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Executive Summary

The Environmental Protection Agency (EPA) and the National Highway Traffic Safety
Administration (NHTSA), on behalf of the Department of Transportation, are each proposing
changes to our comprehensive Heavy-Duty National Program that would further reduce
greenhouse gas emissions (GHG) and increase fuel efficiency for on-road heavy-duty vehicles,
responding to the President’s directive on February 18, 2014, to take coordinated steps toward
the production of even cleaner vehicles. NHTSA'’s fuel consumption standards and EPA’s
carbon dioxide (CO2) emissions standards would be tailored to each of the three current
regulatory categories of heavy-duty vehicles: (1) Combination Tractors; (2) Heavy-duty Pickup
Trucks and Vans; and (3) Vocational Vehicles, as well as gasoline and diesel heavy-duty
engines. In addition, the agencies would be adding new standards for combination trailers.
EPA’s hydrofluorocarbon emissions standards that currently apply to air conditioning systems in
tractors, pickup trucks, and vans, would also be applied to vocational vehicles.

Table 1 and Table 2 present the rule-related fuel savings, costs, benefits and net benefits
in both present value terms and in annualized terms as calculated by NHTSA and EPA,
respectively. Table 3 presents the proposed rule’s fully phased-in (MY 2027) numeric standards
by vehicle (and engine) subcategory, along with the agencies’ projected per vehicle incremental
cost and incremental improvement in fuel efficiency and CO2 emissions.

For HD pickups and vans, the agencies are proposing performance-based standards under
which, as for Phase 1, the average fuel consumption and CO, emission rates required of a
manufacturer depend on the mix of vehicles produced by the manufacturer for sale in the U.S.
For each vehicle, the agencies are again proposing to define the work factor as the sum of (a)
75% of the vehicle’s maximum payload, 25% of the vehicles maximum towing capacity, and (c)
375 Ibs. if the vehicle has four-wheel drive. The agencies are further proposing that fuel
consumption and CO, emission rate targets will apply to each vehicle based on the vehicle’s
work factor and fuel type, and that the average fuel consumption and CO2 emission rates
required of the manufacturer will be defined as the production-weighted average of these targets.
The proposed fuel consumption targets are linear functions defined by the slopes and intercepts
shown below in Figure 1, Figure 2, and Table 4.
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Table 1 NHTSA’s Estimated 2018-2029 Model Year Lifetime Discounted Costs,
Benefits, and Net Benefits using Method A and Relative to the More Dynamic Baseline and Assuming the 3%
Discount Rate SCC Value?
(Billions of 2012 Dollars)

Lifetime Present Value — 3% Discount Rate

Vehicle Program -$25.2
Maintenance -$1.1
Fuel Savings $170.1
Benefits $93.8
Net Benefits $238

Annualized Value — 3% Discount Rate
Vehicle Program -$1.0
Maintenance -$0.04
Fuel Savings $6.7
Benefits $3.7
Net Benefits $9.4

Lifetime Present Value - 7% Discount Rate

Vehicle Program -$17
Maintenance -$0.6
Fuel Savings $91.7
Benefits $66.1
Net Benefits $140

Annualized Value — 7% Discount Rate
Vehicle Program -$1.2
Maintenance -$0.04
Fuel Savings $6.7
Benefits $4.8
Net Benefits $10.2

Notes:

& For an explanation of analytical Methods A and B, please see Preamble Section 1.D; for
an explanation of the less dynamic baseline, 1a, and more dynamic baseline, 1b, please see
Preamble Section X.A.1

Table 2 EPA’s Estimated 2018-2029 Model Year Lifetime Discounted Costs,
Benefits, and Net Benefits using Method B and Relative to the Less Dynamic Baseline and Assuming the 3%
Discount Rate SCC Value?
(Billions of 2012 Dollars)

Lifetime Present Value® — 3% Discount Rate
Vehicle Program -$25
Maintenance -$1.1
Fuel Savings $171
Benefits ° $97
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Net Benefits? | $242
Annualized Value® — 3% Discount Rate

Vehicle Program -$1.3
Maintenance -$0.1
Fuel Savings $8.7

Benefits $4.9
Net Benefits® $12.3

Lifetime Present Value® - 7% Discount Rate

Vehicle Program -$17
Maintenance -$0.6
Fuel Savings $90

Benefits $65

Net Benefits® $138

Annualized Value® — 7% Discount Rate
Vehicle Program -$1.3
Maintenance $0.0
Fuel Savings $7.3
Benefits ? $4.2
Net Benefits® $10.1
Notes:

2 For an explanation of analytical Methods A and B, please see Preamble Section 1.D; for an
explanation of the less dynamic baseline, 1a, and more dynamic baseline, 1b, please see
Preamble Section X.A.1

b EPA estimated the benefits associated with four different values of a one ton CO, reduction
(model average at 2.5% discount rate, 3%, and 5%; 95™ percentile at 3%), which each
increase over time. For the purposes of this overview presentation of estimated costs and
benefits, however, the benefits shown here use the marginal value deemed to be central by
the interagency working group on this topic: the model average at 3% discount rate, in 2012
dollars. Chapter 8.5 provides a complete list of values for the 4 estimates. Note that net
present value of reduced CO, emissions is calculated differently than other benefits. The
same discount rate used to discount the value of damages from future emissions (SCC at 5,
3, and 2.5 percent) is used to calculate net present value of SCC for internal consistency.
Refer to Section Chapter 8.5 for more detail.

¢ Present value is the total, aggregated amount that a series of monetized costs or benefits
that occur over time is worth now (in year 2012 dollar terms), discounting future values to
the present over the lifetime of each model year vehicle.

4 Net benefits reflect the fuel savings plus benefits minus costs.

¢ The annualized value is the constant annual value through a 30 year lifetime whose
summed present value equals the present value from which it was derived. Annualized SCC
values are calculated using the same rate as that used to determine the SCC value, while all
other costs and benefits are annualized at either 3% or 7%.
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TABLE 3 SUMMARY OF CO2 GRAMS FUEL AVERAGE AVERAGE

PER TON-MILE CONSUMPTION INCREMENTAL | PERCENT FUEL
PROPOSED 2027 (FOR ENGINES, GALLON PER COST PER CONSUMPTION
STANDARDS INCLUDING | co. GRAMS 1,000 TON-MILE | VEHICLE OR AND CO2
AVERAGE PER VEHICLE PER BRAKE (FORENGINES, | ENGINE IMPROVEMENT

HORSEPOWER- | GALLONS PER RELATIVE TO IN MY 2027
COSTS AND PROJECTED HOUR; FOR HD 100 BRAKE PHASE 1 COSTS | RELATIVE TO
IMPROVEMENTREGULATORY | PUV, GRAMS HORSEPOWER- | IN MODEL MY 2017
SUBCATEGORY PER MILE) HOUR; FOR HD YEAR 20272

PUV, GALLONS
PER 100 MILES)

Tractors
Class 7 Low Roof Day Cab 87 8.5462 $10,140 19%
Class 7 Mid Roof Day Cab 96 9.4303 $10,140 19%
Class 7 High Roof Day Cab 96 9.4303 $10,099 21%
Class 8 Low Roof Day Cab 70 6.8762 $10,204 19%
Class 8 Mid Roof Day Cab 76 7.4656 $10,204 18%
Class 8 High Roof Day Cab 76 7.4656 $10,209 20%
Class 8 Low Roof Sleeper Cab 62 6.0904 $12,744 22%
Class 8 Mid Roof Sleeper Cab 69 6.7780 $12,744 21%
Class 8 High Roof Sleeper Cab 67 6.5815 $12,842 24%
Trailers
Long Dry Box Trailer 77 7.5639 $1,409 8%
Short Dry Box Trailer 140 13.7525 $1,280 7%
Long Refrigerated Box Trailer 80 7.8585 $1,253 5%
Short Refrigerated Box Trailer 144 14.1454 $1,253 5%

Notes:

& Engine costs are included in average vehicle costs.
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Table 3 (cont.) Summary of Proposed 2027 Standards Including Average Per Vehicle Costs and Projected

Improvement

REGULATORY CO, GRAMS PER FUEL AVERAGE AVERAGE
SUBCATEGORY TON-MILE (FOR CONSUMPTION INCREMENTAL PERCENT FUEL

ENGINES, CO> GALLON PER 1,000 | COSTPER CONSUMPTION

GRAMS PER TON-MILE (FOR VEHICLE OR AND CO2

BRAKE ENGINES, ENGINE IMPROVEMENT IN

HORSEPOWER- GALLONS PER 100 | RELATIVE TO MY 2027 RELATIVE

HOUR; FOR HD BRAKE PHASE 1 COSTS IN | TO MY 2017

PUV, GRAMS PER | HORSEPOWER- MODEL YEAR

MILE) HOUR; FOR HD 20272

PUV, GALLONS
PER 100 MILES)

Vocational Diesel
LHD Urban 272 26.7191 $3,489 16%
LHD Multi-Purpose 280 27.5049 $3,490 16%
LHD Regional 292 28.6837 $1,407 16%
MHD Urban 172 16.8959 $4,696 16%
MHD Multi-Purpose 174 17.0923 $4,696 16%
MHD Regional 170 16.6994 $1,395 16%
HHD Urban 182 17.8782 $7,422 16%
HHD Multi-Purpose 183 17.9764 $7,422 16%
HHD Regional 174 17.0923 $4,682 16%
Vocational Gasoline
LHD Urban 299 33.6446 $3,086 12%
LHD Multi-Purpose 308 34.6574 $3,087 12%
LHD Regional 321 36.1202 $1,004 12%
MHD Urban 189 21.2670 $4,327 13%
MHD Multi-Purpose 191 21.4921 $4,327 13%
MHD Regional 187 21.0420 $1,026 13%
HHD Urban 196 22.0547 $7,053 12%
HHD Multi-Purpose 198 22.2797 $7,053 12%
HHD Regional 188 21.1545 $4,313 12%
Diesel Engines?
LHD Vocational 553 5.4322 $471 4%
MHD Vocational 553 5.4322 $437 4%
HHD Vocational 533 5.2358 $437 4%
MHD Tractor 466 45776 $1,698 4%
HHD Tractor 441 4.3320 $1,698 4%
Class 2b and 3 HD Pickups and Vans®
HD Pickup and Van | 458 4.8608 | $1,357 [ 18%

Notes:

2 Engine costs are included in average vehicle costs. Costs shown for diesel engines are not additive to vehicle

COsts.

b For HD pickups and vans, Table 3 shows results for MY 2029, assuming continuation of proposed MY 2027

standard.
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Figure 1 EPA Proposed CO:2 Target Standards and NHTSA Proposed Fuel Consumption Target Standards
for Diesel HD Pickups and Vans
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Figure 2 EPA Proposed CO:2 Target Standards and NHTSA Proposed Fuel Consumption Target Standards
for Gasoline HD Pickups and Vans
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Described mathematically, EPA’s and NHTSA’s proposed target standards are defined
by the following formulas:

EPA CO; Target (g/mile) =[ax WF] + b
NHTSA Fuel Consumption Target (gallons/100 miles) = [c x WF] +d
Where:
WF = Work Factor = [0.75 x (Payload Capacity + xwd)] + [0.25 x Towing Capacity]
Payload Capacity = GVWR (lb) — Curb Weight (Ib)
xwd =500 Ib if the vehicle is equipped with 4wd, otherwise equals 0 Ib.
Towing Capacity = GCWR (Ib) - GVWR (Ib)
Coefficients a, b, ¢, and d are taken from Table 1.

Table 4. Proposed Phase 2 Coefficients for HD Pickup and Van Target Standards

DIESEL VEHICLES

Model Year a b c d
2018-20202 0.0416 320 0.0004086 3.143
2021 0.0406 312 0.0003988 3.065

2022 0.0395 304 0.0003880 2.986

2023 0.0386 297 0.0003792 2.917

2024 0.0376 289 0.0003694 2.839

2025 0.0367 282 0.0003605 2.770

2026 0.0357 275 0.0003507 2.701

2027 and later 0.0348 268 0.0003418 2.633

Gasoline Vehicles

Model Year a b c d
2018-20202 0.044 339 0.0004951 3.815
2021 0.0429 331 0.0004827 3.725

2022 0.0418 322 0.0004703 3.623

2023 0.0408 314 0.0004591 3.533

2024 0.0398 306 0.0004478 3.443

2025 0.0388 299 0.0004366 3.364

2026 0.0378 291 0.0004253 3.274

2027 and later 0.0369 284 0.0004152 3.196

Note:
2 Phase 1 primary phase-in coefficients. Alternative phase-in coefficients are different in MY2018 only.
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This Draft Regulatory Impact Analysis (RIA) provides detailed supporting
documentation to EPA and NHTSA joint proposal under each of their respective statutory
authorities. Because there are slightly different requirements and flexibilities in the two
authorizing statutes, this Draft RIA provides documentation for the primary joint provisions as
well as for provisions specific to each agency.

This RIA is generally organized to provide overall background information,
methodologies, and data inputs, followed by results of the various technical and economic
analyses. A summary of each chapter of the RIA follows.

Chapter 1: Industry Characterization. In order to assess the impacts of greenhouse gas
(GHG) and fuel consumption regulations upon the affected industries, it is important to
understand the nature of the industries impacted by the regulations. The heavy-duty vehicle
industries include the manufacturers of Class 2b through Class 8 trucks, engines, trailers and
some other equipment. Of these categories, trailers are the only industry that would be newly
regulated under the proposed standards. This chapter provides market information for the trailer
industry, as well as the variety of ownership patterns, for background purposes.

Chapter 2: Technology and Cost. This chapter presents details of the vehicle and
engine technologies and technology packages for reducing greenhouse gas emissions and fuel
consumption. These technologies and technology packages represent potential ways that the
industry could meet the CO and fuel consumption stringency levels, and they provide the basis
for the technology costs and effectiveness analyses.

Chapter 3: Test Procedures. Laboratory procedures to physically test engines, vehicles,
and components are a crucial aspect of the heavy-duty vehicle GHG and fuel consumption
program. The rulemaking would establish some new test procedures for both engine and vehicle
compliance and would revise existing procedures. This chapter describes the relevant test
procedures, including methodologies for assessing engine emission performance, the effects of
aerodynamics and tire rolling resistance, as well as procedures for chassis dynamometer testing
and their associated drive cycles.

Chapter 4: Vehicle Simulation Model. An important aspect of a regulatory program is
its ability to accurately estimate the potential environmental benefits of heavy-duty truck
technologies through testing and analysis. Most large truck manufacturers employ various
computer simulation methods to estimate truck efficiency for purposes of developing and
refining their products. Each method has advantages and disadvantages. This section will focus
on the use of a type truck simulation modeling that the agencies have developed specifically for
assessing tailpipe GHG emissions and fuel consumption for purposes of this rulemaking. The
agencies are proposing to revise the existing simulation model -- the “Greenhouse gas Emissions
Model (GEM)” -- as the primary tool to certify vocational vehicles, combination tractor, and
combination trailers, Class 2b through Class 8 heavy-duty vehicles that are not heavy-duty
pickups or vans) and discuss the model in this chapter.

Chapter 5: Impacts on Emissions and Fuel Consumption. This program estimates
anticipated impacts from the CO> emission and fuel efficiency standards. The agencies quantify
fuel use and emissions from the GHGs carbon dioxide (CO2), methane (CHa4), nitrous oxide
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(N20) and hydrofluorocarbons (HFCs). In addition to reducing the emissions of greenhouse
gases and fuel consumption, this program would also influence the emissions of “criteria” air
pollutants, including carbon monoxide (CO), fine particulate matter (PM2.5) and sulfur dioxide
(SOx) and the ozone precursors hydrocarbons (VOC) and oxides of nitrogen (NOx); and several
air toxics (including benzene, 1,3-butadiene, formaldehyde, acetaldehyde, and acrolein), as
described further in Chapter 5.

The agencies used EPA’s Motor Vehicle Emission Simulator (MOVES2014) to estimate
downstream (tailpipe) emission impacts for combination tractors and vocational vehicles, and a
spreadsheet model based on emission factors the “GREET” model to estimate upstream (fuel
production and distribution) emission changes resulting from the decreased fuel. For HD
pickups and vans, the agencies used DOT’s CAFE model to estimate manufacturer responses to
the proposed standards. NHTSA used the CAFE model to estimate emission impacts, and EPA
used the CAFE model technology penetration outputs as an input to MOVES to calculate
emission impacts. Based on these analyses, the agencies estimate that this program would lead
to 183.4 million metric tons (MMT) of CO: equivalent (CO2EQ) of annual GHG reduction and
13.4 billion gallons of fuel savings in the year 2050, as discussed in more detail in Chapter 5.

Chapter 6: Health and Environmental Impacts. This chapter discusses the health effects
associated with non-GHG pollutants, specifically: particulate matter, ozone, nitrogen oxides
(NOx), sulfur oxides (SOx), carbon monoxide and air toxics. These pollutants would not be
directly regulated by the standards, but the standards would affect emissions of these pollutants
and precursors. Reductions in these pollutants are the co-benefits of the rulemaking (that is,
benefits in addition to the benefits of reduced GHGs). This chapter also discusses GHG-related
impacts, such as changes in atmospheric CO> concentrations, global mean temperature, sea level
rise, and ocean pH associated with the program’s GHG emissions reductions.

Chapter 7: Vehicle-Related Costs of the Program. In this chapter, the agencies present
our estimate of the costs associated with the proposed program. The presentation summarizes
the costs associated with new technology expected to be added to meet the GHG and fuel
consumption standards, including hardware costs to comply with the air conditioning (A/C)
leakage program. The analysis discussed in Chapter 7 provides our best estimates of incremental
costs on a per truck basis and on an annual total basis. We also present the fuel savings and
maintenance costs in this chapter, along with a detailed payback analysis for various vehicle
segments.

Chapter 8: EPA’s Economic and Other Impacts Analysis. This chapter provides EPA’s
description of the net benefits of the proposed HD National Program. To reach these
conclusions, the chapter discusses each of the following aspects of the analyses of benefits:

Rebound Effect: The VMT rebound effect refers to the fraction of fuel savings expected
to result from an increase in fuel efficiency that is offset by additional vehicle use.

Energy Security Impacts: A reduction of U.S. petroleum imports reduces both financial

and strategic risks associated with a potential disruption in supply or a spike in cost of a
particular energy source. This reduction in risk is a measure of improved U.S. energy security.
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Monetized CO> Impacts: The agencies estimate the monetized benefits of GHG
reductions by assigning a dollar value to reductions in CO2 emissions using recent estimates of
the social cost of carbon (SCC). The SCC is an estimate of the monetized damages associated
with an incremental increase in carbon emissions in a given year.

Other Impacts: There are other impacts associated with the GHG emissions and fuel
efficiency standards. Lower fuel consumption would, presumably, result in fewer gallons being
refilled and, thus, less time spent refueling. The increase in vehicle-miles driven due to a
positive rebound effect may also increase the societal costs associated with traffic congestion,
crashes, and noise. However, if drivers drive those additional rebound miles, there must be a
value to them which we estimate as the value of increased travel. The agencies also discuss the
impacts of safety standards and voluntary safety improvements on vehicle weight.

Chapter 8 also presents a summary of the total costs, total benefits, and net benefits
expected under the program.

Chapter 9: NHTSA and EPA considered the potential safety impact of technologies that
improve HD vehicle fuel efficiency and GHG emissions as part of the assessment of regulatory
alternatives. This chapter discusses the literature and research considered by the agencies, which
included two National Academies of Science reports, an analysis of safety effects of HD pickups
and vans using estimates from the DOT report on the effect of mass reduction and vehicle size
on safety, and agency-sponsored safety testing and research.

Chapter 10: NHTSA CAFE Model. This chapter describes NHTSA’s CAFE modeling
system. The agencies used DOT’s CAFE model to estimate manufacturer responses to the
proposed standards for HD pickups and vans, and NHTSA also used the CAFE model to
estimate emission impacts for this sector.

Chapter 11: Results of Preferred and Alternative Standards. The heavy-duty truck
segment is very complex. The sector consists of a diverse group of impacted parties, including
engine manufacturers, chassis manufacturers, truck manufacturers, trailer manufacturers, truck
fleet owners and the public. The agencies have largely designed this program to maximize the
environmental and fuel savings benefits, taking into account the unique and varied nature of the
regulated industries. In developing this program, we considered a number of alternatives that
could have resulted in fewer or potentially greater GHG and fuel consumption reductions than
the program we are proposing. Chapter 9 section summarizes the alternatives we considered.

Chapter 12: Small Business Flexibility Analysis. This chapter describes the agencies’
analysis of the small business impacts due to the joint program.

Chapter 13: Natural Gas Vehicles and Engines. This chapter describes EPA’s lifecycle
analysis for natural gas used by the heavy-duty truck sector.
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Chapter 1:  Industry Characterization

1.1 Introduction

The proposed fuel consumption and CO2 emissions standards described in the
preamble of this NPRM would be applicable to three currently-regulated categories of heavy-
duty vehicles: (1) Combination Tractors; (2) Heavy-duty Pickup Trucks and Vans; and (3)
Vocational Vehicles, as well as gasoline and diesel heavy-duty engines. The industry
characterization for these sectors can be found in the RIA for the HD Phase 1 rulemaking.!
With this proposed rulemaking, the agencies would be setting standards for combination
trailers for the first time. The characterization laid out in this chapter focuses solely on
trailers as this subcategory would be the only newly-regulated industry.

1.2 Trailers

A trailer is a vehicle designed to haul cargo while being pulled by another powered
motor vehicle. The most common configuration of large freight trucks consists of a Class 7 or
8 tractor hauling one or more trailers. Vehicles in these configurations are called
“combination tractor-trailers” or simply “tractor-trailers”. A trailer may be constructed to rest
upon the tractor that tows it, or be constructed so part of its weight rests on an auxiliary front
axle called a “converter dolly” between two or more trailers. Trailers are attached to tractors
by a coupling pin (or king pin) on the front of the trailer and a horseshoe-shaped coupling
device called a fifth wheel on the rear of the towing vehicle or on the converter dolly. A
tractor can also pull international shipping or domestic containers mounted on open-frame
chassis, which when driven together on the road function as trailers.

The Truck Trailer Manufacturers Association, an industry trade group primarily for
manufacturers of Class 7 and 8 truck trailers, offers publications of recommended practices,
technical bulletins and manuals that cover many aspects of trailer manufacture, and serves as
a liaison between the industry and government agencies.? To date, federal regulations for the
trailer industry are limited to those issued by the Department of Transportation (See 49 CFR).
These regulations govern trailer dimensions and weight, as well as trailer safety requirements
(e.g., lights, reflective materials, bumpers, etc.). In addition, DOT requires that each trailer,
like other on-road vehicles, must have a Vehicle Identification Number (VIN)3. The VIN is
displayed on a label that is permanently-affixed to the trailer. It is required to contain the
manufacturer identification, make and type of vehicle, model year, type of trailer, body type,
length, and axle configuration. Trailer manufactures are responsible for reporting each
trailer’s VIN information to NHTSA prior to the sale of the trailer.

