps track of total credits carried forward
or transferred into a regulatory class and carried forward or transferred out of a regulatory class
during each model year. Each time a credit transaction is executed by the compliance simulation
algorithm, the total amount of credits carried forward or transferred out of a compliance category
(where credits were earned) will be added to an associated “credits out” variable, while credits
carried forward or transferred into a compliance category (where credits are used) will be added
to an accompanying “credits in” variable. During each credit transaction, the amount of “out”
credits will notexceed the amount of credits earned by a manufacturer; likewise, the amount of
“in” credits will not exceed the minimum of the amount of credits earned by a manufacturer in a
“source” compliance category or the amount of credits required in a “destination” compliance
category. Collectively, the credits earned, “in,” and “out” form the “net credits” which will be used
to by the algorithm to determine the degree of a manufacturer’s noncompliance in each regulatory
class, whether the net credits result in the fines owed (under the CAFE program) or the value of
CO; credits (under the CO, program).56

When carrying forward credits, the compliance simulation algorithm may equally rely upon the
credit banks defined within the input fleet as well as the credits generated as part of compliance
modeling. Thus, for earlier model years evaluated during the study period, credits carried forward
into the analysis year are likely to originate prior to the first year analyzed. Additionally, if a
manufacturer is able to achieve compliance for several consecutive model years without requiring
the use of credits, it is likely that “banked” or earned credits will remain unused and may expire.

S5.82 Credit Usage Strategy

When generating and using credits, the CAFE Model anticipates that, with each successive model
year, the standards (or the required levels) for CAFE and CO, would typically become more
stringent, while the potential for meeting these standards through technology application would
generally become more difficult. This difficulty in meeting the standards arises since, considering
the vehicle redesign and refresh schedules, manufacturers have a limited set of vehicles available
forimprovement during each model year. Using credits aggressively in earlier years, instead of
improving vehicle fuel economies, and thereby foregoing the improvements to a manufacturer’s
CAFE or CO; rating, results in higher shortfalls in all subsequent years, while simultaneously
reducing the overall amount of “banked” credits. The higher shortfalls, in turn, force a
manufacturer to apply additional technologies (to a set of vehicles being redesigned or refreshed)
in a future model year, or use even more credits, further reducingthe creditbank. Inthe later years,
the more aggressive the model is with using the credits, the more challenging compliance for a
manufacturer becomes. While multiyear modeling alleviates some of these concerns, by allowing

% Refer to Equations (39) and (52) above for calculations of CAFE fines and value of CO- credits.
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the compliance simulationalgorithm to “look back™ to a precedingyearand applyinga technology
that was left as a candidate, doing so may not always result in a cost-optimal solution. This occurs
since, once the algorithm uses credits in an earlier year, further application of technology during
the same year leads to a “loss” of credits, while the compliance state of a manufacturer remains
the same.

For this reason, the model employs a more conservative strategy of applying technology solutions
for compliance in the earlier years (when doing so is more like to decrease the shortfall of future
model years), and only using credits as necessary (when a manufacturer runs out of available
technology solutions). This credit use strategy varies slightly, depending on the compliance
program and the manufacturer the model is presently evaluating. Under the CAFE compliance
program, for manufacturers that are willing to pay civil penalties, the model would only apply
technologies if it is cost-effective to do so, and consume existing credits more aggressively.
Alternatively, for manufacturers that are unwilling to pay CAFE civil penalties, or if the CAFE
Model is evaluating compliance with the C