1.2.1 Trailer Types

Class 7 and 8 tractors haul a diverse range of trailer types. The most common trailer
type is the box trailer, which is enclosed and can haul most types of mixed freight. The
general rectangular shape of these trailers allows operators to maximize freight volume within
the regulated dimensional limits, since the majority of freight shipped by truck cubes-out (is
volume-limited) before it grosses-out (is weight-limited). Despite considerable improvements

1of9



in suspension, material, safety, durability, and other advancements, the basic shape of the box
trailer has not changed much over the past decades, although its dimensions have increased
incrementally from what used to be the industry’s standard length of 40’ to today’s standard
53’ long van trailer. Today, box vans are commonly found in lengths of 28°, 48’, and 53’and
widths of 102” or 96”. The 28’ vans (“pups”) are often driven in tandem and connected by a
dolly. Current length restrictions for the total combination tractor-trailer vehicle limit tandem
operation to 28’ trailers. However, some members of the trucking industry are pushing to
increase the length limits to allow trailers as long as 33’ to be pulled in tandem, and arguing
that these “less than truckload” (LTL) operations could increase capacity per truckload,
reduce the number of trucks on the road, reduce the fuel consumption and emissions of these
tractor-trailers, and remain within the current weight limits.*®

Trailers are often highly customized for each order. The general structure of the box
trailer type is common and consists of vertical support posts in the interior of the trailer
covered by a smooth exterior surface. However the exterior of the trailer may be constructed
of aluminum or a range of composite materials. Historically, floors were constructed of
wood, however many trailer customers are requesting aluminum floors to reduce weight.
Semi-trailer axles are commonly a dual tandem configuration, but can also be single, spread
tandem (i.e., two axles separated to maximize axle loads), tridem (i.e., three axles equally
spaced), tri axles (i.e., three axles consisting of a tandem and a third axle that may be liftable),
or multi-axles to distribute very heavy loads. Axles can be fixed in place, or allowed to slide
to adjust weight distribution. Doors are commonly located at the rear of the trailer. The most
common door is the side-by-side configuration, in which each door opens outward. Roll-up
doors, which are more costly, allow truck drivers to pull up to loading docks without first
stopping to open the doors. Roll-up doors are common on trailers with temperature-sensitive
freight. Additional variations in trailers include side-access doors, or use the underside of the
trailer for belly boxes or to store on-demand items such as ladders or spare tires.

The most common box trailer is the standard dry van, which transports cargo that does
not require special environmental conditions. In addition to the standard rectangular shape,
dry vans come in several specialty variants, such as drop floor, expandable, and curtain-side.
Another type of specialty box trailer is the refrigerated van trailer (reefer). This is an
enclosed, insulated trailer that hauls temperature sensitive freight, with a transportation
refrigeration unit (TRU) or heating unit mounted in the front of the trailer powered by a small
(9-36 hp) diesel engine. Figure 1-1 shows an example of the standard dry and refrigerated
vans.
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Adapted from http://www.wbmcguire.com/links/Guides/TruckTrailerGuide.pdf

Figure 1-1 Examples of dry and refrigerated van

Many other trailer types are uniquely designed to transport a specific type of freight.
Platform trailers carry cargo that may not be easily contained within or loaded and unloaded
into a box trailer, such as large, nonuniform equipment or machine components. Platforms
come in different configurations including standard flatbed, gooseneck, and drop deck. Tank
trailers are pressure-tight enclosures designed to carry liquids, gases or bulk, dry solids and
semi-solids. Tank trailers are generally constructed of steel or aluminum. The plumbing for
intake and discharge of the contents could be located below the tank or at the rear. There are
also a number of other specialized trailers such as grain (with and without hoppers), dump
(frameless, framed, bottom dump, demolition), automobile hauler (open or enclosed),
livestock trailers (belly or straight), construction and heavy-hauling trailers (tilt bed,
hydraulic).

A sizable fraction of U.S. freight is transported in large, steel containers both
internationally via ocean-going vessels and domestically via rail cars. Containers are
constructed with steel sidewalls and external support beams, which results in a corrugated
exterior. These containers haul mixed freight and are designed with similar dimensions to
box trailers. Ocean-going international shipping containers are typically 20-feet or 40-feet in
length. Domestic containers, which often travel by rail, are 53-feet in length. Transport of
these containers from ports or rail to their final destination requires the container to be loaded
on a specialty piece of equipment called a chassis. The chassis, which is attached to the fifth
wheel of a Class 7 or 8 tractor, consists of a frame, axles, suspension, brakes and wheel
assemblies, as well as lamps, bumpers and other required safety components. Fixed chassis
vary in length according to the type of container that will be attached, though some chassis
adjust to accommodate different sizes. When the chassis and container are assembled the unit
serves the same function as a road trailer.® However, under customs regulations, the container
itself is not considered part of a road vehicle.’

ACT Research compiles factory shipment information from a Trailer Industry Control
Group that represents 80 percent of the U.S. trailer industry. Figure 1-2 shows the
distribution of trailers sold in the U.S. based on ACT Research’s 2013 factory shipment data.
The most common type of trailer in use today is the dry van trailer, followed by the
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refrigerated van. Together, these box vans make up greater than 70 percent of the industry.
Trailer Body Builders’ annual trailer output report estimates there were over 240,000 trailers
sold in North America 2013.

ACT Research 2013 Factory Shipments
2% 1%
4%
®DryVan 1%
3%

m Refrigerated Van

2%
= Platform ?

HHeavyLowbed 3%

®MediumLowbed 2%
®Dump
Tank Liquid 9%

Tank Bulk 56%

Grain
Other Trailer
Chassis

Figure 1-2 ACT Research’s 2013 U.S. factory shipments

1.2.2 Trailer Manufacturers

Trailer Body Builders’ annual trailer output report estimates there were over 240,000
trailers sold in North America in 2013. The diverse van, platform, tank and specialty trailers
are produced by a large number of trailer manufacturers. EPA estimates there are 114 trailer
manufacturers. Trailers are far less mechanically complex than the tractors that haul them,
and much of trailer manufacturing is done by hand. This relatively low barrier to entry for
trailer manufacturing accounts, in part, for the large number of trailer manufacturers. Figure
1-3 shows that over 70 percent of the manufacturing output of the industry comes from just
five manufacturers.
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Trailer Body Builders 2013 North American Truck Trailer Output Report
(244,864 Total Trailers)

m\Wabash National Corporation
m Great Dane Limited Partnership
= Utility Trailer Manufacturing
m Hyundai Translead
m'anguard Mational Trailer Corp/CIMC
= Stoughton Trailers
= MANAC
® Fontaine Trailer Company
= Wilson Trailer Company (est)
m Timpte Inc*
uMAC Trailer Manufacturing
% Strick Corporation®
Heil Trailer International, Co.
Reitnouer Inc*
Con-Way Manufacturing
Mext 14 Companies (None =1.0%)"*

* Small business according to SBA definition of <500 employees
** 8 of 14 are small businesses

Figure 1-3 2013 Trailer Output Report from Trailer Body Builders

Table 1-1 Illustrates the varying revenue among trailer manufacturers and further
distinguishes the very different roles in that market played by small and large manufacturers.
The revenue numbers were obtained from Hoovers online company database.2 Over 80
percent of trailer manufacturers meet the Small Business Administration’s (SBA) definition of
a small business (i.e., less than 500 employees), yet these manufacturers make up less than 25
percent of the overall revenue from the industry. In fact, a majority of the small business
trailer manufacturers make less than $10 million in revenue per year.

Table 1-1 Summary of 2013 Trailer Industry Revenue by Business Size

Revenue Range Business Size

All Sizes | Large | Small?

> 1000M 1 1 0

$500M - $999M 0 0 0

$400M - $499M 1 1 0

$300M - $399M 0 0 0

$200M - $299M 3 3 0

$100M - $199M 3 3 0

$50M - $99M 13 7 6

$40M - $49M 14 2 12

$15M - $19M 9 1 8

$10M - $14M 3 0 3

$5M - $9M 26 0 26

<$5M 41 1 40

Total Companies 114 19 95
Total Revenue ($M) 4965 3799 | 1166

Average Revenue ($M) 44 200 12
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Box Trailer Mfrs 14 9 5
Non-Box Trailer Mfrs 109 17 92

Note:

aThe Small Business Administration (SBA) defines a trailer
manufacturer as a “small business” if it has fewer than 500 employees

The trailer industry was particularly hard hit by the recent recession. Trailer
manufacturers saw deep declines in new trailer sales of 46 percent in 2009; some trailer
manufacturers saw sales drop as much as 71 percent. This followed overall trailer industry
declines of over 30 percent in 2008. The 30 largest trailer manufacturers saw sales decline 72
percent from 282,750 in 2006, to only 78,526 in 2009. Several trailer manufacturers shut
down entire production facilities and a few went out of business altogether. Trailer
production has steadily grown across the industry since 2010 and, although historic
production peaks have not been repeated to date, it has now returned to levels close to those
seen in the mid-2000s. Figure 1-4 shows the ACT Research’s annual factory shipments,
which illustrates the unsteady production over the past 17 years.

ACT Research Annual Factory Shipments
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Figure 1-4 Annual Factory Shipments Tracked by ACT Research

1.2.3 Trailer Use

In order to determine the appropriate tractor type for each trailer, the agencies
investigated “primary trip length” results from the Vehicle Inventory and Use Survey
database to determine the distribution of trailers in short- and long-haul applications.® Using a
primary trip length of 500 miles or less to represent short-haul use, the agencies found that, of
the reported vehicles, over 50 percent of the 53-feet and longer dry vans were used in long-
haul and over 80 percent of the shorter vans were used in short-haul applications. Over 70
percent of the reported 53-feet and longer refrigerated vans were long-haul trailers, with 65
percent of the shorter refrigerated vans used in short-haul applications. The survey found that
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non-box trailers are most frequently used for short-haul. Figure 1-5 summarizes these
findings.

U.S. Census 2002 Vehicle Inventory and Use Survey
Tractor-Trailer Primary Trip Length

100% = o s
90% y 17%
80% 35%
)
70% 53%
70%
60%
°0% 88% 95% 93%
40% . 83%
30% 85%
20% 47%
30%
10%
0%
53+Dry Van 53'+Reefer <53 Dry Van <53 Reefer Flatbed,  Tank (Dry Bulk) Tank (Liquid,
Platform, Gases)

Curtainside, etc
m Short-Haul (<500 mi) mLong-Haul

Figure 1-5 2002 Vehicle Inventory and Use Survey Considering Primary Trip Length for Tractor-
Trailers

Truck drivers and trucking fleets frequently do not control all or even any of the
trailers that they haul. Trailers can be owned by freight customers, large equipment leasing
companies, third party logistics companies, and even other trucking companies. Containers
on chassis, which function as trailers, are rarely owned by truck operators. Rather, they are
owned or leased by ocean-going shipping companies, port authorities or others. This
distinction between who hauls the freight and who owns the equipment in which it is hauled
means that truck owners and operators have limited ability to be selective about the trailers
they carry, and very little incentive or ability to take steps to reduce the fuel use of trailers that
they neither own or control.

For refrigerated trailers, the story is slightly different. These trailers are used more
intensely and accumulate more annual miles than other trailers. Over time, refrigerated
trailers can also develop problems that interfere with their ability to keep freight temperature-
controlled. For example, the insulating material inside a refrigerated trailer’s walls can
gradually lose its thermal capabilities due to aging or damage from forklift punctures. The
door seals on a refrigerated trailer can also become damaged or loose with age, which greatly
affects the insulation characteristics of the trailer, similar to how the door seal on a home
refrigerator can reduce the efficiency of that appliance. As a result of age-related problems
and more intense usage, refrigerated trailers tend to have shorter procurement cycles than dry
van trailers, which means a faster turnover rate, although still not nearly as fast as for trucks in
their first use.
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Tractor-trailers are often used in conjunction with other modes of transportation (e.g.,
shipping and rail) to move goods across the country, known as intermodal shipping.
Intermodal traffic typically begins with containers carried on ships, and then they are loaded
onto railcars, and finally transported to their end destination via truck. Trucks that are used in
intermodal applications are of two primary types. Trailer-on-flatcar (TOFC) involves lifting
the entire trailer or the container attached to its chassis onto the railcar. In container-on-
flatcar (COFC) applications, the container is removed from the chassis and placed directly on
the railcar. The use of TOFCs allows for faster transition from rail to truck, but is more
difficult to stack on a vessel; therefore the use of COFCs has been increasing steadily. Both
applications are used throughout the U.S. with the largest usage found on routes between
West Coast ports and Chicago, and between Chicago and New York.

1.2.4 Trailer Fleet Size Relative to the Tractor Fleet

In 2013, over 800,000 trailers were owned by for-hire fleets and almost 300,000 were
owned by private fleets. Trailers that are purchased by fleets are typically kept much longer
than are the tractors, so trucks and trailers have different purchasing cycles. Also, many
trailers are owned by shippers or by leasing companies, not by the trucking fleets. Because of
the disconnect between owners, the trailer owners may not benefit directly from fuel
consumption and GHG emission reductions.

The industry generally recognizes that the ratio of the number of dry van trailers in the fleet
relative to the number of tractors is typically three-to-one.*® Typically at any one time, two
trailers are parked while one is being transported. Certain private fleets may have ratios as
high as six-to-one and owner-operators may have a single trailer for their tractor. The ratio of
refrigerated vans to tractors is closer to two-to-one. This is partly due to the fact that it is
more expensive to purchase and operate refrigerated vans compared to dry vans. Specialty
trailers, such as tanks and flatbeds are often attached to a single trailer throughout much of
their life. This characteristic of the trailer fleet impacts the cost effectiveness of trailer
technologies. The annual savings achieved due to these technologies are proportional to the
number of miles traveled in a year and the analysis for many of the trailers must account for
some amount of inactivity, which will reduce the benefits.
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Chapter 2:  Technology and Cost

2.1 Overview of Technologies

In discussing the potential for CO2 emission and fuel consumption reductions, it can be
helpful to think of the work flow through the system. The initial work input is fuel. Each gallon
of fuel has the potential to produce some amount of work and will produce a set amount of CO2
(about 22 pounds (10 kg) of CO2 per gallon of diesel fuel). The engine converts the chemical
energy in the fuel to useable work to move the truck. Any reductions in work demanded of the
engine by the vehicle or improvements in engine fuel conversion efficiency will lead directly to
CO2 emission and fuel consumption reductions.

Current diesel engines are around 40 percent efficient over a range of operating
conditions depending on engine sizes and applications, while gasoline engine efficiency is much
lower than that of diesel engines. This means that approximately one-third of the fuel’s chemical
energy is converted to useful work and roughly two-thirds is lost to friction, gas exchange, and
waste heat in the coolant and exhaust. In turn, the truck uses this work delivered by the engine to
overcome overall vehicle-related losses such as aerodynamic drag, tire rolling resistance, friction
in the vehicle driveline, and to provide auxiliary power for components such as air conditioning
and lights. Lastly, the vehicle’s operation, such as vehicle speed and idle time, affects the
amount of total energy required to complete its activity. While it may be intuitive to look first to
the engine for CO2 emission and fuel consumption reductions given that only about one-third of
the fuel is converted to useable work, it is important to realize that any improvement in vehicle
efficiency proportionally reduces both the work demanded and the energy wasted.

Technology is one pathway to improve heavy-duty truck GHG emissions and fuel
consumption. Near-term solutions exist, such as those being deployed by SmartWay partners in
heavy-duty truck long haul applications. Other solutions are currently underway in the light-duty
vehicle segment, especially in the large pickup sector where some of the technologies can apply
to the heavy-duty pickup trucks covered under this rulemaking. Long-term solutions are
currently under development to improve efficiencies and cost-effectiveness. While there is not a
“silver bullet” that will significantly eliminate GHG emissions from heavy-duty trucks like the
catalytic converter has for criteria pollutant emissions, significant GHG and fuel consumption
reductions can be achieved through a combination of engine, vehicle system, and operational
technologies.

The following sections will discuss technologies in relation to each of the proposed
regulatory subcategories — Heavy-Duty Pickup Trucks and Vans, Heavy-Duty Engines, Class 7
and 8 Combination Tractors, Trailers, and Class 2b-8 VVocational Vehicles. In each of these
sections, information on technological approaches, costs, and percent improvements is provided.
Depending on the segment, the vehicle-level technologies available for consideration may
include idle reduction, improved tire rolling resistance, improved transmissions, improved axles,
weight reduction, improved accessories, and aerodynamic technologies. Depending on the
segment, the engine-level technologies available for consideration may include friction
reduction, variable valve timing, cylinder deactivation, turbocharging, downsizing, combustion
optimization, aftertreatment optimization, and waste heat recovery. The agencies are not
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projecting that all of the technologies discussed in these sections would be used for compliance
with the engine and vehicle standards, for reasons that are also discussed in each section.
Nevertheless, the potential for there to be technologies other than those which form the basis for
the compliance pathway set forth by the agencies, or which can be used in different combinations
or penetration rates than that projected compliance pathway, is an important consideration in
assessing the feasibility of the proposed standards. Summaries of all of the technologies, along
with the corresponding costs, fuel consumption and GHG emissions improvement percentages
are provided in this chapter. A summary of engine and vehicle technologies, effectiveness, and
costs for HD pickup trucks and vans is provided in Chapter 2.5. Summaries of engine
technologies, effectiveness, and costs are provided in Chapters 2.6 and 2.7. A summary of
technologies, effectiveness, and costs for tractors is provided in Chapter 2.8. A summary of
technologies, effectiveness, and costs for vocational vehicles is provided in Chapter 2.9. A
summary of technologies, effectiveness, and costs for trailers is provided in Chapter 2.10. A
detailed analysis of technology costs is found in Chapters 0 and 2.13.

EPA and NHTSA collected information on the cost and effectiveness of fuel
consumption and CO2z emission reducing technologies from several sources. The primary
sources of information were the 2010 National Academy of Sciences report on Technologies and
Approaches to Reducing the Fuel Consumption of Medium- and Heavy-Duty Vehicles (NAS)?,
TIAX’s assessment of technologies to support the NAS panel report (TIAX)?, EPA’s Heavy-
Duty Lumped Parameter Model®, the analysis conducted by NESCCAF, ICCT, Southwest
Research Institute and TIAX for reducing fuel consumption of heavy-duty long haul combination
tractors (NESCCAF/ICCT)?, and the technology cost analysis conducted by ICF for EPA (ICF).
In addition, the agencies relied on NHTSA’s technology assessment report under contract with
SwRI and Tetra Tech.%"® In addition, the agencies used the vehicle simulation model (the
Greenhouse gas Emissions Model or GEM) to quantify the effectiveness of various technologies
on COz emission and fuel consumption reductions in terms of vehicle performance as they are
evaluated in determining compliance with the HD program. The simulation tool is described in
draft RIA Chapter 4 in more detail.

2.2 Technology Principles — SI Engines

The engine technology principles described in this chapter for SI and CI engines are
typically described as applying for gasoline and diesel-fueled engines, respectively. Even so,
these technology principles generally also apply for engines powered by other fuels, including
natural gas. In Section Il of the preamble to these rules, the agencies describe regulatory
provisions that differ between Sl and CI engines. Technologies related to closed crankcases for
natural gas engines are described below in Chapter 2.11 and in the Preamble Section Il. The
agencies describe technologies and test procedures related to minimizing evaporative emissions
from natural gas fuel systems in Chapter 2.11 as well as in Section XI of the preamble to these
rules. The agencies’ approach in this document is to first describe the principles of how
technologies can work for an engine, without specifying the type of vehicle into which it will be
installed, or the test cycle over which it will be certified. Later, in Chapter 2.5, the agencies
describe a subset of these technologies as they apply specifically to complete HD pickup trucks
and vans. In Chapter 2.6, the agencies describe a subset of these technologies as they apply to Sl
engines intended for vocational vehicles.



2.2.1 Engine Friction Reduction

In addition to low friction lubricants, manufacturers can reduce friction and improve fuel
consumption by improving the design of engine components and subsystems. Examples include
improvements in low-tension piston rings, piston skirt design, roller cam followers, improved
crankshaft design and bearings, material coatings, material substitution, more optimal thermal
management, and piston and cylinder surface treatments. The 2010 NAS Report, NESCCAF®
and EEA reports as well as confidential manufacturer data used in the light-duty vehicle
rulemaking suggested a range of effectiveness for engine friction reduction to be between 1 to 3
percent. Reduced friction in bearings, valve trains, and the piston-to-liner interface would
improve efficiency. Any friction reduction must be carefully developed to avoid issues with
durability or performance capability.

2.2.2 Variable Valve Timing

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

VVT has now become a widely adopted technology in the light duty fleet: in MY 2014,
most of all new cars and light trucks had engines with some method of variable valve timing.!*
Manufacturers are currently using many different types of variable valve timing, which have a
variety of different names and methods. Therefore, the degree of further improvement across the
fleet is limited by the level of valvetrain technology already implemented on the vehicles. The
three major types of VVT are listed below.

Each implementation of VVT uses a cam phaser to adjust the camshaft angular position
relative to the crankshaft position, referred to as “camshaft phasing.” This phase adjustment
results in changes to the pumping work required by the engine to accomplish the gas exchange
process. The majority of current cam phaser applications use hydraulically-actuated units,
powered by engine oil pressure and managed by a solenoid that controls the oil pressure supplied
to the phaser.

2.2.2.1 Coupled Cam Phasing for Overhead Valve (OHV) and Single Overhead
Camshaft (SOHC) Engines

Valvetrains with coupled (or coordinated) cam phasing (CCP) can modify the timing of
both the inlet valves and the exhaust valves an equal amount by varying the phasing of the
camshaft across an engine’s range of operating speeds; also known as VVT. For engines
configured as an overhead valve (OHV) or as a single overhead camshaft (SOHC) only one cam
phaser is required per camshaft to achieve CCP.



Based on the heavy-duty Phase 1 vehicle rulemaking, 2015 NHTSA Technology Study,
and previously-received confidential manufacturer data, the agencies estimate the fuel
consumption reduction effectiveness of this technology to be between 1 and 3 percent over
average driving patterns.

2.2.2.2 Intake Cam Phasing (ICP) for Dual Overhead Camshaft Engines (DOHC)

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

Some newer Class 2b and 3 market entries are offering dual overhead camshaft (DOHC)
engine designs where two camshafts are used to operate the intake and exhaust valves
independently. Consistent with the heavy-duty 2014-2018 MY vehicle rulemaking and the SwRI
report, the agencies agree with the effectiveness values of 1 to 2 percent reduction in fuel
consumption over average driving patterns, for this technology.

2.2.2.3 Dual Cam Phasing (DCP) for Dual Overhead Camshaft Engines (DOHC)

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

Some newer Class 2b and 3 market entries are offering dual overhead camshaft (DOHC)
engine designs where two camshafts are used to operate the intake and exhaust valves
independently. Consistent with the light-duty 2012-2016 MY vehicle rulemaking and the SwRI
report, the agencies agree with the effectiveness values of 1 to 3 percent reduction in fuel
consumption over average driving patterns, for this technology.

2.2.2.4 Variable Valve Lift (VVL)

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

2.2.2.5 Discrete Variable Valve Lift (DVVL)

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

Based on the light-duty MY 2017-2025 final rule, previously-received confidential
manufacturer data, 2015 NHTSA Technology Study, and report from the Northeast States Center
for a Clean Air Future (NESCCAF), the agencies estimate the fuel consumption reduction
effectiveness of this technology to be between 1 and 3 percent over average driving patterns.

2.2.3 Cylinder Deactivation

In conventional spark-ignited engines throttling the airflow controls engine torque output.
At partial loads, efficiency can be improved by using cylinder deactivation instead of throttling.
Cylinder deactivation can improve engine efficiency by disabling or deactivating (usually) half
of the cylinders when the load is less than half of the engine’s total torque capability — the valves
are kept closed, and no fuel is injected — as a result, the trapped air within the deactivated
cylinders is simply compressed and expanded as an air spring, with reduced friction and heat
losses. The active cylinders combust at almost double the load required if all of the cylinders
were operating. Pumping losses are significantly reduced as long as the engine is operated in this
“part cylinder” mode. Effectiveness improvements scale roughly with engine displacement-to-
vehicle weight ratio: the higher displacement-to-weight vehicles, operating at lower relative
loads for normal driving, have the potential to operate in part-cylinder mode more frequently.
Cylinder deactivation is less effective on heavily-loaded vehicles because they require more
power and spend less time in areas of operation where only partial power is required. The
technology also requires proper integration into the vehicles which is difficult in the vocational
vehicle segment where often the engine is sold to a chassis manufacturer or body builder without
knowing the type of transmission or axle used in the vehicle or the precise duty cycle of the
vehicle. The cylinder deactivation requires fine tuning of the calibration as the engine moves
into and out of deactivation mode to achieve acceptable NVH. Additionally, cylinder
deactivation would be difficult to apply to vehicles with a manual transmission because it
requires careful gear change control. NHTSA and EPA adjusted the 2017-2025 MY light-duty
rule estimates using updated power to weight ratings of heavy-duty trucks and confidential
business information and downwardly adjusted the effectiveness to 0 to 3 percent over average
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driving patterns for these vehicles to reflect the differences in drive cycle and operational
opportunities compared to light-duty vehicles.

2.2.4 Stoichiometric Gasoline Direct Injection (SGDI)

Stoichiometric gasoline direct injection (SGDI) engines inject fuel at high pressure
directly into the combustion chamber (rather than into the intake port in port fuel injection).
SGDI requires changes to the injector design, an additional high pressure fuel pump, new fuel
rails to handle the higher fuel pressures, and changes to the cylinder head and piston crown
design. Direct injection of the fuel into the cylinder improves cooling of the air/fuel charge
within the cylinder, which allows for higher compression ratios and increased thermodynamic
efficiency without the onset of combustion knock. Recent injector design advances, improved
electronic engine management systems and the introduction of multiple injection events per
cylinder firing cycle promote better mixing of the air and fuel, enhance combustion rates,
increase residual exhaust gas tolerance, and improve cold start emissions. SGDI engines achieve
higher power density and match well with other technologies, such as boosting and variable
valvetrain designs.

Several manufacturers have recently introduced vehicles with SGDI engines, including
GM and Ford, who have announced their plans to increase dramatically the number of SGDI
engines in their vehicle portfolios.

Based on the heavy-duty 2014-2018 MY vehicle rulemaking, 2015 NHTSA Technology
Study, and previously-received confidential manufacturer data, the agencies estimate the fuel
consumption reduction effectiveness of SGDI to be between 1 and 2 percent over average
driving patterns.

2.2.5 Turbocharging and Downsizing (TRBDS)

The specific power of a naturally aspirated engine is primarily limited by the rate at
which the engine is able to draw air into the combustion chambers. Turbocharging and
supercharging (grouped together here as boosting) are two methods to increase the intake
manifold pressure and cylinder charge-air mass above naturally aspirated levels. Boosting
increases the airflow into the engine, thus increasing the specific power level, and with it the
ability to reduce engine displacement while maintaining performance. This effectively reduces
the pumping losses at lighter loads in comparison to a larger, naturally aspirated engine.

Almost every major manufacturer currently markets a vehicle with some form of
boosting. While boosting has been a common practice for increasing performance for several
decades, turbocharging has considerable potential to improve fuel economy and reduce CO2
emissions when the engine displacement is also reduced. Specific power levels for a boosted
engine often exceed 100 hp/L, compared to average naturally aspirated engine power densities of
roughly 70 hp/L. As a result, engines can be downsized roughly 30 percent or higher while
maintaining similar peak output levels. In the last decade, improvements to turbocharger turbine
and compressor design have improved their reliability and performance across the entire engine
operating range. New variable geometry turbines and ball-bearing center cartridges allow faster
turbocharger spool-up (virtually eliminating the once-common “turbo lag”) while maintaining
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high flow rates for increased boost at high engine speeds. Low speed torque output has been
dramatically improved for modern turbocharged engines. However, even with turbocharger
improvements, maximum engine torque at very low engine speed conditions, for example launch
from standstill, is increased less than at mid and high engine speed conditions. The potential to
downsize engines may be less on vehicles with low displacement to vehicle mass ratios for
example a very small displacement engine in a vehicle with significant curb weight, in order to
provide adequate acceleration from standstill, particularly up grades or at high altitudes.

Use of gasoline direct injection (GDI) systems with turbocharged engines and charge air
cooling also reduces the fuel octane requirements for knock limited combustion and allows the
use of higher compression ratios. Ford’s “EcoBoost” downsized, turbocharged GDI engines
introduced on MY 2010 vehicles allow the replacement of V8 engines with V6 engines with
improved in 0-60 mph acceleration and with fuel economy improvements of up to 12 percent as
documented in their technical paper.?

Recently published data with advanced spray-guided injection systems and more
aggressive engine downsizing targeted towards reduced fuel consumption and CO2 emissions
reductions indicate that the potential for reducing CO2 emissions for turbocharged, downsized
GDI engines may be as much as 15 to 30 percent relative to port-fuel-injected engines.
Confidential manufacturer data suggest an incremental range of fuel consumption and CO2
emission reduction of 4.8 to 7.5 percent for turbocharging and downsizing. Other publicly-
available sources suggest a fuel consumption and CO2 emission reduction of 8 to 13 percent
compared to current-production naturally-aspirated engines without friction reduction or other
fuel economy technologies: a joint technical paper by Bosch and Ricardo suggesting fuel
economy gain of 8 to 10 percent for downsizing from a 5.7 liter port injection V8 to a 3.6 liter
V6 with direct injection using a wall-guided direct injection system;'3 a Renault report
suggesting a 11.9 percent NEDC fuel consumption gain for downsizing from a 1.4 liter port
injection in-line 4-cylinder engine to a 1.0 liter in-line 4-cylinder engine, also with wall-guided
direct injection;** and a Robert Bosch paper suggesting a 13 percent NEDC gain for downsizing
to a turbocharged DI engine, again with wall-guided injection.’® These reported fuel economy
benefits show a wide range depending on the SGDI technology employed.

The agencies reviewed estimates from the 2017-2025 final light-duty rule, the TSD, and
existing public literature. The previous estimate from the MYs 2017-2025 suggested a 12 to 14
percent effectiveness improvement, which included low friction lubricant (level one), engine
friction reduction (level one), DCP, DVVL and SGDI, over baseline fixed-valve engines, similar
to the estimate for Ford’s EcoBoost engine, which is already in LD production. Additionally, the
agencies analyzed Ricardo vehicle simulation data and the 2015 NHTSA Technology Study for
various turbocharged engine packages.

2.3 Technology Principles — Cl Engines
2.3.1 Low Temperature Exhaust Gas Recirculation
Most LHDD, MHDD, and HHDD engines sold in the U.S. market today use cooled EGR,

in which part of the exhaust gas is routed through a cooler (rejecting energy to the engine
coolant) before being returned to the engine intake manifold. EGR is a technology employed to
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reduce peak combustion temperatures and thus NOx. Low-temperature EGR uses a larger or
secondary EGR cooler to achieve lower intake charge temperatures, which tend to further reduce
NOx formation. For a given NOx requirement, low-temperature EGR can allow changes such as
more advanced injection timing that would increase engine efficiency slightly more than one
percent. Because low-temperature EGR reduces the engine’s exhaust temperature, it has not
been considered as part of a technology package that also includes exhaust energy recovery
systems such as turbocompounding or a bottoming cycle.

2.3.2 Combustion System Optimization

Improvements on the fuel injection system that allow more flexible fuel injection
capability with higher injection pressure can improve engine fuel efficiency, while maintaining
the same emission level. Combustion system optimization, featuring piston bowl, injector tip
and the number of holes, in conjunction with the advanced fuel injection system, is able to
further improve engine performance and fuel efficiency. Manufacturers have been working to
improve engines these areas for some time. At this point, all engine manufacturers have
substantial development efforts underway that we project would be translated into production in
the near future. Some examples include the combustion development programs conducted by
Cummins®®, Detroit Diesel'’, and Navistar*® funded by Department of Energy as part of
Supertruck program. These manufacturers found the improvement due to combustion alone
during this program was 1 to 2 percent. While their findings are still more towards research
environment, specifically targeting one optimal operating point, the results of these research
programs do support the possibility that some of technologies they are developing could be
applied to production in the time frame of 2027. The agencies have determined that it is feasible
that fuel consumption and CO2 emissions could be reduced by as much as 1.0 percent in the
agencies’ certification cycles in the 2027 time frame through the use of these technologies.

Some technologies were evaluated but not included in the agencies’ technical feasibility
analysis for the Phase 2 regulation since the agencies do not anticipate these technologies will be
commercially available by 2027. For example, alternative combustion processes such as
homogeneous charge compression ignition (HCCI), premixed charge compression ignition
(PCCI), low-temperature combustion (LTI), and reactivity controlled compression ignition
(RCCI) technologies were not included in the feasibility analysis for Phase 2. While these
technologies show good indicated thermal efficiency, fuel savings over the entire range of engine
operation is still a major challenge. At the current level of development it is not clear that the
technologies will be in commercial production by 2027. This, however, does not preclude the
use of these technologies for compliance should manufacturers develop and commercialize these
alternative combustion or other approaches.

2.3.3 Model Based Control

Another important area of potential improvement is advanced engine control
incorporating model based calibration to reduce losses of control during transient operation.
Improvements in computing power and speed would make it possible to use much more
sophisticated algorithms that are more predictive than today’s controls. Because such controls
are only beneficial during transient operation, they would reduce emissions over the Federal Test
Procedure (FTP) cycle, but not over the Supplemental Emission Test (SET) cycle. Detroit Diesel
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introduced the next generation model based control concept, achieving 4 percent thermal
efficiency improvement while simultaneously reducing emissions in transient operations in their
earlier report.’® More recently, this model based control technology was put into their one of
vehicles for final demonstration under DOE’s Supertruck program.?’ Their model based concept
features a series of real time optimizers with multiple inputs and multiple outputs. This
controller contains many physical based models for engine and aftertreatment. It produces fully
transient engine performance and emissions predictions in a real-time manner. Although we do
not project that this control concept would be in 2017 production, it would be a realistic estimate
that this type of real time model control could be in production during the Phase 2 time frame,
thus significantly improving engine fuel economy.

2.3.4 Turbocharging System

Many advanced turbocharger technologies can be potentially added into production in the
time frame between 2021 and 2027 and some of them are already in production, such as
mechanical or electric turbocompound, more efficiency variable geometry turbine, and Detroit
Diesel patented asymmetric turbocharger. A turbocompound system extracts energy from the
exhaust to provide additional power. Mechanical turbocompounding includes a power turbine
located downstream of the turbine which in turn is connected to the crankshaft to supply
additional power. On-highway demonstrations of this technology began in the early 1980s. It
has been first used in heavy duty production by Detroit Diesel for their DD15 and DD16 engines
and they claim a 3 to 5 percent fuel consumption reduction due to the system.?* Results are duty
cycle dependent, and require significant time at high load to see a fuel efficiency improvement.
Light load factor vehicles can expect little or no benefit. VVolvo reports two to four percent fuel
consumption improvement in line haul applications, which would be likely in production even
before 2020.%

Electric turbo-compound is another potential area that can improve engine brake
efficiency. These are attained through better vehicle integration and lower backpressure impacts.
Since the electric power turbine speed is no longer linked to crankshaft speed, this allows more
efficient operation of the turbine. Navistar reports on the order of a 1 to 1.5 percent efficiency
improvement over mechanical turbocompound systems at 0.5 to 0.7 gm/hp-hr engine-out NOx
levels, but dropping at lower engine-out NOx.?® However, this concept may not work well with
lower engine out NOx as indicated in this report, showing zero benefit is reported at 0.3 to 0.4
gm/hp-hr engine-out NOx, due to lower available temperature. Navistar reports a 1.6 percent
fuel efficiency improvement, again as compared to a mechanical turbocompound system.

Two-stage turbocharger technology has been used in production by Navistar and other
manufacturers. Ford’s new developed 6.7L diesel engine features a twin-compressor
turbocharger. Higher boost with wider range of operations and higher efficiency can further
enhance engine performance, thus fuel economy. It is expected that this type of technology will
continue to be improved by better matching with system and developing higher compressor and
turbine efficiency.

Furthermore, improved turbocharger efficiency when combined with turbocompounding
was shown in the SwRI study to reduce fuel consumption while maintaining criteria emissions
limits. Findings show that there is limited scope for improved turbocharger efficiency on
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engines which do not use turbocompound, because an increase in turbocharger efficiency would
result in reduced or eliminated EGR flow which in turn would cause the engine to exceed NOx
emissions requirements.

2.3.5 Engine Breathing System

Various high efficiency air handling (air and exhaust transport) processes could be
produced in the 2020 and 2024 time frame. To maximize the efficiency of such processes,
induction systems may be improved by manufacturing more efficiently designed flow paths
(including those associated with air cleaners, chambers, conduit, mass air flow sensors and intake
manifolds) and by designing such systems for improved thermal control. Improved
turbocharging and air handling systems must include higher efficiency EGR systems and
intercoolers that reduce frictional pressure loss while maximizing the ability to thermally control
induction air and EGR. EGR systems that often rely upon an adverse pressure gradient (exhaust
manifold pressures greater than intake manifold pressures) must be reconsidered and their
adverse pressure gradients minimized. “Hybrid” EGR strategies which rely upon pressure
gradients and EGR pumps may provide pathways for improvement. Other components that offer
opportunities for improved flow efficiency include cylinder heads, ports and exhaust manifolds
to further reduce pumping losses. Cummins reports 1.4 percent through optimization.?> Detroit
Diesel projects a two percent fuel efficiency improvement through air handling system
development.?® Navistar predicts almost four percent through a combination of variable intake
valve closing timing (IVC), turbocharger efficiency and match improvements.?* A few plots in
this reference show another four percent, but these are not explained.

Variable air breathing systems such as variable valve actuation may provide additional
gains at different loads and speeds. The primary gain in diesel engines is achieved by varying
the EVO event versus engine speed and load, in conjunction with turbocharger optimization to
minimize blowdown losses. Navistar reports a 1.25 percent fuel consumption improvement.?®
Again, all these reference points are referred to a single optimal point conducted at DOE
Supertruck program.

2.3.6 Engine Parasitic and Friction Reduction

Engine parasitic and friction reduction is another key technical area that can be further
improved in production moving to the 2020 and 2027 time frame. Reduced friction in bearings,
valve trains, and the piston-to-liner interface can improve efficiency. Friction reduction
opportunities in the engine valve train and at its roller/tappet interfaces exist for several
production engines. The piston at its skirt/cylinder wall interface, wrist pin and oil ring/cylinder
wall interface offers opportunities for friction reduction. Use of more advanced oil lubricant that
could be available for production in the future can also play a key role in reducing friction. Any
friction reduction must be carefully developed to avoid issues with durability or performance
capability. Lube pump as well water pump are another areas that improve efficiency. Navistar
identifies a combined improvement of up to two percent through reduced bearing friction,
reduced piston and ring friction, and unspecified lube pump improvements.?” In his 2012 paper
he reports 5.5 percent through a combination of friction reduction and both lube and cooling
system improvements.? Later in the same presentation he specifies 0.45 percent demonstrated
through water pump improvements and 0.3 percent through lube pump improvements. The total
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number of 5.5 percent seems optimistic, even for a single optimal point. Cummins reports a
combined number of 3 percent.?. Detroit Diesel reports a combined number of two percent,
with 0.5 percent coming from improved water pump efficiency.?® Navistar shows a 0.9 percent
benefit for a variable speed water pump and variable displacement oil pump; piston/ring/liner
friction reduction as 0.5 percent; bearing friction reduction as 0.6 percent.?* In addition, Federal-
Mogul recently announced new piston ring coatings that can lead to a 20 percent reduction in
engine friction and looking to the future sees an opportunity to reduce friction by an additional
30 percent, equivalent to 1.2 percent reduction in brake specific fuel consumption at road load
conditions.?® 1t should be noted that water pump improvements include both pump efficiency
improvement and variable speed or on/off controls. Lube pump improvements are primarily
achieved using variable displacement pumps and may also include efficiency improvement. All
of these results shown in this paragraph are demonstrated through DOE Supertruck program
under single optimal point.

2.3.7 Integrated Aftertreatment System

All manufacturers now use diesel particulate filter (DPF) to reduce particulate matter
(PM) and use SCR to reduce NOx emissions, and these types of technologies are likely to be
deployed for many years to come. Three areas are considered to improve integrated
aftertreament systems. The first is to have better combustion system optimization through
increased aftertreatment efficiency. The second is to reduce backpressure through further
development of the devices themselves. The third is to reduce ammonia slip out of SCR during
transient operation, thus reducing the urea consumption. This is in turn translated into reduced
fuel consumption. Navistar reports a seven to eight percent improvement projected through a
combination of higher cylinder pressure, injection optimization, and engine/aftertreatment
optimization.?> Cummins reports a 0.5 percent improvement through improved aftertreatment
flow (catalyst size optimization and improved NOx surface utilization).?> Detroit Diesel projects
a two percent fuel efficiency improvement through reduced EGR (thinner wall DPF, improved
SCR cell density, and catalyst material optimization).?

2.3.8 Engine Downsizing

Engine downsizing can be more effective if it is combined with the down speeding. This
is due to increased vehicle efficiency resulting in lower power demand. This lower power
demand shifts the vehicle operating points to lower load zones, which moves the engine away
from some of the optimum operation points. In order to compensate for this loss, down speeding
allows the engine to move back into the optimum operating points resulting in reduced fuel
consumption. Increasing power density by reducing the engine size allow the vehicle operating
points move back to the optimum operating points, thus further improving fuel economy. Both
Detroit Diesel and Volvo show the same methodology of how downsizing should be properly
used.?®30 Detroit Diesel also shows that engine downsizing can reduce the friction due to smaller
surface area as opposed to bigger bore engine.?

2.3.9 Waste Heat Recovery

Organic Rankine Cycle waste heat recovery (WHR) systems have been studied for many
years. The agencies’ overall assessment of WHR as a fuel saving technology is that it offers
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great promise in the long term. However, it would take several years to develop, and initially, it
would be viable primarily in line-haul applications. The agencies recognize the many challenges
that would need to be overcome, but believe with enough time and development effort, this can
be done. The discussion below highlights these challenges to show why the agencies currently
believe WHR would not achieve a substantial market penetration until 2027.

The basic approach of these systems is to use engine exhaust waste heat from multiple
sources to evaporate a working fluid through a heat exchanger, which is then passed through a
turbine or equivalent expander to create mechanical or electrical power. The working fluid is
then condensed back to the fluid tank, and pulled back to the flow circuit through a pump to
continue the cycle. With support of the Department of Energy, three major engine and vehicle
manufacturers have developed the WHR technology under the Supertruck program. Cummins’
WHR system is based on an organic Rankine cycle using refrigerant as the working fluid.3%%2
The system recovers heat from the EGR cooler, as well as from the exhaust gas downstream of
the aftertreatment system. It converts that heat to power through a mechanical gear train coupled
to the engine output shaft. Some iterations of the system also sought gains from low-temperature
coolant and lubricant heat rejection via a parallel loop. The system includes a recuperator that
transfers post-turbine energy back into the working fluid loop prior to the condenser. This
recuperator reduces condenser heat rejection requirements and improves overall system
efficiency. Volvo has developed a similar system to Cummins’ with variations in terms of
hardware components, but uses ethanol as the working fluid instead of a refrigerant.3® Daimler,
on the other hand, has developed a different system to recover heat from the exhaust gas using an
electrical generator to provide power to charge a high-voltage battery, where this battery system
is primarily used to drive a hybrid system. Daimler uses ethanol as the working fluid, similar to
Volvo’s system.

Pre-prototype WHR systems have proven to be very efficient under right conditions. In
demonstrations where operation occurred at a single optimal engine operating point, Cummins
reports potential efficiency gains from WHR on the order of 2.8 percent points from the engine
without WHR?L. Volvo reports around 2.5 percent points®. Daimler reports 2.3 percent
points.?® All of these manufacturers use the type of WHR just described (including both
mechanisms of mechanical work transfer to crankshaft and electric generator) in vehicle
demonstrations for the DOE Supertruck program. It is important to note that all of these WHR
systems are still in the pre-prototype stage of research and development. Despite the promising
performance of pre-prototype WHR systems, the cost and complexity of these packages from
Cummins, Volvo and Daimler remain high. The agencies believe manufacturers will improve
these systems over time just as they have for other advanced technologies that initially had high
cost and complexity at a comparable stage of development.

The technology also poses issues relating to package size and transient response
challenges. Thus, the agencies believe that WHR would be less effective in urban traffic and
would most likely be applied to line haul vehicles, consistent with the technology path on which
the proposed standards are premised.

WHR may offer the benefit of replacing the EGR cooler and decrease cooling system
heat rejection requirements by converting some heat into work. To the extent that WHR systems
use exhaust heat, they may increase the overall cooling system heat rejection requirement, thus
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increasing radiator size, which can have negative impacts on cooling fan power needs, as well as
on vehicle aerodynamics. Significant challenges could arise if the space under the vehicle hood
happens to be tight, leaving little or no room for increased radiator size, which would necessitate
a redesign of the vehicle front face, sacrificing potential aerodynamic improvements. This issue
becomes more challenging for those truck cooling systems that are already at cooling capacity
design limits.

Current pre-prototype systems are heavy, estimated to be on the order of 300-500 Ibs
depending on system design. Without time to optimize designs, any efforts to reduce weight by
simply reducing the size of the key components, such as boilers and condensers, would likely
negatively reduce the system efficiency. However, with enough lead time, the agencies believe
manufacturers may be able to improve materials and designs to reduce overall system weight
without compromising efficiency.

Manufacturers have not yet arrived at a consensus on which working fluid(s) to be used
in WHR systems to balance concerns regarding performance, global warming potential (GWP),
and safety. Current working fluids have a high GWP (conventional refrigerant), are expensive
(low GWP refrigerant), are hazardous (ammonia, etc.), are flammable (ethanol/methanol), or can
freeze (water). One of the challenges is determining how to seal the working fluid properly
under the vacuum condition with high temperature to avoid safety issues for
flammable/hazardous working fluids. Addressing leaks would also be an important issue with
respect to greenhouse gas emission for a high GWP working fluid. Because of these challenges,
choosing a working fluid will be an important factor for system safety, efficiency, and overall
production viability.

Other key challenging issues in the WHR system are its reliability, durability, and market
acceptance. Durability concerns that have been raised include: boiler fouling and cracking issues
associated with high thermal gradients, thermal shock, condenser fouling, and various sensor and
actuator durability under harsh temperature and pressure conditions. It can be reasonably
estimated that of the current WHR systems under development by the major manufacturers
consists of at least two hundred parts including all major components, such as expanders, boilers,
condensers, and fluid pumps, together with many fasteners, wiring cables, sensors, actuators, and
piping. Determining overall system efficacy and reliability involves rigorous testing in support
of comprehensive Failure Modes and Effects Analysis (FEMA). These parts, as well as the
entire WHR system as a whole, must undergo severe winter and summer tests. Multiple trucks
equipped with the same WHR system must be run on the road, accumulating multiple millions of
miles. During these tests, all failures must be recorded, which are associated with specific failure
modes or error codes. Root causes must be determined. Warranty costs for each failure mode
based on the part cost and labor must be assigned. Due to the large number of components of
WHR, some of the failure modes might not be identified during the road tests even with multiple
extreme weather tests. It would be a high risk for any manufacturers to put their new technology
into the market without careful WHR system validations and proof of on-the-road tests.
Similarly, purchasers might be unlikely to risk early adoption of such complex technology if
deployed prematurely (without substantial testing) due to significant concerns and costs related
to potential down time.
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Based on the literature and preceding discussion, WHR technology can be characterized
as being in the technology demonstration stage for purposes such as the DOE Supertruck
program. Even though a few trucks with WHR technology have been tested on the road,33343%
many of the components used in the trucks and product-acceptable packaging are still years away
from production. Figure 2-1 shows a generic form of product process flow. As can be seen from
this figure, it would take 5-15 years from applied research/development to a prototype depending
on the complexity of the technology. During the prototype stage, all prototype components must
be available and extensive engine and vehicle tests with WHR must be conducted. The
production start-up phase would follow. After that, significant efforts must be made from a
prototype to a commercial product, which typically takes about five years for a complex system
like WHR. During this approximate five-year period, multiple vehicles should go through all
weather condition tests, which would help to detect possible failure modes and determine
warranty cost associated with them. In addition, long lead-time parts and tools should be
identified; market launch and initial results on operating stability should be completed.
Furthermore, designs should be released to production, and all product components should be
available. Finally, production parts on customer fleets and all weather road testing should be
verified before finally launching production, and distributing parts to the vehicle service network
for maintenance and repair should be ready.
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Figure 2-1 Product Process Flow

The standards the agencies are proposing can provide an effective incentive for
manufacturers to reach commercial product stage earlier than would otherwise occur. It can
motivate manufacturers to shorten the period for advancing from a complicated prototype system
to a commercial product. It can also help to ensure the market penetration after launching a
product. Nevertheless, in order for WHR to be produced commercially, several things are
needed. First, it is critical to optimize the WHR package volume, cooling capability, and aero
drag at typical cruise speeds on highway since the most significant benefits of WHR technology
would be in line-haul applications. Removal of the exhaust heat exchangers located at the
exhaust pipe could reduce the total system volume and weight. Working fluids could be selected
with reasonable low GWP and high performance potential. One approach could be to put a few
hundred trucks into fleets for trial in the next several years, so that a comprehensive FEMA can
be thoroughly identified and warranty cost analyses can be more precisely conducted before
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launching into full volume production. Manufacturers have shown in the past that a robust
FEMA process can address most problems before a technology is more widely introduced.
Therefore, the lead time appears to be one of the most noticeable constraints. We believe that all
the issues and hurdles discussed could be resolved with adequate lead time.

2.4 Technology Principles - Vehicles
2.4.1 Aerodynamics

The aerodynamic efficiency of heavy-duty vehicles has gained increasing interest in
recent years as fuel prices, competitive freight markets, and overall environmental awareness has
focused owners and operators on getting as much useful work out of every gallon of diesel fuel
as possible. Up to 25 percent of the fuel consumed by a line-haul tractor traveling at highway
speeds is used to overcome aerodynamic drag forces, making aerodynamic drag a significant
contributor to a Class 7 or 8 tractor’s GHG emissions and fuel consumption.®® Because
aerodynamic drag varies by the square of the vehicle speed, small changes in the tractor
aerodynamics can have significant impacts on GHG emissions and fuel efficiency of that vehicle.
With much of their driving at highway speed, the benefits of reduced aerodynamic drag for Class
7 or 8 tractors can be significant.’

The common measure of aerodynamic efficiency is the coefficient of drag (Cd). The
aerodynamic drag force (i.e., the force the vehicle must overcome due to air) is a function of the
Cd, the area presented to the wind (i.e., the projected area perpendicular to the direction of travel
or frontal area), and the square of the vehicle speed. Cd values for today’s line-haul fleet
typically range from greater than 0.80 for a classic body tractor to approximately 0.58 for
tractors that incorporate a full package of widely, commercially available aerodynamic features
on both the tractor and trailer.

While designers of heavy-duty vehicles and aftermarket products try to aerodynamically
streamline heavy-duty vehicles, there are some challenges. Aerodynamic design must meet
practical and safety needs such as providing for physical access and visual inspections of vehicle
equipment. Since weight added to the vehicle can impact its overall fuel efficiency, GHG
emissions and, in limited cases, the amount of freight the vehicle can carry, aerodynamic design
and devices must balance the aerodynamic benefit with the contribution to the vehicle weight. In
addition, aerodynamic designs and devices must balance being as light and streamlined as
possible with in-use application durability to withstand the rigors a working freight vehicle
encounters while traveling or loading and unloading.

However, there are some macro and micro scale techniques that can be employed to
reduce vehicle drag such as reducing vehicle size, especially, the frontal area; smoothing the
shape to make it more aerodynamically efficient, thus reducing the Cd; and/or re-directing air to
prevent entry into areas of high drag (e.g., wheel wells) or to maintain smooth air flow in certain
areas of the vehicle. Reducing the size of the vehicle can reduce the frontal area; which reduces
the pressure building up on the lateral surface area exposed to the airflow. Improving the vehicle
shape may include revising the fore components of the vehicle such as rearward canting/raking
or smoothing/rounding the edges of the front end components (e.g., bumper, headlights,
windshield, hood, cab, mirrors) or integrating the components at key interfaces (e.g.,
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windshield/glass to sheet metal) to alleviate fore vehicle drag. Finally, redirecting the air to
prevent areas of low pressure and slow moving air; thus eliminating areas where air builds
creating turbulent vortices and increasing drag. Techniques such as blocking gaps in the sheet
metal, ducting of components, shaping or extending sheet metal to reduce flow separation and
turbulence are methods being considered to direct air from areas of high drag (e.g., underbody,
tractor-trailer gap, underbody and/or rear of trailer).

The issue for heavy-duty vehicles is that the cab and/or passenger compartment is
designed for a specific purpose such as accommodating an inline cylinder engine or allowing for
clear visibility given the size of the vehicle. Consequently, a reduction in vehicle size and/or
frontal area may not be realistic for some applications. This also may necessitate an expensive,
ground-up vehicle redesign and, with a tractor model lifecycle of up to 10 years, may mean that a
mid-cycle tractor design is not feasible. In addition, the frontal area is also defined by the shape
behind the cab so reducing just the cab frontal area/size reduction may not be effective. Thus,
this approach is something that may occur in a long-term timeframe of 10-15 years from today.

Instead, most heavy-duty tractor manufacturers have explored, or are exploring, the latter
two techniques in the short-term. Compared to previous generation tractors, every high roof
tractor today has a roof fairing directing air over the top of the cab, fuel tank/chassis fairings that
prevent side air from flowing underneath the vehicle, and cab side extenders that prevent flow
from being trapped in the tractor-trailer gap. As a compliance strategy for HD Phase 1, many
manufacturers refined the aerodynamic shape of their front end components and other
components (e.g., curving or further extending side extenders) resulting in efficiency difference
between pre- and post-HD Phase 1, model year tractor aerodynamic performance. Further,
manufacturers have developed new tractor designs that are taking advantage of sealing gaps in
sheet metal to redirect the flow and introducing some hard edges to induce turbulent flow on
certain surfaces to prevent premature flow separation and downstream turbulent flow. For HD
Phase 2, we anticipate manufacturers would continue to apply these techniques across their
models and continue to explore refinements and re-designs in other areas of the tractor.

In addition to tractor improvements, there has been growth in the market for trailer
aerodynamic devices encouraged by our successful SmartWay Partnership and Technology
Verification Program. These devices function similar to components on the tractor by preventing
air intrusion into areas of the trailer prone to high aerodynamic drag including the tractor-trailer
gap, the trailer underbody, and the rear of the trailer as shown in Figure 2-2 and Figure 2-3
below.
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Figure 2-2 Progression of total drag along a typical line-haul tractor-trailer vehicle

Figure 2-3 Low pressure regions contributing to aerodynamic drag along a typical line-haul tractor-trailer
vehicle

To address this, trailer front/nose devices are being used to round the front end and edges
of the trailer while also reducing the tractor-trailer gap; skirts on the side of the trailer prevent air
entering the underside of the trailer and becoming turbulent on the various underbody structure
components; and trailer aft/rear treatments reduce separation of air flow of the rear edge of the
trailer to reduce the large wake of turbulent air behind the trailer. Based on current SmartWay
Technology Verification, these devices can reduce fuel consumption from one to nine percent,
depending on the technology, and if it is employed individually or in combination.

As a result, we believe there is an opportunity within HD Phase 2 to promote continual
improvement of tractor aerodynamics and capitalize on the potential improvement that
aerodynamic trailer devices can provide for trailers, and overall combination tractor-trailer
efficiency.
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2.4.2 Advanced Aerodynamic Concepts

For HD Phase 2, we are proposing standards that would be fully phased in by the 2027
model year. This represents a significant amount of time from today’s action. As such, it is
possible that by the time the Phase 2 standards are implemented, the state of heavy-duty
aerodynamic technology and performance may have significantly advanced. Thus, there may be
a need to have standards to adequately address future tractor-trailer aerodynamic advances.

Accordingly, we are considering aerodynamic concepts that can achieve aerodynamic
performance beyond that of the HD Phase 2 aerodynamic standards. There are many approaches
applicable to today’s tractors and trailers that are not considered in the HD Phase 2 aerodynamic
standards and advanced research aimed at creating a completely new design paradigm for
tractor-trailer combinations.

The advanced aerodynamic standards would not be required but would rather serve as a
marker for future aerodynamic concepts and/or as a metric for HD Phase 2 advanced/innovative
aerodynamic technologies.

2.4.2.1 Aerodynamic Improvements to Current Tractor-Trailer Combinations Based
on Existing Technology

24211 Manufacturer Commercial Initiatives

In order to anticipate technology advancement, it is important to benchmark current
technology improvements based on today’s tractors and trailers. A number of Class 8 tractor
OEM’s have incorporated the technologies requested by their customers to improve fuel
economy and to meet the HD Phase 1 standards. These technologies include side skirts, boat
tails and roof fairings as well as some driver monitoring tools. Recently Jack Roberts released
an article on the internet titled: “Photo, video: Western Star introduces re-designed on-highway
tractor.” 8

Figure 2-4 Pictures of the Western Star Class 8 Tractors

In addition to providing photos and videos of Western Star’s redesigned on-highway
tractor, the article describes a multitude of new features that define the new tractor. These
features include:
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e A new sweptback four piece bumper with an under bumper valance that contributes
to aerodynamic efficiency.

o New halogen headlights that are optimized for aerodynamic performance and
excellent visibility.

o A state-of-the-art visor specifically engineered to work with the impressive slope in
the hood’s rear air ramp to direct airflow over the cab without an aerodynamic
penalty.

« Roof and cab fairings that sweep back for tighter trailer gap and help direct air flow
over and around the trailer.

o Optional chassis side fairings that reduce drag by up to 6 percent while still providing
easy access to batteries and DEF tank.

e The Western Star Twin Force dual air intake, which feeds a massive centrally
mounted air filter to improve efficiency.

This example demonstrates that manufacturers are continuing to find ways to improve
tractors and are continually exploring concepts, such as those in used in the SuperTruck
initiative, to improve commercially-available products.

24.2.1.2 Supplier Research: SABIC Roof Fairing Technology and
Manufacturing

Developments in aerodynamics have long been assumed to yield advancements in vehicle
fuel efficiency. SABIC Innovative Plastics US LLC (SABIC) evaluated a variety of injection
moldable thermoplastic roof fairing designs for a heavy tractor day cab to quantify efficiencies
that could be obtained through advanced aerodynamics. Computational Fluid Dynamic (CFD)
modeling was performed by Exa Corporation, an industry recognized leader in CFD. Multiple
designs exhibited significant reductions in drag compared to a baseline roof fairing (Figure 1 of
Figure 2-5). The baseline represented a top performing roof fairing on the market today. The
best performing SABIC concept (Figure 2) achieved a 5.8 percent reduction in drag and fuel use
compared to the baseline. Under the well-established 2:1 relationship between delta drag and
fuel use, the fuel efficiency improved by nearly 3 percent from the baseline design.

The design concept optimized the shape to manage the airflow over the vehicle and
enable reduced drag and increased fuel economy. Air channels — developed for injection
molding processes — limit the air stagnation on the front of the trailer as well as accelerate and
control the direction of the air flow. This innovative concept has been validated using state of
the art CFD methods. On vehicle tests are suggested to validate findings from these studies.
(from Matthew D. Marks, Senior Business Manager, Regulatory Automotive and Mass
Transportation, November 14, 2014).
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Figure 1: baseline roof fairing Figure 2: SABIC concept roof fairing
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Figure 2-5 Surface X-Force (dimensionless) on Baseline and SABIC Concept Roof Fairing

Aerodynamic (surface) force is the force exerted on a body whenever there is a relative
velocity between the body and the air. These plots represent this force in the direction of the
vehicle travel at highway speeds. Red indicates a “pushing’ of the vehicle rearward, while blue
indicates a “pulling’ of the vehicle forward.

Figure 3: SABIC concept roof Figure 4° SABIC concept roof
fairing showing directed airflow fairing shawing airflow detail

Figure 2-6 SABIC Concept Roof Fairing Operation

We are currently coordinating with SABIC on future efforts to determine feasibility and
capability of this concept on additional areas of the tractor (e.g., bumper, hood, fuel tank/chassis
skirt fairings, cab side extenders).

24213 HD Phase 1 Research: External Active Grille Shutter Potential on
Heavy-Duty Tractors

During HD Phase 1 aerodynamic assessment, we looked at several trends to understand
some of the aerodynamic trends such as removal of tractor chassis fairings and side extenders,
different tractor-trailer gap widths, and different trailer leading edge radii. However, one trend
of particular relevance to advanced aerodynamic improvements for current tractors is the case of
open versus closed grille.
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We evaluated the open vs. closed grille trend in the full and reduced scale wind tunnel.
Below in Figure 3-7 is picture of a 1/8" scale tractor model in the reduced scale wind tunnel with
the grille covered with aluminum tape to simulate a fully closed grille.

Figure 2-7 Photo of 1/8th scale model of a tractor with the front, external grille
covered with aluminum tape to simulate a closed grill configuration.

Below in Table 2-1 and Table 2-2 are the results of our open versus closed grille
evaluations in the full and reduced scale wind tunnel separately. The tables provide the deltas
for an open grille Co minus the closed grille Cp; where the Cps have been corrected for
blockage, in the case of the full scale wind tunnel, and normalized for differences in measured
frontal area between the full and reduced scale wind tunnels using a nominal frontal area of 10.4
m? (111.95 in?). For the full scale wind tunnel, only one tractor OEM was tested. In contrast, for
the reduced scale wind tunnel, three tractor OEMs were tested.

Table 2-1 Full Scale Wind Tunnel Results for Open verses Close Grille Configurations

TRACTOR | DELTA WACD % DELTA CD VS. OPEN GRILLE
MODEL @55MPH CD
1 0.003 0.60%

Table 2-2 Reduced Scale Wind Tunnel Results for Open versus Close Grille Configurations

TRACTOR | DELTA WACD % DELTA CD VS. OPEN GRILLE
MODEL @55MPH CD

A 0.010 1.69%

B 0.012 1.89%

C 0.009 1.45%

Based on the data in these tables, there is a potential wind-average drag improvement of
0.6 percent to 1.45 percent from closing off the external, front grille of the tractor. This indicates
the potential of active grille shutter systems on heavy-duty tractors. These systems are currently
being applied on light duty vehicles behind the external grille to improve aerodynamics.

2-21



However, a recent SAE paper determined that the optimal position for active grille shutter
systems was the external grille flush with the vehicle sheet metal.*® This technique could be
implemented on the external grille designs for current-design, heavy-duty tractors as well.

24214 National Research Council of Canada Historical Research on
Improving Heavy-Duty Tractors

The National Research Council of Canada (NRC-Can) performed an assessment of the
drag benefit or detriment of various tractor components®® and found the following in Table 2-3.

Table 2-3 Reduced Scale Wind Tunnel Results for Open versus Close Grille Configurations

COMPONENT DELTA
WACD
OEM Side Mirrors -0.0156
OEM Fender Mirrors -0.0098
Wheel Covers (Tractor and Trailer) 0.0020
Tractor Drive Axle Wrap-Around Splash Guards | 0.0049
Roof Fairing Rear-Edge Filler 0.0137

Based on this table, there is the potential to improve tractor aerodynamics by 206 counts
(0.0206 WACDb) with the addition of wheel covers, drive axle wrap around splash guards, and
roof fairing rear edge filler, and up to 460 counts (0.0460) if the OEM side and fender mirrors
are replaced with a camera system, as suggested by the study, and combined with the wheel
covers, drive axle wrap around splash guards, and roof fairing rear edge filler. Therefore,
considering the current wind-average drag performance of current heavy-duty tractors, this study
demonstrates the possibility to improve tractors an additional ~1 percent with some simple
changes.

2.4.2.2 Aerodynamic Improvements to Current Tractor-Trailer Combinations Based
on Complete Vehicle Redesign

This section contains summaries of ongoing work from various DOE efforts as well as
individual efforts such as Airflow Truck Company to develop improved aerodynamic Class 8
vehicles. In addition to aerodynamics, there are other technologies such as driver awareness and
ability to drive for maximum fuel economy with increased aerodynamics. Overall it is expected
that the research being performed over the next year or two will reveal drastic improvements in
CuA and fuel economy. DOE’s Lawrence Livermore National Laboratory is also looking at the
aerodynamics of tankers.

24.2.2.1 Collaborative, Government-Industry Advanced Aerodynamic
Research: SuperTruck Program

DOE’s SuperTruck project is one of several initiatives that are part of the 21% Century Truck
Partnership. The partnership is a public-private initiative to stimulate innovation in the trucking
industry through sponsorship from government agencies, companies, national laboratories and
universities. DOE’s Vehicle Technologies Program provided matching funds to the program.
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Cummins, Peterbilt and their program partners invested $38.8 million in private funds for the
first four years of the project with additional funding provided for future research beyond 2014.

The goal of the SuperTruck Initiative was to develop a tractor that could meet or exceed
10 mpg — where tractors at this point are averaging between 5.5 and 6.5 mpg. Advances in
engines, aerodynamics and more helped the tractor project increase its fuel economy. The
SuperTruck objectives included development and demonstration of a highly efficient and clean
diesel engine, an advanced waste heat recovery system, an aerodynamic tractor and trailer
combination and a lithium ion battery auxiliary power unit, to reduce engine idling. Eaton Corp,
also part of the Cummins-Peterbilt SuperTruck project team, contributed technologies including
the design, development and prototyping of an advanced automated transmission that facilitated
reduced engine-operating speeds. Cummins and Eaton jointly designed shift schedules and other
features to yield further improved fuel efficiency.

Details of the SuperTruck that achieved 10.7 mpg are in video on the todaystrucking.com
website and are presented in four videos.** Aerodynamic features of the tractor include the
following: airflow into the engine compartment (through the front bumper, through the radiator
and under the vehicle), less clearance between the road and the bottom of the tractor (rubber skirt
under steps), close gaps on tractor/trailer (between hood and bumper, etc.), minimized gap
between the trailer and tractor with a ball and socket design, full trailer skirt, roof fairing, smaller
mirrors, minimized gap between wheels and wheel wells, wheel covers, boat tail, air foil on rear
bumper design, single wide tires, and perforated mud flaps that allow air to bypass through them
and reduce drag. A picture of this truck based on a Peterbilt tractor is shown in Figure 2-7
below.

Even with the addition of these aerodynamic features, overall the tractor mass was
reduced by over 1,300 Ibs. The article states that the CFD analysis of the tractor showed a 50
percent reduction in drag and with a 2:1 drag reduction the aero improvements resulted in a 25
percent improvement in fuel economy. In the 300 mile test course shown on the video, it was
stated that the tractor achieved 10.7-11.1 mpg.

Figure 2-7 Peterbilt SuperTruck Concept (Picture from: http://www.peterbilt.com/about/media/2014/396/)

This effort represents the first step in the evolution of improving the aerodynamic
efficiency of tractor-trailer by radically redesigning today’s tractor-trailer combination, as a
wholly integrated system rather each component, tractor and trailer, independently.
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24.2.2.2 Government Sponsored Advanced Aerodynamic Research:
Lawrence Livermore National Laboratory

Lawrence Livermore National Laboratory’s (LLNL) Kambiz Salari presented
information at the 2014 DOE Annual Merit Review on “DOE’s Effort to Improve Heavy Duty
Vehicle Fuel Efficiency through Improved Aerodynamics”. A joint project with Wabash,
Navistar, Michelin, Safeway, Frito Lay, Praxair, Freight Wing Inc, ATDynamics, Kentucky
Trailer and Spirit with funding for work in 2013 and 2014, the objective was to develop a new
integrated tractor-trailer design from ground up by: first, designing the first generation of an
integrated tractor-trailer geometry called Generic Speed Form one (GSF1); and second
performing wind tunnel tests of selected aero devices for tractor-trailers and tankers to improve
fuel efficiency. The goal was to reduce aerodynamic drag of Class 8 tractor-trailers by
approximately 25 percent leading to a 10-15 percent increase in fuel efficiency at 65 mph. In
addition, the group developed an aerodynamic tractor-trailer prototype designed to achieve 50
percent reduced aerodynamic drag as shown in Figure 2-8. This effort represents the next
generation of tractors and trailers: a completely redesigned, fully integrated, optimized shape for
the tractor-trailer combination.

Tractor-trailer integration is the next step in
achieving a radical improvement in fuel economy

> 50% aerodynamic drag
reduction compared to
heavy vehicles on the
road today

Lawrance Livermare Mational Laboratory B

Figure 2-8 Pictures showing future heavy-duty tractor trailer concept to achieve >50% aerodynamic
improvement for Class 8 line haul heavy-duty vehicles

24223 Independent Advanced Aerodynamic Research: Airflow Truck
Company Bullet Truck Concept

In addition to the work being performed by the OEMs and consortiums mentioned above,
there are also independent commercial initiatives underway to radically redesign the tractor-
trailer combination similar to the concept by Lawrence Livermore National Laboratories
discussed above.

The Class 8 tractor and trailer modifications in Figure 2-9 were designed, built, and tested
in 2012 by Mr. Robert Sliwa of the Airflow Truck Company. Mr. Sliwa built his first
aerodynamic tractor in the 1983 when he was an owner-operator. After that, Mr. Sliwa became
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interested in computers and used his computer background along with his truck driver and race
car driver experience to create the Bullet Truck. His current design is described at
wwwe.airflowtruck.com and his tractor design modifications are similar in appearance to the
bullet looking trains used in Europe. The tractor uses a 1999 engine and the test was conducted
in the manner in which the tractor was driven at 55 mph by an experienced driver throughout its
test while loaded at 65,000 Ibs from Newington, Connecticut to Tracy, California.

The website shows that the vehicle achieved 13.4 mpg during this trip and included
traveling through the Rocky Mountains. CFD analyses of the design after the vehicle was built
found a modest decrease in C4A, thus giving credence to the design work under the hood (most
of which are outlined at airflowtruck.com) and driving techniques. Several new technologies
were developed during this work which included retractable tractor steps, all electric air
conditioning, crankshaft mounted cooling fan, computer-controlled fan hub, waterless engine
coolant, reduced engine parasitic losses, full tractor and trailer side skirts, 4 axle ATIS, and an
engine feedback information display.

Figure 2-9 Figure of the Bullet Truck by Airflow Truck Company®

Another prototype is in development and it will include further aerodynamic optimization
of the tractor and trailer, and the combination thereof, as well as the addition of a boat tail.
These technologies and more are expected to result in higher mpg under similar test conditions.
Other changes in the vehicle makeup and test would include a more modern engine and testing at
higher speeds (>55 mpg (60-65mpg)) may influence the end results.
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Figure 2-10 Figure of a Highly Aerodynamic Concept Class 8 Tractor

Although it is difficult to separate the aerodynamic factors from the engine and
operational factors that lead to the claimed 13.4 mpg, the designs being explored and built by
Mr. Sliwa are indicative of the type of tractor-trailer combinations we anticipate will be built in
the future.

2.4.3 Tires
2.4.3.1 Improved Rolling Resistance

Research indicates that a tire’s contribution to overall vehicle fuel efficiency is
approximately proportional to the vehicle weight on it.*? Energy loss associated with tires is
mainly due to deformation of the tires under the load of the vehicle, known as hysteresis, but
smaller losses result from aerodynamic drag, and other friction forces between the tire and road
surface and the tire and wheel rim. Collectively the forces that result in energy loss from the
tires are referred to as rolling resistance. Tires with higher rolling resistance lose more energy,
thus using more fuel and producing more CO2 emissions in operation, while tires with lower
rolling resistance lose less energy, and use less fuel and produce less CO2 emissions in operation.

A tire’s rolling resistance is a factor considered in the design of the tire, and is affected by
the tread and casing compound materials, the architecture of the casing, tread design, and the tire
manufacturing process. It is estimated that 35 to 50 percent of a tire’s rolling resistance is from
the tread and the other 50 to 65 percent is from the casing.** Tire inflation can also impact
rolling resistance in that under-inflated tires can result in increased deformation and contact with
the road surface. In addition to the effect on CO2 emissions and fuel consumption, these design
and use characteristics of tires also influence durability, traction (both wet and dry grip), vehicle
handling, ride comfort, and noise. Tires that have higher rolling resistance are likely designed to
address one or more of these other tire attributes.

EPA’s SmartWay program identified test methods and established criteria to designate
certain tires as having lower rolling resistance (LRR) for use in the program’s emissions tracking
system, verification program, and SmartWay vehicle specifications. To measure a tire’s
efficiency, the vertical load supported by the tire must be considered, because rolling resistance
is a function of the load on a tire. EPA uses a tire’s rolling resistance coefficient (CRR) to
characterize LRR tires. CRR is measured using the ISO 28850 test method (see 40 CFR
1037.520(c),) and reported as the rolling resistance force over vertical load (kg/metric ton).
Differences in rolling resistance of up to 50 percent have been identified for tires designed to
equip the same vehicle.*?
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LRR tires are commercially available from most tire manufacturers and can be applied to
vehicles in all MD/HD classes. According to an energy audit conducted by Argonne National
Lab, tires were shown to be the second largest contributor to energy losses for a Class 6 delivery
truck at 50 percent load and speeds up to 35 mph (a typical average speed of urban delivery
vehicles).* For Class 8 tractor-trailers, the share of vehicle energy required to overcome rolling
resistance is estimated at nearly 13 percent.*

NHTSA, EPA, and ARB met with stakeholders from the tire industry (Bridgestone,
Continental, Cooper, Goodyear, and Michelin) in 2014 to discuss the next generation of LRR
tires for the Phase 2 timeframe for all segments of Class 2b-8 vehicles, including trailers.
Manufacturers discussed forecasts for rolling resistance levels and production availability in the
Phase 2 timeframe, as well as their plans for improving rolling resistance performance while
maintaining other performance parameters such as traction, handling, wear, mass reduction,
retreadability, and structural durability.

The meetings included specific discussions of the impacts of the current generation of
LRR tires on vehicle stopping distance and handling. Manufacturers indicated no known safety
disbenefit in the current on-road fleet from use of LRR tires. While the next generation of tires
may require some tradeoffs in wear performance and costs over the next 10 years to achieve
better tire rolling resistance performance, manufacturers said they will not trade off safety for
performance. They also emphasized that keeping tires inflated (through proper maintenance or
automatic systems) was the best way to assure long term fuel efficiency and safety during
vehicle operation.

2.4.3.2 Wide Base Singles

Low rolling resistance tires can be offered for dual assembly tires and as wide base
singles (WBS). Wide base singles are primarily intended for combination tractor-trailers, but
some vocational vehicles are able to accommodate them. In the early years of this technology,
some states and local governments restricted use of WBS, but many of these restrictions have
since been lifted. As of December 2010, NACFE reports that there is virtual acceptance in North
America with only a few provinces in Canada that disallow or require special permitting for the use
of wide base tires.*® A wide base single is a larger tire with a lower profile. The common wide
base single sizes include 385/65R22.5, 425/65R22.5, 445/65R22.5, 435/50R22.5 and
445/50R22.5. Generally, a wide base single tire has less sidewall flexing compared to a dual
assembly and therefore less hysteresis occurs. Compared to a dual tire assembly, wide base
singles also produce less aerodynamic resistance or drag. Wide base singles can contribute to
improving a vehicle’s fuel efficiency through design as a low rolling resistance tire and/or
through vehicle weight reduction.

According to one study, the use of fuel efficient wide base singles can reduce rolling
resistance by 3.7 to 4.9 percent compared to the most equivalent dual tire.*” An EPA study with
a tractor-trailer demonstrated an improvement in fuel consumption of 6 percent at 55 mph on the
highway, 13 percent at 65 mph on the highway and 10 percent on a suburban loop*® using wide
base singles on the drive and trailer axles. EPA attributed the fuel consumption improvement to
the reduction in rolling resistance and vehicle weight reduction from using wide base singles. In
2008 the Department of Energy (DOE) compared the effect of different combinations of tires on
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the fuel efficiency of Class 8 tractors. The data collected based on field testing indicates that
tractors equipped with wide base singles on the drive axle experience better fuel efficiency than
tractors equipped with dual tires, independent of the type of tire on the trailer.*® This study in
particular indicated a 6.2 percent improvement in fuel efficiency from wide base singles.

There is also a weight savings associated with wide base singles compared to dual tires.
Wide base singles can reduce a tractor and trailer’s weight by as much as 1,000 Ibs. when
combined with aluminum wheels. Bulk haulers of gasoline and other liquids recognize the
immediate advantage in carrying capacity provided by the reduction in the weight of tires and
have led the transportation industry in retrofitting their tractors and trailers®.

New generation wide base singles, which were first introduced in 2000, are designed to
replace a set of dual tires on the drive and/or trailer positions. They are designed to be
interchangeable with the dual tires without any change to the vehicle®®. If the vehicle does not
have hub-piloted wheels, there may be a need to retrofit axle components.>® 2 In addition to
consideration of hub / bearing / axle, other axle-end components may be affected by use of wide
base singles. To assure successful operation, suitable components should be fitted as
recommended by the vehicle manufacturer.>

Current wide base singles are wider than earlier models and legal in all 50 states for a 5-
axle, 80,000 GVWR truck®’. Wide base singles meet the “inch-width” requirements nationwide,
but are restricted in certain states up to 17,500 Ibs. on a single axle at 500 Ibs/inch width limit,
and are not allowed on single axle positions on certain double and triple combination vehicles®..
An inch-width law regulates the maximum load that a tire can carry as a function of the tire
width. Typically wide base singles are optimized for highway operation and not for city or
on/off highway operation. However, newer wide base singles are being designed for better scrub
resistance, which would allow an expansion of their use. The current market share of wide base
singles in combination tractor applications is 5 percent and the potential market is all
combination tractors.*” New generation wide base singles represent an estimated 0.5 percent of
the 17.5 million tires sold each year in the U.S.%!

2.4.3.3 Tire Pressure Systems

Proper tire inflation is critical to maintaining proper stress distribution in the tire, which
reduces heat loss and rolling resistance. Tires with reduced inflation pressure exhibit more
sidewall flexing and tread shearing, resulting in greater rolling resistance than a tire operating at
its optimal inflation pressure. Bridgestone tested the effect of inflation pressure and found a 2
percent variation in fuel consumption over a 40 psi range.*> Tractor-trailers operating with all
tires under-inflated by 10 psi have been shown to increase fuel consumed by up to 1 percent.>
Tires can gradually lose pressure from small punctures, leaky valves or simply diffusion through
the tire casing. Changes in ambient temperature can also have an effect on tire pressure. Trailers
that remain unused for long periods of time between hauls may experience any of these
conditions. To achieve the intended fuel efficiency benefits of low rolling resistance tires, it is
critical that tires are maintained at the proper inflation pressure.

Although most truck fleets understand the importance of keeping tires properly inflated,
it is likely that a substantial proportion of trucks on the road have one or more underinflated tires.
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An industry survey conducted in 2002 at two truck stops found that fewer than half of the tires
checked were within 5 pounds per square inch (psi) of their recommended inflation pressure.
Twenty-two percent of the vehicles checked had at least one tire underinflated by at least 20 psi,
and 4 percent of the vehicles were running with at least one flat tire, defined as a tire
underinflated by 50 psi or more. The survey also found mismatches in tire pressure exceeding 5
percent for dual tires on axle ends.>®

A commercial vehicle tire condition study conducted by the Federal Motor Carrier Safety
Administration (FMCSA) in 2003 found similar indicators of poor tire inflation pressure
maintenance in commercial fleets. The FMCSA concluded that only 44 percent of all tires on
commercial vehicles were inflated within 5 psi of the recommended pressure, while over 7
percent of all tires in operation on commercial vehicles were underinflated by at least 20 psi. It
was also determined that the rates of tires used in dual assemblies that differed in pressure by
more than 5 psi was approximately 20 percent for tractor duals and 25 percent for trailer duals.
Finally, the FMCSA concluded that there were significant differences in tire inflation
maintenance practices between private and for-hire fleets, smaller and larger fleets, and local bus
and motor coach fleets.>®

If drivers or fleets are not diligent about checking and attending to under-inflated tires,
the trailer may have much higher rolling resistance and much higher CO2 emissions and fuel
consumption. Proper tire inflation pressure can be maintained with a rigorous tire inspection and
maintenance program and EPA provides information on proper tire inflation pressure through its
SmartWay program.®” Tire pressure monitoring (TPM) and automatic tire inflation (ATI)
systems are designed to address under-inflated tires. Both systems alert drivers if a tire’s
pressure drops below its set point. TPM systems monitor the tires and require user-interaction to
reinflate to the appropriate pressure. Yet unless the vehicle experiences a catastrophic tire
failure, simply alerting the driver that a tire’s pressure is low may not necessarily result in action
to correct the problem. A driver may continue driving to their final destination before addressing
the tires, resulting in many miles of driving with improperly inflated tires. Current ATI systems
take advantage of trailers’ air brake systems to supply air back into the tires (continuously or on
demand) until a selected pressure is achieved. In the event of a slow leak, ATI systems have the
added benefit of maintaining enough pressure to allow the driver to get to a safe stopping area.>®
The agencies believe TPM systems cannot sufficiently guarantee the proper inflation of tires due
to the inherent user-interaction required. Therefore, ATI systems are the only pressure systems
the agencies are proposing to recognize in GEM.

Estimates of the benefits of ATI systems vary depending on the base level of
maintenance already performed by the driver or fleet, as well as the number of miles the trailer
travels. Vehicles that are well maintained or that travel fewer miles would experience less
benefits from ATI systems compared to vehicles that log many miles or have a history of driving
with poorly inflated tires. The agencies believe ATI systems can provide a CO2 and fuel
consumption benefit to most tractors and trailers. Drivers and fleets that diligently maintain their
tires will spend less time and money to inspect each tire knowing that they are properly inflated.
Vehicles that have lower annual VMT due to long periods between uses would be less
susceptible to low tire pressures when they resume activity. Vehicles with high annual VMT
would experience the fuel savings associated with consistent tire pressures.
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2.4.3.4 Retreaded Tires

The tread life of a tire is a measure of durability and some tires are designed specifically
for greater durability. Commercial vehicle tires are designed to be retreaded, a process in which
a new tread is bonded to the tire casing. The original tread of a tire will last anywhere from
100,000 miles to over 300,000 miles, depending on vehicle operation, original tread depth, tire
axle position, and proper tire maintenance. Retreading can extend the tire’s useful life by
100,000 miles or more.>® In 2005, the Tire Industry Association estimated that approximately
17.6 million retreaded truck tires were sold in North America®.

All of the top commercial vehicle tire manufacturers are involved in tire retread
manufacturing. Bridgestone Bandag Tire Solutions accounts for 42 percent of the domestic
retreaded vehicle tire market with its Bandag retread products; Goodyear Tire and Rubber
Company accounts for 28 percent, mostly through its Wingfoot Commercial Tire Systems;
Michelin Retread Technologies Incorporated, with Megamile, Oliver, and Michelin retread
products, accounts for 23 percent. Other tire companies like Continental and independent retread
suppliers like Marangoni Tread North America (which also produces the Continental
“ContiTread” retread product) make up the remaining 7 percent.®* The retreading industry itself
consists of hundreds of retreaders who sell and service retreaded tires, often (but not always)
using machinery and practices identified with one of the major retread producers. There are
about 800 retread plants in North America.%? The top 100 retreaders in the U.S. retread 47,473
truck tires per day.

To maintain the quality of the casing and increase the likelihood of retreading, a tire
should be retreaded before the tread depth is reduced to its legal limit. At any time, steer tires
must have a tread depth of at least 4/32 of an inch and other tires, including drive tires and trailer
tires, must have a tread depth of at least 2/32 of an inch (49 CFR 8§ 393.75). Trucking fleets
often retread tires before tire treads reach this minimum depth in order to preserve the integrity
of the tire casing for retreading. If the casing remains in good condition, a truck tire can be
safely retreaded multiple times. Heavy truck tires in line haul operation can be retread 2 to 3
times and medium-duty truck tires in urban use can be retread 5 or more times.%® To
accommodate this practice, many commercial vehicle tire manufacturers warranty their casings
for up to five years, excluding damage from road hazards or improper maintenance.

To protect the casing, a steer tire is generally retreaded once the tread is worn down to
6/32 of an inch and a drive tire is retreaded once the tread is worn down to 8/32 of an inch.®*
Tires used on Class 8 vehicles are retreaded as many as three times.

Both the casing and the tread contribute to a tire’s rolling resistance. It is estimated that
35 to 50 percent of a tire’s rolling resistance is the result of the tread. Differences in drive tire
rolling resistance of up to 50 percent for the same casing with various tread compounds have
been demonstrated. For example, a fuel efficient tread (as defined by the manufacturer) was
added to two different casings resulting in an average increase in rolling resistance of 48 percent.
When a nonfuel efficient tread (also defined by the manufacturer) was added to the same casings,
the rolling resistance increased by 125 percent on average. This characterizes the effect of the
tread on the rolling resistance of a tire.
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Because tires can be retreaded multiple times, changes in the casing due to wear, damage
and material aging may impact rolling resistance to a greater degree than would occur in an
original tire. Additionally, as evidenced above, if a tread compound different than the original
tread is used, a retreaded tire can have higher or lower rolling resistance than the original tire.
Since the agencies have no way of knowing whether the rolling resistance of retreaded tires will
be higher or lower than the rolling resistance of the original tires, we similarly have no way of
knowing whether low rolling resistance tire benefits will continue to accrue for a vehicle’s entire
lifetime.

2.4.4 Transmissions

Transmissions are a significant vehicle component. They are part of the drive train,
which also includes axles and tires. Ways to improve transmissions include shift strategy, gear
efficiency, gear ratios, etc. The relative importance of having an efficient transmission increases
when vehicles operate in conditions with a higher shift density. Each shift represents an
opportunity to lose speed or power that would have to be regained after the shift is completed.
Further, each shift engages gears that have their own inherent inefficiencies.

Optimization of vehicle gearing to engine performance through selection of transmission
gear ratios, final drive gear ratios and tire size can play a significant role in reducing fuel
consumption and GHGs. Optimization of gear selection versus vehicle and engine speed
accomplished through driver training or automated transmission gear selection can provide
additional reductions. The 2010 NAS report found that the opportunities to reduce fuel
consumption in heavy-duty vehicles due to transmission and driveline technologies in the 2015
time frame ranged between 2 and 8 percent.®®

The design goal is for the transmission to deliver the needed power to the vehicle while
maintaining engine operation within the engine’s “sweet spot” for most efficient operation.
Truck and chassis manufacturers today offer a wide range of tire sizes, final gear ratios and
transmission choices so that owners can work with application engineers to specify an optimal
combination given the intended vehicle service class and other performance needs.

2.4.4.1 Optimizing Number of Gears and Gear Ratios

Manufacturers can choose to replace 6-speed transmissions with 8-speed or more
automatic transmissions. Additional ratios allow for further optimization of engine operation
over a wider range of conditions, but this is subject to diminishing returns as the number of
speeds increases. As additional planetary gear sets are added (which may be necessary in some
cases to achieve the higher number of ratios), additional weight and friction are introduced.
Also, the additional shifting of such a transmission can be perceived as bothersome to some
consumers, so manufacturers need to develop strategies for smooth shifts.

The Phase 1 rulemaking projected that 8-speed transmissions could incrementally reduce
fuel consumption by 1 to 3 percent from a baseline 6-speed automatic transmission over some
test cycles. The SwRI report uses 2 to 3 percent fuel consumption reduction when replacing 6-
speed baseline automatic transmissions with improved 8-speed automatic transmissions.

2-31



2.4.4.2 Gear Efficiencies

As described elsewhere for axles and engines, the efficiency of gears can be improved by
reducing friction and minimizing mechanical losses. This can be done by reducing the friction
between the two gears in contact. This friction is reduced mainly by improving the surface finish
of the gears. The other way of doing is by reducing the amount of distance the gear faces are
sliding against each other.

2.4.4.3 Shift Strategies

Calibrating the transmission shift schedule to upshift earlier and quicker, and to lock up
or partially lock up the torque converter under a broader range of operating conditions can
reduce fuel consumption and COz emissions. However, this operation can result in a perceptible
degradation in noise, vibration, and harshness. The degree to which NVH can be degraded
before it becomes noticeable to the driver is strongly influenced by characteristics of the vehicle,
and although it is somewhat subjective, it always places a limit on how much fuel consumption
can be improved by transmission control changes.

During operation, an automatic transmission’s controller manages the operation of the
transmission by scheduling the upshift or downshift, and locking or allowing the torque
converter to slip based on a preprogrammed shift schedule. The shift schedule contains a
number of lookup table functions, which define the shift points and torque converter lockup
based on vehicle speed and throttle position, and other parameters such as temperature.
Aggressive shift logic can be employed in such a way as to maximize fuel efficiency by
modifying the shift schedule to upshift earlier and inhibit downshifts under some conditions,
which reduces engine pumping losses and engine friction. The application of this technology
does require a manufacturer to confirm that drivability, durability, and NVH are not significantly
degraded.

A torque converter is a fluid coupling located between the engine and transmission in
vehicles with automatic transmissions and continuously-variable transmissions (CVT). This
fluid coupling allows for slip so the engine can run while the vehicle is idling in gear (as at a stop
light), provides for smoothness of the powertrain, and also provides for torque multiplication
during acceleration, and especially launch. During light acceleration and cruising, the inherent
slip in a torque converter causes increased fuel consumption, so modern automatic transmissions
utilize a clutch in the torque converter to lock it and prevent this slippage. Fuel consumption can
be further reduced by locking up the torque converter at lower vehicle speeds, provided there is
sufficient power to propel the vehicle, and noise and vibration are not excessive. If the torque
converter cannot be fully locked up for maximum efficiency, a partial lockup strategy can be
employed to reduce slippage. Early torque converter lockup is applicable to all vehicle types
with automatic transmissions. Some torque converters would require upgraded clutch materials
to withstand additional loading and the slipping conditions during partial lock-up. As with
aggressive shift logic, confirmation of acceptable drivability, performance, durability and NVH
characteristics would be required to successfully implement this technology.
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2.4.4.4 Architectures

The manual transmission architecture has traditionally been considered the most efficient
architecture since it did not experience the losses inherent in a torque converter required on a
traditional automatic transmission (a traditional automatic transmission being a transmission with
fully automated shifting and using a hydraulic lock-up torque converter for smooth vehicle
launching from a stop). However, this traditional understanding has been called into question as
advances in electronics and computer processing power allow for more efficiency from a manual
transmission architecture with fully automated shifting. The two primary manual transmission
architectures employing automated shifting are the automated manual transmission (AMT) and
the dual-clutch transmission (DCT). When implemented well, these mechanically more efficient
designs could inherently provide better fuel efficiency and lower greenhouse gas emissions than
conventional torque converter automatic transmission designs and, potentially, even fully manual
transmissions. These transmissions offer the inherently lower losses of a manual transmission
with the efficiency and shift quality advantages of electronic controls. The lower losses stem
from the elimination of the conventional lock-up torque converter, and a greatly reduced need for
high pressure hydraulic circuits to hold clutches to maintain gear ratios (in automatic
transmissions).

24441 AMT

An AMT is mechanically similar to a conventional manual transmission, but shifting and
launch functions are automatically controlled by electronics. The term AMT generally refers to
a single clutch design (differentiating it from a dual-clutch transmission, or dual-clutch AMT,
described below) which is essentially a manual transmission with automated clutch and shifting.
Because of shift quality issues with single-clutch designs, dual-clutch designs are more common
in light-duty applications where driver acceptance is of primary importance. In the HD sector,
shift quality remains important but is less so when compared to light-duty. As a result, the
single-clutch AMT architecture can be an attractive technology for HD vehicles.

24442 DCT

A DCT uses separate clutches (and separate gear shafts) for the even-numbered and the
odd-numbered gears. In this way, the next expected gear is pre-selected thereby allowing for
faster and smoother shifting. For example, in a 6 speed DCT, if the vehicle is accelerating in
third gear, the shaft with gears one, three and five has gear three engaged and is transmitting
power to the wheels. The shaft with gears two, four, and six is idle but has gear four engaged.
When a shift is required, the controller disengages the odd-gear clutch while simultaneously
engaging the even-gear clutch, thus making a smooth shift. If, on the other hand, the driver
slows the vehicle instead of continuing to accelerate, the transmission would have to change to
second gear on the idling shaft to anticipate a downshift. This shift can be made quickly on the
idling shaft since there is no torque being transferred on it.

There are variations of the DCT design, with some having wet clutches and some dry
clutches, and more recent versions that incorporate a torque converter similar to but smaller than
the torque converter of a traditional automatic transmission. The wet clutch designs offer a
higher torque capacity that comes from the use of a hydraulic system that cools the clutches. Wet
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clutch systems are also less efficient than dry clutch systems due to the losses associated with the
hydraulic pumping. They also are more costly due to the hydraulics.

2.4.4.5 Hybrid Powertrain Systems

The industry is currently developing many variations of hybrid powertrain systems. The
hybrids developed to date have seen fuel consumption and CO2 emissions reductions between 20
and 50 percent in the field. However, there are still some key issues that are restricting the
penetration of hybrids, including overall system cost, battery technology, and lack of cost-
effective electrified accessories.

A hybrid vehicle is a vehicle that combines two significant sources of propulsion energy,
where one uses a consumable fuel (like diesel), and one is rechargeable (during operation, or by
another energy source). Hybrid technology is well established in the U.S. light-duty market,
some manufacturers have been producing heavy-duty hybrid models for many years, and others
are looking to develop hybrid models in future years.

Hybrids reduce fuel consumption through three major mechanisms:

. The internal combustion engine can be optimized (through downsizing, modifying
the operating cycle, or other control techniques) to operate at or near its most efficient point
more of the time. Power loss from engine downsizing can be mitigated by employing power
assist from the secondary power source.

. Some of the energy normally lost as heat while braking can be captured and
stored in the energy storage system for later use.

. The engine is turned off when it is not needed, such as when the vehicle is
coasting or when stopped.

Hybrid vehicles utilize some combination of the three above mechanisms to reduce fuel
consumption and CO2z emissions. The effectiveness of fuel consumption and CO2 reduction
depends on the utilization of the above mechanisms and how aggressively they are pursued. One
area where this variation is particularly prevalent is in the choice of engine size and its effect on
balancing fuel economy and performance. Some manufacturers choose not to downsize the
engine when applying hybrid technologies. In these cases, performance is vastly improved,
while fuel efficiency improves significantly less than if the engine were downsized to maintain
the same performance as the conventional version. The non-downsizing approach is used for
vehicles where towing and/or hauling are an integral part of their performance requirements. In
these cases, if the engine is downsized, the battery can be quickly drained during a long hill
climb with a heavy load, leaving only a downsized engine to carry the entire load. Because
towing capability is currently a heavily-marketed HD pickup truck attribute, manufacturers are
hesitant to offer a truck with a downsized engine that can lead to a significantly diminished
towing performance when the battery state of charge level is low, and therefore engines are
traditionally not downsized for these vehicles.
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Strong hybrid technology utilizes an axial electric motor connected to the transmission
input shaft and connected to the engine crankshaft through a clutch. The axial motor is a
motor/generator that can provide sufficient torque for launch assist, all electric operation, and the
ability to recover significant levels of braking energy.

A hybrid drive unit is complex and consists of discrete components such as the electric
traction motor, transmission, generator, inverter, controller and cooling devices. Certain types of
drive units may work better than others for specific vehicle applications or performance
requirements. Several types of motors and generators have been developed for hybrid-electric
drive systems, many of which merit further evaluation and development on specific applications.
Series HEVs typically have larger motors with higher power ratings because the motor alone
propels the vehicle, which may be applicable to Class 3-5 applications. In parallel hybrids, the
power plant and the motor combine to propel the vehicle. Motor and engine torque are usually
blended through couplings, planetary gear sets and clutch/brake units. The same mechanical
components that make parallel heavy-duty hybrid drive units possible can be designed into series
hybrid drive units to decrease the size of the electric motor(s) and power electronics.

An electrical energy storage system is needed to capture energy from the generator, to
store energy captured during vehicle braking events, and to return energy when the driver
demands power. This technology has seen a tremendous amount of improvement over the last
decade and recent years. Advanced battery technologies and other types of energy storage are
emerging to give the vehicle its needed performance and efficiency gains while still providing a
product with long life. The focus on the more promising energy storage technologies such as
nickel metal-hydride (NiMH) and lithium technology batteries along with ultra-capacitors for the
heavy-duty fleet should yield interesting results after further research and applications in the
light-duty fleet.

Heavy-duty hybrid vehicles also use regenerative braking for improved fuel economy,
emissions, brake heat, and wear. A conventional heavy vehicle relies on friction brakes at the
wheels, sometimes combined with an optional engine retarder or driveline retarder to reduce
vehicle speed. During normal braking, the vehicle’s kinetic energy is wasted when it is
converted to heat by the friction brakes. The conventional brake configuration has large
components, heavy brake heat sinks, and high temperatures at the wheels during braking, audible
brake squeal, and consumable components requiring maintenance and replacement. Hybrid
electric systems recover some of the vehicle’s kinetic energy through regenerative braking,
where Kinetic energy is captured and directed to the energy storage system. The remaining
kinetic energy is dissipated through conventional wheel brakes or in a driveline or transmission
retarder. Regenerative braking in a hybrid electric vehicle can require integration with the
vehicle’s foundation (friction) braking system to maximize performance and safety.

Today’s systems function by simultaneously using the regenerative features and the
friction braking system, allowing only some of the kinetic energy to be saved for later use.
Optimizing the integration of the regenerative braking system with the foundation brakes would
increase the benefits and is a focus for continued work. This type of hybrid regenerative braking
system improves fuel economy, GHG emissions, brake heat, and wear.
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In a hydraulic hybrid system, deceleration energy is taken from the drivetrain by an inline
hydraulic pump/motor unit by pumping hydraulic fluid into high pressure cylinders. The fluid,
while not compressible, pushes against a membrane in the cylinder that compresses an inert gas
to 5,000 PSI or more when fully charged. Upon acceleration, the energy stored in the
pressurized tank pushes hydraulic fluid back into the drivetrain pump/motor unit, allowing it to
motor into the drivetrain and assist the vehicle’s engine with the acceleration event. This heavy-
duty vehicle hybrid approach has been demonstrated successfully, producing good results on a
number of commercial and military trucks.

Despite the significant future potential for hybrids discussed above, there are no simple
solutions applicable for each heavy-duty hybrid application due to the large vocational vehicle
fleet variation. A choice must be made relative to the requirements and priorities for the
application. Challenges in motor subsystems such as gear reductions and cooling systems must
be considered when comparing the specific power, power density, and cost of the motor
assemblies. High speed motors can significantly reduce weight and size, but they require speed
reduction gear sets that can offset some of the weight savings, reduce reliability and add cost and
complexity. Air-cooled motors are simpler and generally less expensive than liquid cooled
motors, but they are larger and heavier, and they require access to ambient air, which can carry
dirt, water, and other contaminants. Liquid-cooled motors are generally smaller and lighter for a
given power rating, but they may require more complex cooling systems that can be avoided
with air-cooled versions. Various coolant options, including water, water-glycol, and oil, are
available for liquid-cooled motors but must be further researched for long term durability.
Electric motors, power electronics, electrical safety, regenerative braking, and power-plant
control optimization have been identified as the most critical technologies requiring further
research to enable the development of higher efficiency hybrid electric propulsion systems.

2.4.5 Axles
2.4.5.1 Axle Efficiency

Axle efficiency is improved by reducing generally two categories of losses; mechanical
losses and spin losses.

Mechanical losses can be reduced by reducing the friction between the two gears in
contact. This friction is reduced mainly by improving the surface finish of the gears. The other
way of doing is by reducing the amount of distance the gear faces are sliding against each other.
Generally speaking frictional losses are proportional to the torque on the axle not a function of
rotational speed of the axle.

Spin losses on the other hand are a function of speed and not torque. One of the main
ways to reduce the spin losses of the axle is by using a lower viscosity lubricant. Some high-
performance lower viscosity formulations have been designed to have superior performance at
high operating temperatures, and may have extended change intervals.

A study conducted by researchers at Shell Global Solutions on a Mercedes Benz OM
460LA heavy-duty diesel engine run under the World Harmonized Transient Cycle (WHTC) and
World Harmonized Stationary Cycle (WHSC), used a combination of a SAE 5W-30 engine oil,
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SAE 75W-80 gearbox oil and SAE 75W-90 axle oil. The combination yielded average fuel
economy improvements of 1.8 percent over the WHTC and 1.1 percent over the WHSC, relative
to a SAE 15W-40 engine oil, SAE 80W gearbox and SAE 90 axle oil [VT-27]. The baseline
lubricants represent current mainstream products, and the new lubricants were top-tier
formulations focusing on modified viscometric effects. Using the WHSC cycle, significant
variations in the individual lubricant contribution under different speed and load conditions
within the cycle were identified. Additionally, an average fuel economy improvement of 1.8
percent was observed using medium-duty trucks under a range of typical European driving
conditions in a controlled field trial.%®

Spin losses can also be reduced by lower the volume of lubricant in the sump. This
reduces the surface area of the gears that is churning through the lubricant. One of the main
challenges of doing this is making sure that there is still adequate coverage of lubricant on the
gears and bearings as well as adequate circulation so that the lubricant temperature doesn’t rise
too high and accelerate the aging of the lubricant.

If a manufacturer wishes to demonstrate a benefit specific to any technology that
improves axle efficiency, an axle efficiency test could be performed to support an off-cycle
technology credit application. See draft RIA Chapter 3 for a description of the proposed test
procedure for rear axle efficiency.

2.4.5.2 Gear Ratio

Combining with transmission ratio, selection of the axle ratio can play a significant role
in vehicle performance. For an on-highway tractor, the axle ratio must be selected in such a way
that the engine can constantly run inside the sweet spot, where the engine efficiency is optimal
for a typical constant cruise speed like 65 mile per mile. Although many vehicles on the road
already use the fast axle ratio as low as 2.64:1 with the direct drive of transmission, which moves
the engine speed in the range of 1200 rpm or even lower, most vehicles still use higher or slower
axle ratio, which puts the engine speed in the range of 1300-1400 rpm. In order to take
advantage of optimal engine speed, which is typically in the range of 1100-1150 rpm for HHD
diesel vehicles, it is expected that the faster axle ratio lower than 2.64:1 would be widely used in
2018 and beyond for tractors. Furthermore, in order to enhance vehicle performance, many axle
manufacturers are developing dual speed axles, allowing vehicles to switch to the higher axle
ratio during transient driving conditions, such as city traffic. On the vocational side, the ability
to start a heavy vehicle, climb hills, and operate smoothly at low speed is strongly influenced by
axle ratio, and therefore, one can see a large of variation of axle ratios depending on the
application.

2.4.5.3 Tandem Drive Axle Improvements

Manufacturers are developing technologies to enable heavy trucks with two rear drive
axles to be driven solely by the lead rear axle either permanently or on a part time basis.
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24531 6Xx?2

Most tractors and heavy heavy-duty vocational vehicles today have three axles — a steer
axle and two rear drive axles, which is commonly referred to as a 6x4 configuration.
Manufacturers offer 6x2 tractors that include one rear drive axle and one rear non-driving axle.
The 6x2 tractors offer three distinct benefits. First, the non-driving rear axle does not have
internal friction and therefore reduces the overall parasitic losses in the drivetrain. In addition,
the 6x2 configuration typically weighs approximately 300 to 400 pounds less than a 6x4
configuration.%” Finally, the 6x2 typically costs less or is cost neutral when compared to a 6x4
tractor. Sources cite the effectiveness of 6x2 axles at between 1 and 3 percent.®® Similarly, with
the increased use of double and triple trailers, which reduce the weight on the tractor axles when
compared to a single trailer, manufacturers offer 4x2 axle configurations. The 4x2 axle
configuration would have as good as or better fuel efficiency performance than a 6x2.

24532 Enhanced 6x2

One of the drawbacks of 6x2 axle is lack of traction, specifically during the winter
condition and high grade road when the road is slippery. In order to overcome this deficiency,
some axle manufacturers offer products that perform similar to the 6x4 configurations.
SMARTandem offered by Meritor is just one of the examples.®® In this system, the axle runs
6x2 for most time. Once the conditions that require more traction are experienced, the vehicle
activates the system to add more loads into one the powered axle, thus instantly increasing
traction. This system offers weight savings in the range of 300 to 400 Ibs, as well as 2 percent
fuel saving as compared with conventional 6x4 axle.

2.45.3.3 2.4.4.3.3 Disconnect 6x4 Axle

Based on confidential stakeholder discussions, the agencies anticipate that the axle
market may offer, in the proposed time frame of Phase 2, a Class 8 version of the type of axle
disconnect that today allows 4x4 operators of HD pickup trucks to automatically disconnect or
reconnect the front axle depending on needs for traction in varying driving conditions. The Class
8 version would likely function for the two tandem drive axles in a similar manner as the HD
pickup trucks do for the front axle. The switching could be automated or user-commanded. In
these cases, the axle actuator housing, sometimes called the axle disconnect housing, is part of
the differential that houses the gears and shift fork required to lock two axles together. The axle
actuator works together with the transfer case to send torque to all four wheel-ends. Recently,
Dana Holding Corporation has developed an axle system that switches between the two modes
based on driving conditions to maximize driveline efficiency.”” When high traction is required,
the system operates in 6x4 mode. When 6x4 tractive effort is not required, the system operates
in 6x2 mode. It is reported that this type of system can offer 2.5 percent benefits.

In the 4x4 example, the transfer case connects the input from the transmission to the rear
and front driveshafts. The axle actuator housing is found on the differential. In the 4x4
example, a shift fork inside the axle actuator housing slides a locking collar over two gears
locking both driver and passenger side axles together. In some 4x4 vehicles, those with
automatic 4WD, this process occurs automatically. In others, with selective 4WD, the driver can
choose to engage 4WD or RWD with a switch. These have slightly different axle actuator
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housings and have actuator solenoids mounted to them.” These systems would not provide the
weight reduction benefit of the permanent 6x2 configuration, and may offer less fuel savings,
especially with operator-switchable systems.

2.4.6 Weight Reduction

Mass reduction is a technology that can be used in a manufacturer’s strategy to meet the
proposed Phase 2 standards. Vehicle mass reduction (also referred to as “down-weighting” or
‘light-weighting), decreases fuel consumption and GHG emissions by reducing the energy
demand needed to overcome inertia forces, and rolling resistance. Reduced mass in heavy-duty
vehicles can benefit fuel efficiency and CO.emissions in two ways. If a truck is running at its
gross vehicle weight limit with high density freight, more freight can be carried on each trip,
increasing the truck’s ton-miles per gallon. If the vehicle is carrying lower density freight and is
below the GVWR (or GCW) limit, the total vehicle mass is decreased, reducing rolling
resistance and the power required to accelerate or climb grades.

Many vehicle components are typically made of heavier material, such as steel.
Manufacturers have worked with mass reduction technologies for many years and a lot of these
technologies have been used in production vehicles. The weight savings achieved by adopting
mass reduction technologies offset weight gains due to increased vehicle size, larger powertrains,
and increased feature content (sound insulation, entertainment systems, improved climate
control, etc.). Generally, an empty truck makes up about one-third of the total vehicle weight.
Every 10 percent drop in vehicle weight reduces fuel use about 5 percent.”?

Although many gains have been made to reduce vehicle mass, many of the features being
added to modern tractors to benefit fuel efficiency, such as additional aerodynamic features or
idle reduction systems, have the effect of increasing vehicle weight, causing mass to stay
relatively constant. Material and manufacturing technologies can also play a significant role in
vehicle safety by reducing vehicle weight, and in the improved performance of vehicle passive
and active safety systems. Hybrid powertrains, fuel cells and auxiliary power would not only
present complex packaging and weight issues, they would further increase the need for
reductions in the weight of the body, chassis, and powertrain components in order to maintain
vehicle functionality.

Manufacturers may employ a systematic approach to mass reduction, where the net mass
reduction is the addition of a direct component or system mass reduction, also referred to as
primary mass reduction, plus the additional mass reduction taken from indirect ancillary systems
and components, also referred to as secondary mass reduction or mass compounding.

Mass reduction can be achieved through a number of approaches, even while maintaining
other vehicle functionalities. As summarized by NAS in its 2011 light duty vehicle report, there
are two key strategies for primary mass reduction: 1) substituting lighter materials for heavier
materials; and 2) changing the design to use less material.”
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2.4.6.1 Material Substitution

Substitution of a material used in an assembly or a component for one with lower density
and/or higher strength includes replacing a common material such as mild steel with higher-
strength and advanced steels, aluminum, magnesium, and composite materials. In practice,
material substitution tends to be quite specific to the manufacturer and situation. Some materials
work better than others for particular vehicle components, and unless strength is matched, some
substituted components may need to be more numerous (i.e. two brackets instead of one).
Further, one choices of material may lead a manufacturer to invest more heavily in adjusting its
manufacturing process to its properties, thus possibly impeding its ability to consider other
materials. The agencies recognize that like any type of mass reduction, material substitution has
to be conducted not only with consideration to maintaining equivalent component strength, but
also to maintaining all the other attributes of that component, system or vehicle, such as
crashworthiness, durability, and noise, vibration and harshness (NVH).

One example that combines material substitution with component-elimination is the use
of wide-based single tires and aluminum rims to replace traditional dual tires and rims,
eliminating eight steel rims and eight tires from a tractor. Using aluminum, metal alloys, metal
matrix composites, and other lightweight components where appropriate can reduce empty
vehicle weight (known as “tare weight”), improve fuel efficiency, and reduce greenhouse gas
emissions. In addition, in weight-sensitive applications, lightweight components can allow more
cargo and increased productivity. A report by the National Commission on Energy Policy
estimates that a fuel economy gain of 5.0 percent on certain applications could be achieved by
vehicle mass reduction further illustrating the fuel economy gains possible on heavy-duty
applications.” A report for the U.S. DOT estimated potential reductions in modal GHG
emissions are 4.6 percent, though it also found that current light-weight materials are costly and
are application- and vehicle-specific with need for further research and development for
advanced materials.™

The principal barriers to overcome in reducing the weight of heavy vehicles are
associated with the cost of lightweight materials, the difficulties in forming and manufacturing
lightweight materials and structures, the cost of tooling for use in the manufacture of relatively
low-volume vehicles (when compared to automotive production volumes), and ultimately, the
extreme durability requirements of heavy vehicles. While light-duty vehicles may have a life
span requirement of several hundred thousand miles, typical heavy-duty commercial vehicles
must last over 1 million miles with minimum maintenance, and often are used in secondary
applications for many more years. This requires high strength, lightweight materials that provide
resistance to fatigue, corrosion, and can be economically repaired. Additionally, because of the
limited production volumes and the high levels of customization in the heavy-duty market,
tooling and manufacturing technologies that are used by the light-duty automotive industry are
often uneconomical for heavy vehicle manufacturers. Lightweight materials such as aluminum,
titanium and carbon fiber composites provide the opportunity for significant weight reductions,
but their material cost and difficult forming and manufacturing requirements make it difficult for
them to compete with low-cost steels. In addition, although mass reduction is currently
occurring on both vocational vehicles and line haul tractors, the addition of other systems for fuel
economy, performance or comfort increases the vehicle mass offsetting the mass reduction that
has already occurred, thus is not captured in the overall vehicle mass measurement (e.g. 500 Ibs
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for WHR). Most vehicle manufacturers offer lightweight tractor models that are 1,000 or more
pounds lighter than comparable models. Lighter-weight models combine different weight-saving
options that may include:"®

e Cast aluminum alloy wheels can save up to 40 pounds each for total savings of 400
pounds

e Aluminum axle hubs can save over 120 pounds compared to ductile iron or steel

e Centrifuge brake drums can save nearly 100 pounds compared to standard brake drums

e Aluminum clutch housing can save 50 pounds compared to iron clutch housing

e Composite front axle leaf springs can save 70 pounds compared to steel springs

e Aluminum cab frames can save hundreds of pounds compared to standard steel frames

2.4.6.2 Synergistic Effects - Reduced Power Demand

Manufacturers employ a systematic approach to mass reduction, where the net mass
reduction is the addition of a direct component or system mass reduction plus the additional mass
reduction that can be taken from indirect ancillary systems and components, as a result of full
vehicle optimization, effectively compounding or obtaining a secondary mass reduction from a
primary mass reduction. The strategy of using less material compared to the baseline component
or system can be achieved by optimizing the design and structure of vehicle components,
systems and vehicle structure. Vehicle manufacturers have long used these continually-
improving CAE tools to optimize vehicle designs. For example, the Future Steel Vehicle (FSV)
project sponsored by WorldAutoSteel used three levels of optimization: topology optimization,
low fidelity 3G (Geometry Grade and Gauge) optimization, and subsystem optimization, to
achieve 30 percent mass reduction in the body structure of a vehicle with a mild steel unibody
structure.”” Using less material can also be achieved through improving the manufacturing
process, such as by using improved joining technologies and parts consolidation. This method is
often used in combination with applying new materials.

If vehicle mass is reduced sufficiently through application of the two primary strategies
of using less material and material substitution described above, secondary mass reduction
options may become available. Secondary mass reduction is enabled when the load requirements
of a component are reduced as a result of primary mass reduction. If the primary mass reduction
reaches a sufficient level, a manufacturer may use a smaller, lighter, and potentially more
efficient powertrain while maintaining vehicle performance. If a powertrain is downsized, a
portion of the mass reduction may be attributed to the reduced torque requirement that results
from the lower vehicle mass. The lower torque requirement enables a reduction in engine
displacement, changes to transmission torque converter and gear ratios, and changes to final
drive gear ratio. The reduced powertrain torque may enable the downsizing and/or mass
reduction of powertrain components and accompanying reduced rotating mass (e.g., for
transmission, driveshafts/halfshafts, wheels, and tires) without sacrificing powertrain durability.
However, there may trade-offs, as it is possible that use of a downsized engine may require a
transmission with more gears. The combined mass reductions of the engine, drivetrain, and body
would reduce stresses on the suspension components, steering components, wheels, tires, and
brakes, which can allow further reductions in the mass of these subsystems. Reducing the
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unsprung masses such as the brakes, control arms, wheels, and tires further reduce stresses in the
suspension mounting points, which would allow for further optimization and potential mass
reduction.

One example of a synergistic effect is rotational inertia. Reducing the weight of rotating
components provides an enhanced fuel efficiency benefit over reducing the weight of static
components. In theory, as components such as brake rotors, brake drums, wheels, tires,
crankshafts, camshafts, and piston assemblies become lighter, the power consumption to rotate
the masses would be directly proportional to the mass decrease. Using physical properties of a
rotating component such as a wheel, it is relatively straightforward to calculate an equivalent
mass. However, we do not have enough information to derive industry average values for
equivalent mass, nor have we evaluated the best way for GEM to account for this. Using typical
values for a heavy-duty steel wheel compared to a similar-sized aluminum wheel, the agencies
estimate the equivalent mass ratio is in the range of 1.2 to 1.3. That means that by reducing the
mass of a wheel by 20 pounds, the vehicle could theoretically perform as if 26 pounds had been
reduced.

Estimates of the synergistic effects of mass reduction and the compounding effect that
occurs along with it can vary significantly from one report to another. For example, in
discussing its estimate, an Auto-Steel Partnership report states that “These secondary mass
changes can be considerable—estimated at an additional 0.7 to 1.8 times the initial mass
change.”’® This means for each one pound reduction in a primary component, up to 1.8 pounds
can be reduced from other structures in the vehicle (i.e., a 180 percent factor). The report also
discusses that a primary variable in the realized secondary weight reduction is whether or not the
powertrain components can be included in the mass reduction effort, with the lower end
estimates being applicable when powertrain elements are unavailable for mass reduction.
However, another report by the Aluminum Association, which primarily focuses on the use of
aluminum as an alternative material for steel, estimated a factor of 64 percent for secondary mass
reduction even though some powertrain elements were considered in the analysis.”® That report
also notes that typical values for this factor vary from 50 to 100 percent. Although there is a
wide variation in stated estimates, synergistic mass reductions do exist, and the effects result in
tangible mass reductions. Mass reductions in a single vehicle component, for example a door
side impact/intrusion system, may actually result in a significantly higher weight savings in the
total vehicle, depending on how well the manufacturer integrates the modification into the
overall vehicle design. Accordingly, care must be taken when reviewing reports on weight
reduction methods and practices to ascertain if compounding effects have been considered or not.

2.4.7 Vehicle Speed Limiter

The power required to move a vehicle increases as the vehicle speed increases.
Travelling at lower speeds provides additional efficiency to the vehicle performance. Most
vehicles today have the ability to electronically control the maximum vehicle speed through the
engine controller. This feature is used today by fleets and owners to provide increased safety
and fuel economy. Currently, these features are designed to be able to be changed by the owner
and/or dealer.
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The impact of this feature is dependent on the difference between the governed speed and
the speed that would have been travelled, which is dependent on road type, state speed limits,
traffic congestion, and other factors. The agencies plan to assess the benefit of a vehicle speed
limiter by reducing the maximum drive cycle speed on the 65 mph Cruise mode of the cycle.
The maximum speed of the drive cycle is 65 mph, therefore any vehicle speed limit with a
setting greater than this would show no benefit for purposes of these regulations, but may still
show benefit in the real world in states where the interstate truck speed limit is greater than the
national average of 65.5 mph.

The benefits of this simple technology are widely recognized. The American Trucking
Association (ATA) developed six recommendations to reduce carbon emissions from trucks in
the United States. Their first recommendation is to enact a national truck speed limit of 65 mph
and require that trucks manufactured after 1992 have speed governors set at not greater than 65
mph.& The SmartWay program includes speed management as one of their key Clean Freight
Strategies and provides information to the public regarding the benefit of lower highway
speeds.8!

Some countries have enacted regulations to reduce truck speeds. For example, the United
Kingdom introduced regulations in 2005 which require new trucks used for goods movement to
have a vehicle speed limiter not to exceed 90 km/hr (56 mph).8? The Canadian Provinces of
Ontario and Quebec developed regulations which took effect in January 2009 that requires on-
highway commercial heavy-duty trucks to have speed limiters which limit the truck’s speed to
105 km/hr (65 mph).8

Many truck fleets consider speed limiter application a good business practice in their
operations. A Canadian assessment of heavy-duty truck speed limiters estimated that 60 percent
of heavy truck fleets in North America use speed limiters.® Con Way Freight, Con Way
Truckload, and Wal-Mart currently govern the speeds of their fleets between 62 and 65 mph.8*

A potential disbenefit of this technology is the additional time required for goods
movement, or loss of productivity. The elasticity between speed reduction and productivity loss
has not been well defined in industry. The Canadian assessment of speed limiters cited above
found that the fuel savings due to the lower operating speeds outweigh any productivity losses.
A general consensus among the OEMs is that a one percent decrease in speed might lower
productivity by approximately 0.2 percent.®

2.4.8 Reduced Idling Time
2.4.8.1 Engine Shutdown with Alternate Power Source during Hoteling

Class 8 heavy-duty diesel truck extended engine idling expends significant amounts of
fuel in the United States. Department of Transportation regulations require a certain amount of
rest for a corresponding period of driving hours, as discussed in Chapter 1. Extended idle occurs
when Class 8 long haul drivers rest in the sleeper/cab compartment during rest periods as drivers
find it more convenient and economical to rest in the truck cab itself. In many cases it is the only
option available. During this rest period a driver will generally idle the truck in order to provide
heating or cooling or run on-board appliances. During rest periods the truck’s main propulsion
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engine is running but not engaged in gear and it remains in a stationary position. In some cases
the engine can idle in excess of 10 hours. During this period of time, fuel consumption will
generally average 0.8 gallons per hour.'*® Average overnight fuel usage would exceed 8 gallons
in this example. When multiplied by the number of long haul trucks without idle control
technology that operate on national highways on a daily basis, the number of gallons consumed
by extended idling would exceed 3 million gallons per day. Fortunately, a number of
alternatives (idling reduction technologies) are available to alleviate this situation.

248.1.1 Idle Control Technologies

Idle reduction technologies in general utilize an alternative energy source in place of
operating the main engine. By using these devices the truck driver can obtain needed power for
services and appliances without running the engine. A number of these devices attach to the
truck providing heat, air conditioning, or electrical power for microwave ovens, televisions, etc.

The idle control technologies (along with their typical hourly fuel rate) available today
include the following:®

e Auxiliary Power Unit (APU) powers the truck’s heating, cooling, and electrical system.
The fuel use of an APU is typically 0.2 gallons per hour

e Fuel Operated Heater (FOH) provides heating services to the truck through small diesel
fired heaters. The fuel use is typically 0.04 gallons per hour

e Battery Air Conditioning Systems (BAC) provides cooling to the truck

e Thermal Storage Systems provide cooling to trucks

Another alternative involves electrified parking spaces, with or without modification to
the truck. An electrified parking space system operates independently of the truck’s engine and
allows the truck engine to be turned off while it supplies heating, cooling, and electrical power.
These systems provide off-board electrical power to operate either:

1. Assingle system electrification which requires no on-board equipment by providing an
independent heating, cooling, and electrical power system, or
2. A dual system which allows driver to plug in on-board equipment

In the first case, power is provided to stationary equipment that is temporarily attached to
the truck. In the second, the truck is modified to accept power from the electrical grid to operate
on-board truck equipment. The retail price of idle reduction systems varies depending on the
level of sophistication. For example, on-board technologies such as APUs can retail for over
$7,000 while options such as electrified parking spaces require negligible up-front costs for
equipment for the tractor itself, but will accrue fees with usage.®

COzemissions and fuel consumption during extended idling are significant contributors
to emissions and fuel consumption from Class 8 sleeper cabs. The federal test procedure does
evaluate idle emissions and fuel consumption as part of the drive cycle and related emissions
measurement. However, long duration extended idle emissions and fuel consumption are not
fully represented during the prescribed test cycle. To address the fact that real-world fuel and
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emissions savings can occur with idle reduction technologies that cannot be reflected on the test
cycle, the agencies adopted in Phase 1 a credit mechanism for manufacturers who provide for
idle control using an automatic engine shutdown (AES) system on the tractor. This credit
recognizes the COz2 reductions and fuel consumption savings attributed to idle control systems
and allows vehicle manufacturers flexibility in product design and performance capabilities,
compared to an alternative where the agencies would allow credits for specific idle control
technologies.

2.4.8.2 Stop Start

For heavy-duty vehicles to apply engine stop-start technology without a reduction in
vehicle function, some additional vehicle technologies are needed. To some extent this could be
considered similar to a mild hybrid system, but it is not the same as the mild hybrid system
described for HD pickups and vans described below in Chapter 2.5. The agencies are projecting
the presence of a battery sufficient to offer electrified power steering, and some other electrified
accessories. Some systems may replace the conventional alternator with a belt or crank driven
starter/alternator and may add high voltage electrical accessories (which may include electric
power steering and an auxiliary automatic transmission pump). The limited electrical
requirements of these systems allow the use of lead-acid batteries or supercapacitors for energy
storage, or the use of a small lithium-ion battery pack.

The NACFE Idle Reduction Confidence report was written with long haul tractors in
mind; however the section on vehicle electrification discusses inverters and on-vehicle solar
energy capture, and offers some insights relevant to vocational vehicle electrification as it
pertains to stop-start systems.8” Inverters and beltless alternators can use DC power stored in
batteries to power on-board electrical devices and re-start engines. One example of a company
that supplies battery-inverter idle reduction systems for vocational vehicles is Vanner.2® There
are also systems available today that are designed to capture solar energy and store this energy
for distribution to electrified accessories and engine re-starting. One example of a company that
supplies on-vehicle solar energy capture for vocational vehicles is eNow.8°

2.4.8.3 Neutral Idle

Automatic transmissions historically apply torque to an engine when in gear at zero
speed, such as when stopped at a traffic light. These transmissions can be programmed to place
a smaller load on the engine, resulting in lower rpm and lower fuel consumption, essentially
shifting the transmission to neutral at zero speed.

2.4.9 Air Conditioning
2.4.9.1 Refrigerant Leakage
Hydrofluorocarbon (HFC) refrigerants, which are powerful GHG pollutants, can be
emitted to the atmosphere through component and system leaks during operation, during

maintenance and servicing, and with disposal at the end of the vehicle’s life. The current widely-
used refrigerant — R134a, has a much higher global warming potential (GWP) than COz,
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therefore a small leakage of this refrigerant has a much greater global warming impact than a
similar amount of emissions of CO2 or other mobile source GHGs.

Direct emissions of HFC from air conditioning systems can be reduced by minimizing
system leaks. Based on measurements from 300 European light-duty vehicles (collected in 2002
and 2003), Schwarz and Harnisch estimate that the average HFC direct leakage rate from modern
A/C systems was estimated to be 53 g/yr.® This corresponds to a leakage rate of 6.9 percent per
year. This was estimated by extracting the refrigerant from recruited vehicles and comparing the
amount extracted to the amount originally filled (as per the vehicle specifications). The fleet and
size of vehicles differs from Europe and the United States, therefore it is conceivable that
vehicles in the United States could have a different leakage rate. The authors measured the
average charge of refrigerant at initial fill to be about 747 grams (it is somewhat higher in the
U.S. at 770g), and that the smaller cars (684 gram charge) emitted less than the higher charge
vehicles (883 gram charge). Moreover, due to the climate differences, the A/C usage patterns
also vary between the two continents, which may influence leakage rates.

Vincent et al., from the California Air Resources Board estimated the in-use refrigerant
leakage rate to be 80 g/yr.%! This is based on consumption of refrigerant in commercial fleets,
surveys of vehicle owners and technicians. The study assumed an average A/C charge size of
950 grams and a recharge rate of 1 in 16 years (lifetime). The recharges occurred when the
system was 52 percent empty and the fraction recovered at end-of-life was 8.5 percent.

Manufacturers today are complying with the HD Phase 1 program requirements to reduce
AJ/C leakage emissions by utilizing high-quality, low-leakage air conditioning system
components in the production of new tractors, and HD pickup trucks and vans. Some of the
components available to manufacturers are low-permeation flexible hoses, multiple o-ring or seal
washer connections, and multiple-lip compressor shaft seals. The availability of low leakage
components in the market is being driven by the air conditioning credit program in the light-duty
GHG rulemaking. The cooperative industry and government Improved Mobile Air Conditioning
(IMAC) program has demonstrated that new-vehicle leakage emissions can be reduced by 50
percent by reducing the number and improving the quality of the components, fittings, seals, and
hoses of the A/C system.%

2.4.9.2 System Efficiency

A program could be developed that includes efficiency improvements. CO2- equivalent
emissions and fuel consumption are also associated with air conditioner efficiency, since air
conditioners create load on the engine. See 74 FR at 49529. However, as in Phase 1, the
agencies are not proposing air conditioning efficiency standards for heavy-duty vehicles, as the
fuel consumption and CO2 emissions due to air conditioning systems in heavy-duty trucks are
minimal (compared to their overall fuel consumption and emissions of COz). For example, EPA
conducted modeling of a Class 8 sleeper cab using GEM to evaluate the impact of air
conditioning and found that it leads to approximately 1 gram of CO2/ton- mile. Therefore, a
projected 24 percent improvement of the air conditioning system (the level projected in the light-
duty GHG rulemaking), would only reduce CO2 emissions by less than 0.3 g CO2/ton-mile, or
approximately 0.3 percent of the baseline Class 8 sleeper cab CO2emissions.
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2.4.9.3 Solar Control

Solar reflective paint and solar control glazing can reduce the temperature inside a
vehicle, and therefore reduce the air conditioning requirements. The reduction in air
conditioning load can lead to reductions in fuel consumption and GHG emissions. CARB’s Low
Emission Vehicle 111 Regulations (LEVIII) include a GHG credit for this technology.*® Solar
reflective paints reflect approximately a half of the solar energy by reflecting the infrared portion
of the solar spectrum. A study conducted by National Renewable Energy Laboratory found
benefits to sleeper cab tractors using reflective paint.** Solar control glazing reflects some of the
solar energy from the glass. CARB found that most heavy-duty trucks today use solar absorbing
glass.

There are many factors that influence the level of emissions and fuel consumption
reductions due to solar control glazing and solar reflective paint. The fraction of time spent
idling during the daytime hours, the fraction of hours of the day that are sunny, the ambient
temperatures, the wind conditions and/or vehicle speed, the fraction of the vehicles that are
painted colors other than white, and other factors influence the potential impact of these
technologies. Because of the difficulty in assessing the potential emission reductions from solar
control paint and glazing, the agencies are not proposing this technology as part of HD Phase 2,
but these types of technologies could be considered under the innovative technology program.

2.4.10 Other Accessory Improvements

Electric power steering (EPS) provides a potential reduction in CO2 emissions and fuel
consumption over hydraulic power steering because of reduced overall accessory loads. This
eliminates the parasitic losses associated with belt-driven power steering pumps which
consistently draw load from the engine to pump hydraulic fluid through the steering actuation
systems even when the wheels are not being turned. EPS is an enabler for all vehicle
hybridization technologies since it provides power steering when the engine is off. EPS may be
implemented on most vehicles with a standard 12V system. Some heavier vehicles such as Class
2b and 3 may require a higher voltage system which may add cost and complexity.

The 2017 light-duty final rule estimated a one to two percent effectiveness based on the
2002 NAS report, a Sierra Research report, and confidential manufacturer data. The SwRI report
estimated 0.8 percent to 1 percent effectiveness. The agencies reviewed these SwRI
effectiveness estimates and found them to be accurate, thus they have been retained for this
proposal.

In addition to the purely hybrid technologies, which decreases the proportion of
propulsion energy coming from the fuel by increasing the proportion of that energy coming from
electricity, there are other steps that can be taken to improve the efficiency of auxiliary functions
(e.g., power-assisted steering or air-conditioning) which also reduce CO2 emissions and fuel
consumption. Optimization of the auxiliary functions is collectively referred to as vehicle or
accessory load electrification because they generally use electricity instead of engine power.
These improvements are considered enablers for hybrid systems.
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2.4.11 Predictive Cruise Control

Cruise control is commonly used in light-duty and heavy-duty applications to maintain a
vehicle at a set speed. However, cruise control systems with additional intelligence and
predictive control in are much more complex but offer opportunities to reduce fuel consumption
and GHG emissions. Many of the heavy-duty manufacturers are developing intelligent cruise
control systems and though they resemble each other in overall function, each manufacturer is
doing it differently.

As an example, an intelligent cruise control system partnered with a source of elevation
information could detect when the vehicle is on a hill and know when it is close to cresting the
hill. During this time, the vehicle may be allowed to temporarily travel at a lower speed to
prevent the need for a transmission downshift, which consumes more fuel because it requires the
engine to increase the rpm and run in a less efficient part of the fuel map. Similarly, predictive
cruise control allows a vehicle to exceed the speed set point by a specified amount so that the
vehicle will start the next hill at a higher speed and reduce the likelihood of needing to downshift
on the next hill.

The amount of reduction in fuel consumption and CO2 emissions depends significantly
on the terrain. Sources estimate that the overall savings is approximately two percent.®®

2.5 Technology Application and Estimated Costs — HD Pickups and Vans

2.5.1 Gasoline Engines

Spark ignited (gasoline) engines used in complete Class 2b and 3 pickups and vans
include engines offered in a manufacturer’s light-duty truck counterparts, as well as engines
specific to the Class 2b and 3 segment. Based on 2014 MY specifications, these engines
typically range in displacement between 5 and 7 liters, though smaller and larger engines have
also been used in this market. The majority of these engines are a V8 configuration, although the
V10 configuration is also marketed.

The engine technologies are based on the technologies described in the Light-Duty
Vehicle Greenhouse Gas Emission Standards and Corporate Average Fuel Economy Standards
Joint Technical Support Document and Sections 2.2 and 2.3 above.?® Some of the references
come from the 2010 NAS Report, Technologies and Approaches to Reducing the Fuel
Consumption of Medium and Heavy-Duty Vehicles. These technologies include engine friction
reduction, cam phasing, cylinder deactivation and stoichiometric gas direct injection. Included
with each technology description is an estimate of the improvement in fuel consumption and
GHGs that is achievable through the use of the technology in heavy-duty pickup trucks and vans.

2.5.1.1 Low Friction Lubricants
One of the most basic methods of reducing fuel consumption in both gasoline and diesel
engines is the use of lower viscosity engine lubricants. More advanced multi-viscosity engine

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

Based on light-duty 2017-2025 MY vehicle rulemaking, and previously-received
confidential manufacturer data, the agencies have estimated the effectiveness of low friction
lubricants to be between 0 to 1 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.1.2 Engine Friction Reduction

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

Estimations of fuel consumption improvements due to reduced engine friction from the
2015 NHTSA Technology Study range from 1 percent to 2 percent. The agencies believe that
this range is accurate.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.1.3 Engine Parasitic Demand Reduction
Manufacturers can reduce mechanical engine loads and improve fuel consumption by
implementing variable-displacement oil pumps, higher-efficiency direct injection fuel pumps,

and variable speed/displacement coolant pumps.

Estimations of fuel consumption improvements due to reduced engine parasitic demand
from the 2015 NHTSA Technology Study range from 1 percent to 2 percent. The agencies
believe that this range is accurate.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
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2.5.1.4 Variable Valve Timing

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

VVT has now become a widely adopted technology in the light duty fleet: in MY 2014,
most of all new cars and light trucks had engines with some method of variable valve timing.%’
Manufacturers are currently using many different types of variable valve timing, which have a
variety of different names and methods. Therefore, the degree of further improvement across the
fleet is limited by the level of valvetrain technology already implemented on the vehicles. The
three major types of VVT are listed below.

Each of the implementations of VVT uses a cam phaser to adjust the camshaft angular
position relative to the crankshaft position, referred to as “camshaft phasing.” The phase
adjustment results in changes to the pumping work required by the engine to accomplish the gas
exchange process. The majority of current cam phaser applications use hydraulically-actuated
units, powered by engine oil pressure and managed by a solenoid that controls the oil pressure
supplied to the phaser.

25.1.4.1 Coupled Cam Phasing for Overhead Valve (OHV) and Single
Overhead Camshaft (SOHC) Engines

Valvetrains with coupled (or coordinated) cam phasing (CCP) can modify the timing of
both the inlet valves and the exhaust valves an equal amount by varying the phasing of the
camshaft across an engine’s range of operating speeds; also known as VVT. For engines
configured as an overhead valve (OHV) or as a single overhead camshaft (SOHC) only one cam
phaser is required per camshaft to achieve CCP.

Based on the heavy-duty 2014-2018 MY vehicle rulemaking, 2015 NHTSA Technology
Study, and previously-received confidential manufacturer data, the agencies estimate the fuel
consumption reduction effectiveness of this technology to be between 1 and 3 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.

25.1.4.2 Intake Cam Phasing (ICP) for Dual Overhead Camshaft Engines
(DOHC)

Valvetrains with ICP, which is the simplest of the cam phasing technologies, can modify

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

Some newer Class 2b and 3 market entries are offering dual overhead camshaft (DOHC)
engine designs where two camshafts are used to operate the intake and exhaust valves
independently. Consistent with the heavy-duty 2014-2018 MY vehicle rulemaking and the SwRI
report, the agencies agree with the effectiveness values of 1 to 2 percent reduction in fuel
consumption for this technology.

25.1.4.3 Dual Cam Phasing (DCP) for Dual Overhead Camshaft Engines
(DOHC)

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

Some newer Class 2b and 3 market entries are offering dual overhead camshaft (DOHC)
engine designs where two camshafts are used to operate the intake and exhaust valves
independently. Consistent with the light-duty 2012-2016 MY vehicle rulemaking and the SwRI
report, the agencies agree with the effectiveness values of 1 to 3 percent reduction in fuel
consumption for this technology.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.1.5 Variable Valve Lift (VVL)

Controlling the lift of the valves provides a potential for further efficiency improvements.
By optimizing the valve-lift profile for specific engine operating regions, the pumping losses can
be reduced by reducing the amount of throttling required to produce the desired engine power
output. By moving the throttling losses further downstream of the throttle valve, the heat
transfer losses that occur from the throttling process are directed into the fresh charge-air mixture
just prior to compression, delaying the onset of knock-limited combustion processes. Variable
valve lift control can also be used to induce in-cylinder mixture motion, which improves fuel-air
mixing and can result in improved thermodynamic efficiency. Variable valve lift control can
also potentially reduce overall valvetrain friction. At the same time, such systems may also incur
increased parasitic losses associated with their actuation mechanisms. A number of
manufacturers have already implemented VVL into their fleets (Toyota, Honda, and BMW).
There are two major classifications of variable valve lift, described below:
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25151 Discrete Variable Valve Lift (DVVL)

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

Based on the light-duty MY 2017-2025 final rule, previously-received confidential
manufacturer data, 2015 NHTSA Technology Study, and report from the Northeast States Center
for a Clean Air Future (NESCCAF), the agencies estimate the fuel consumption reduction
effectiveness of this technology to be between 1 and 3 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.1.6 Cylinder Deactivation

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

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

Effectiveness improvements scale roughly with engine displacement-to-vehicle weight
ratio: the higher displacement-to-weight vehicles, operating at lower relative loads for normal
driving, have the potential to operate in part-cylinder mode more frequently.

Based on the 2015 NHTSA Technology Study and previously-received confidential
manufacturer data, the agencies estimate the fuel consumption reduction effectiveness of this
technology to be between 2.5 and 3.5 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
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2.5.1.7 Stoichiometric Gasoline Direct Injection

Stoichiometric gasoline direct injection (SGDI) engines inject fuel at high pressure
directly into the combustion chamber (rather than the intake port in port fuel injection). SGDI
requires changes to the injector design, an additional high pressure fuel pump, new fuel rails to
handle the higher fuel pressures, and changes to the cylinder head and piston crown design.
Direct injection of the fuel into the cylinder improves cooling of the air/fuel charge within the
cylinder, which allows for higher compression ratios and increased thermodynamic efficiency
without the onset of combustion knock. Recent injector design advances, improved electronic
engine management systems and the introduction of multiple injection events per cylinder firing
cycle promote better mixing of the air and fuel, enhance combustion rates, increase residual
exhaust gas tolerance and improve cold start emissions. SGDI engines achieve higher power
density and match well with other technologies, such as boosting and variable valvetrain designs.

Several manufacturers have recently introduced vehicles with SGDI engines, including
GM and Ford, who have announced their plans to increase dramatically the number of SGDI
engines in their light-duty portfolios.

Based on the heavy-duty 2014-2018 MY vehicle rulemaking, 2015 NHTSA Technology
Study, and previously-received confidential manufacturer data, the agencies estimate the fuel
consumption reduction effectiveness of SGDI to be between 1 and 2 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.1.8 Turbocharging and Downsizing (TRBDS)

The specific power of a naturally aspirated engine is primarily limited by the rate at
which the engine is able to draw air into the combustion chambers. Turbocharging and
supercharging (grouped together here as boosting) are two methods to increase the intake
manifold pressure and cylinder charge-air mass above naturally aspirated levels. Boosting
increases the airflow into the engine, thus increasing the specific power level, and with it the
ability to reduce engine displacement while maintaining performance. This effectively reduces
the pumping losses at lighter loads in comparison to a larger, naturally aspirated engine.

Almost every major manufacturer currently markets a vehicle with some form of
boosting. While boosting has been a common practice for increasing performance for several
decades, turbocharging has considerable potential to improve fuel economy and reduce CO2
emissions when the engine displacement is also reduced. Specific power levels for a boosted
engine often exceed 100 hp/L, compared to average naturally aspirated engine power densities of
roughly 70 hp/L. As a result, engines can be downsized roughly 30 percent or higher while
maintaining similar peak output levels. In the last decade, improvements to turbocharger turbine
and compressor design have improved their reliability and performance across the entire engine
operating range. New variable geometry turbines and ball-bearing center cartridges allow faster
turbocharger spool-up (virtually eliminating the once-common “turbo lag”) while maintaining
high flow rates for increased boost at high engine speeds. Low speed torque output has been
dramatically improved for modern turbocharged engines. However, even with turbocharger
improvements, maximum engine torque at very low engine speed conditions, for example launch
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from standstill, is increased less than at mid and high engine speed conditions. The potential to
downsize engines may be less on vehicles with low displacement to vehicle mass ratios for
example a very small displacement engine in a vehicle with significant curb weight, in order to
provide adequate acceleration from standstill, particularly up grades or at high altitudes.

Use of GDI systems with turbocharged engines and charge air cooling also reduces the
fuel octane requirements for knock limited combustion and allows the use of higher compression
ratios. Ford’s “EcoBoost” downsized, turbocharged GDI engines introduced on MY 2010
vehicles allow the replacement of V8 engines with V6 engines with improved in 0-60 mph
acceleration and with fuel economy improvements of up to 12 percent.%®

Recently published data with advanced spray-guided injection systems and more
aggressive engine downsizing targeted towards reduced fuel consumption and CO2 emissions
reductions indicate that the potential for reducing CO2 emissions for turbocharged, downsized
GDI engines may be as much as 15 to 30 percent relative to port-fuel-injected engines,141%16.17.18
Confidential manufacturer data suggests an incremental range of fuel consumption and CO2
emission reduction of 4.8 to 7.5 percent for turbocharging and downsizing. Other publicly-
available sources suggest a fuel consumption and CO2 emission reduction of 8 to 13 percent
compared to current-production naturally-aspirated engines without friction reduction or other
fuel economy technologies: a joint technical paper by Bosch and Ricardo suggesting fuel
economy gain of 8 to 10 percent for downsizing from a 5.7 liter port injection V8 to a 3.6 liter
V6 with direct injection using a wall-guided direct injection system;% a Renault report
suggesting a 11.9 percent NEDC fuel consumption gain for downsizing from a 1.4 liter port
injection in-line 4-cylinder engine to a 1.0 liter in-line 4-cylinder engine, also with wall-guided
direct injection;'® and a Robert Bosch paper suggesting a 13 percent NEDC gain for downsizing
to a turbocharged DI engine, again with wall-guided injection.’®® These reported fuel economy
benefits show a wide range depending on the SGDI technology employed.

The agencies reviewed estimates from the LD 2017-2025 final rule, the TSD, and
existing public literature. The previous estimate from the MYs 2017-2025 suggested a 12 to 14
percent effectiveness improvement, which included low friction lubricant (level one), engine
friction reduction (level one), DCP, DVVL and SGDI, over baseline fixed-valve engines, similar
to the estimate for Ford’s EcoBoost engine, which is already in production. Additionally, the
agencies analyzed Ricardo vehicle simulation data and the 2015 NHTSA Technology Study for
various turbocharged engine packages. Based on these data, and considering the widespread
nature of the public estimates, the agencies assume that turbocharging and downsizing, would
provide a 16.4 percent effectiveness improvement over naturally aspirated engines as applied to
Class 2b and 3 vehicles.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.

Note that for this analysis we determined that this technology path is only applicable to
heavy duty applications that have operating conditions more closely associated with light duty
vehicles. This includes vans designed mainly for cargo volume or modest payloads having
similar GCWR to light duty applications. These vans cannot tow trailers heavier than similar
light duty vehicles and are largely already sharing engines of significantly smaller displacement
and cylinder count compared to heavy duty vehicles designed mainly for trailer towing.
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2.5.1.9 Cooled Exhaust-Gas Recirculation

Cooled exhaust gas recirculation or Boosted EGR is a combustion concept that involves
utilizing EGR as a charge diluent for controlling combustion temperatures and cooling the EGR
prior to its introduction to the combustion system. Higher exhaust gas residual levels at part load
conditions reduce pumping losses for increased fuel economy. The additional charge dilution
enabled by cooled EGR reduces the incidence of knocking combustion and obviates the need for
fuel enrichment at high engine power. This allows for higher boost pressure and/or compression
ratio and further reduction in engine displacement and both pumping and friction losses while
maintaining performance. Engines of this type use GDI and both dual cam phasing and discrete
variable valve lift. The EGR systems considered in this proposal would use a dual-loop system
with both high and low pressure EGR loops and dual EGR coolers. The engines would also use
single-stage, variable geometry turbocharging with higher intake boost pressure available across
a broader range of engine operation than conventional turbocharged Sl engines. Such a system is
estimated to be capable of an additional 3 to 5 percent effectiveness relative to a turbocharged,
downsized GDI engine without cooled-EGR. The agencies have also considered a more
advanced version of such a cooled EGR system that employs very high combustion pressures by
using dual stage turbocharging.

2.5.2 Diesel Engines

Diesel engines in this class of vehicle have emissions characteristics that present
challenges to meeting federal NOx emissions standards. It is a significant systems-engineering
challenge to maintain the fuel consumption advantage of the diesel engine while meeting U.S.
emissions regulations. Fuel consumption can be negatively impacted by emissions reduction
strategies depending on the combination of strategies employed. Emission compliance strategies
for diesel vehicles sold in the U.S. are expected to include a combination of improvements of
combustion, air handling system, aftertreatment, and advanced system control optimization.
These emission control strategies are being introduced on Tier 2 light-duty diesel vehicles today.

Some of the engine technologies are described in the Light-Duty Vehicle Greenhouse
Gas Emission Standards and Corporate Average Fuel Economy Standards Joint Technical
Support Document.'%? Others are from the 2010 NAS Report, Technologies and Approaches to
Reducing the Fuel Consumption of Medium- and Heavy-Duty Vehicles, and the 2015 NHTSA
Technology Study. Several key advances in diesel technology have made it possible to reduce
emissions coming from the engine prior to aftertreatment. These technologies include engine
friction and parasitic loss reduction, improved fuel systems (higher injection pressure and
multiple-injection capability), advanced controls and sensors to optimize combustion and
emissions performance, higher EGR levels and EGR cooling to reduce NOx, and advanced
turbocharging systems.

2.5.2.1 Low Friction Lubricants

Consistent with the discussion above for gasoline engines (see Section 2.5.1.1), the
agencies are expecting some engine changes to accommodate low friction lubricants. Based on
the light-duty 2014-2018 MY HD vehicle rulemaking, and previously-received confidential
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manufacturer data, the agencies estimated the effectiveness of low friction lubricants to be
between 0 to 1 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.

Based on a survey of the current powertrains being applied to the Class 2b and 3 segment
and the level of powertrain sharing with the light duty vehicle market for these vehicles, the
majority of light heavy duty gasoline engines in the 2014 Class 2b and 3 vehicle models are
utilizing some form of low friction lubricants to achieve power and emission goals, and so this
technology is considered to be in the baseline.

2.5.2.2 Engine Friction Reduction

Reduced friction in bearings, valve trains, and the piston-to-liner interface will improve
efficiency. Friction reduction opportunities in the engine valve train and at its roller/tappet
interfaces exist for several production engines. In virtually all production engines, the piston at
its skirt/cylinder wall interface, wrist pin and oil ring/cylinder wall interface offer opportunities
for friction reduction. Use of more advanced oil lubricant that could be available for production
in the future may also eventually play a key role in reducing friction. Mechanical loads can also
be reduced by converting the water, oil, and fuel pumps in the engine from fixed displacement to
variable displacement.

Estimations of fuel consumption improvements due to reduced engine friction from the
2015 NHTSA Technology Study range from 1 percent to 2 percent. The agencies believe that
this range is accurate.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.2.3 Turbocharger Technology

Compact two stage turbochargers can increase the boost level with wider operation range,
thus improving engine thermal efficiency. Ford’s new developed 6.7L Scorpion engine features
a twin-compressor turbocharger'®®. Cummins has also developed its own two stage
turbochargers.1® It is expected that this type of technology will continue to be improved by
better system matching and development of higher compressor and turbine efficiency.

Based on the 2015 NHTSA Technology Study and previously-received confidential
manufacturer data, the agencies estimate the fuel consumption reduction effectiveness of this
technology to be between 2 and 3 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.2.4 Reduction of Parasitic Loads

Accessories that are traditionally gear- or belt-driven by a vehicle’s engine can be
optimized and/or converted to electric power. Examples include the engine water pump, oil
pump, fuel injection pump, air compressor, power-steering pump, cooling fans, and the vehicle’s
air-conditioning system which can be converted to full electrically driven loads or an electro-
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mechanical arrangement that retains some mechanically connected aspects. Optimization and
improved pressure regulation may significantly reduce the parasitic load of the water, air and
fuel pumps. Electrification may result in a reduction in power demand, because electrically-
powered accessories (such as the air compressor or power steering) operate only when needed if
they are electrically powered, but they impose a parasitic demand all the time if they are engine-
driven. In other cases, such as cooling fans or an engine’s water pump, electric power allows the
accessory to run at speeds independent of engine speed, which can reduce power consumption.
The 2015 NHTSA Technology Study used a 1 to 2 percent fuel consumption reduction for diesel
engine parasitic improvements.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.2.5 Aftertreatment Improvements

The HD diesel pickup and van segment has largely adopted the SCR type of
aftertreatment system to comply with criteria pollutant emission standards. As the experience
base for SCR expands over the next few years, many improvements in this aftertreatment system
such as construction of the catalyst, thermal management, and reductant optimization may result
in a reduction in the amount of fuel used in the process. However, due to uncertainties with
these improvements regarding the extent of current optimization and future criteria emissions
obligations, the agencies are not considering aftertreatment improvements as a fuel-saving
technology in the rulemaking analysis for HD pickups and vans.

2.5.3 Drivetrain

The agencies have also reviewed the transmission technology estimates used in the light-
duty 2012-2016 MY vehicle rulemaking. In doing so, the agencies have considered or
reconsidered all available sources and updated the estimates as appropriate. The section below
describes each of the transmission technologies considered for this rulemaking.

2.5.3.1 Automatic 8-Speed Transmissions

Manufacturers can also choose to replace 6-speed transmissions with transmissions
capable of 8-speeds or more. Additional ratios allow for further optimization of engine operation
over a wider range of conditions, but this is subject to diminishing returns as the number of
speeds increases. As additional gear sets are added (which may be necessary in some cases to
achieve the higher number of ratios), additional weight and friction are introduced. Also, the
additional shifting of such a transmission can be perceived as bothersome to some consumers, so
manufacturers continue to develop strategies for smooth operation.

As discussed in the heavy-duty 2014-2018 MY vehicle rulemaking along with
confidential manufacturer data projected that 8-speed transmissions could incrementally reduce
fuel consumption by 1 to 3 percent from a baseline 6-speed automatic transmission. The SwRI
report uses 2 to 3 percent fuel consumption reduction when replacing 6-speed baseline automatic
transmissions with improved 8-speed automatic transmissions.
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The agencies reviewed and revised these effectiveness estimates based on usage and
testing methods for Class 2b and 3 vehicles. The agencies estimate the effectiveness for a
conversion from a 6 to 8-speed transmission to be 2.7 percent.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.3.2 High Efficiency Transmission

For this proposal, a high efficiency transmission refers to some or all of a suite of
incremental transmission improvement technologies that should be available within the 2019 to
2025 timeframe. The majority of these improvements address mechanical friction within the
transmission. These improvements include but are not limited to: shifting clutch technology
improvements, improved kinematic design, dry sump lubrication systems, more efficient seals,
bearings and clutches (reducing drag), component superfinishing and improved transmission
lubricants.

2.5.3.3 Electric Power Steering (EPS)

Electric power steering (EPS) provides a potential reduction in CO2 emissions and fuel
consumption over hydraulic power steering because of reduced overall accessory loads. This
eliminates the parasitic losses associated with belt-driven power steering pumps which
consistently draw load from the engine to pump hydraulic fluid through the steering actuation
systems even when the wheels are not being turned. EPS is an enabler for all vehicle
hybridization technologies since it provides power steering when the engine is off. EPS may be
implemented on most vehicles with a standard 12V system. Some heavier vehicles such as Class
2b and 3 may require a higher voltage system which may add cost and complexity.

The 2017 light-duty final rule estimated a one to two percent effectiveness based on the
2002 NAS report, a Sierra Research report, and confidential manufacturer data. The SwRI report
estimated 0.8 percent to 1 percent effectiveness. The agencies reviewed these SwRI
effectiveness estimates and found them to be accurate, thus they have been retained for this
proposal.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.3.4 Improved Accessories

The accessories on an engine, including the alternator, coolant and oil pumps are
traditionally mechanically-driven. A reduction in CO2 emissions and fuel consumption can be
realized by driving them electrically, and only when needed (“on-demand”).

Electric water pumps and electric fans can provide better control of engine cooling. For
example, coolant flow from an electric water pump can be reduced and the radiator fan can be
shut off during engine warm-up or cold ambient temperature conditions which would reduce
warm-up time, reduce warm-up fuel enrichment, and reduce parasitic losses.

Indirect benefit may be obtained by reducing the flow from the water pump electrically
during the engine warm-up period, allowing the engine to heat more rapidly and thereby
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reducing the fuel enrichment needed during cold operation and warm-up of the engine. Faster oil
warm-up may also result from better management of the coolant warm-up period. Further benefit
may be obtained when electrification is combined with an improved, higher efficiency engine
alternator used to supply power to the electrified accessories.

Intelligent cooling can more easily be applied to vehicles that do not typically carry
heavy payloads, so larger vehicles with towing capacity present a challenge, as these vehicles
have high cooling fan loads.” However, towing vehicles tend to have large cooling system
capacity and flow scaled to required heat rejection levels when under full load situations such as
towing at GCWR in extreme ambient conditions. During almost all other situations, this design
characteristic may result in unnecessary energy usage for coolant pumping and heat rejection to
the radiator.

The agencies considered whether to include electric oil pump technology for the
rulemaking. Because it is necessary to operate the oil pump any time the engine is running,
electric oil pump technology has insignificant effect on efficiency. Therefore, the agencies
decided to not include electric oil pump technology.

2.5.3.5 Mild Hybrid (MHEV)

Mild hybrid systems offer idle-stop functionality and a limited level of regenerative
braking and power assist. These systems replace the conventional alternator with a belt or crank
driven starter/alternator and may add high voltage electrical accessories (which may include
electric power steering and an auxiliary automatic transmission pump). The limited electrical
requirements of these systems allow the use of lead-acid batteries or supercapacitors for energy
storage, or the use of a small lithium-ion battery pack.

For the MHEV technology the agencies sized the system using a 7 kW starter/generator
and 8 kWh Li-ion battery pack. The estimates were developed by Argonne National Laboratory
as a supplement to the 2015 NHTSA Technology Study, resulting in an effectiveness range of 4
to 5 percent depending on the vehicle’s engine. We present cost estimates for this technology in
Chapter 2.12 of this draft RIA.

2.5.3.6 Strong Hybrid (SHEV)

A hybrid vehicle is a vehicle that combines two significant sources of propulsion energy,
where one uses a consumable fuel (like gasoline), and one is rechargeable (during operation, or
by another energy source). Hybrid technology is well established in the U.S. market and more
manufacturers are adding hybrid models to their lineups. Hybrids reduce fuel consumption
through three major mechanisms:

e The internal combustion engine can be optimized (through downsizing, modifying the
operating cycle, or other control techniques) to operate at or near its most efficient

A In the CAFE model, improved accessories refers solely to improved engine cooling. However, EPA has included
a high efficiency alternator in this category, as well as improvements to the cooling system.
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point more of the time. Power loss from engine downsizing can be mitigated by
employing power assist from the secondary power source.

e Some of the energy normally lost as heat while braking can be captured and stored in
the energy storage system for later use.

e The engine is turned off when it is not needed, such as when the vehicle is coasting or
when stopped.

Hybrid vehicles utilize some combination of the three above mechanisms to reduce fuel
consumption and COz emissions. The effectiveness of fuel consumption and CO2 reduction
depends on the utilization of the above mechanisms and how aggressively they are pursued. One
area where this variation is particularly prevalent is in the choice of engine size and its effect on
balancing fuel economy and performance. Some manufacturers choose not to downsize the
engine when applying hybrid technologies. In these cases, performance is vastly improved,
while fuel efficiency improves significantly less than if the engine was downsized to maintain
the same performance as the conventional version. The non-downsizing approach is used for
vehicles like trucks where towing and/or hauling are an integral part of their performance
requirements. In these cases, if the engine is downsized, the battery can be quickly drained
during a long hill climb with a heavy load, leaving only a downsized engine to carry the entire
load. Because towing capability is currently a heavily-marketed truck attribute, manufacturers
are hesitant to offer a truck with downsized engine which can lead to a significantly diminished
towing performance when the battery state of charge level is low, and therefore engines are
traditionally not downsized for these vehicles.

Strong Hybrid technology utilizes an axial electric motor connected to the transmission
input shaft and connected to the engine crankshaft through a clutch. The axial motor is a
motor/generator that can provide sufficient torque for launch assist, all electric operation, and the
ability to recover significant levels of braking energy.

For SHEV, the agencies also relied on the study by Argonne National Laboratory to
supplement the 2015 NHTSA Technology Study to determine that the effectiveness of these
systems in terms of CO2 reduction. For the SHEV technology the agencies sized the system
using a 50 kW starter/generator and a70 kWh Li-ion battery pack. The estimates resulted in an
effectiveness range of 18 to 22 percent depending on the engine. The estimates assume no engine
downsizing in order to maintain vehicle performance and/or maintain towing and hauling
performance.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.
2.5.4 Aerodynamics

Aerodynamic drag is an important aspect of the power requirements for Class 2b and 3
trucks. Because aerodynamic drag is a function of the cube of vehicle speed, small changes in
the aerodynamics of a Class 2b and 3 can reduce drag, fuel consumption, and GHG emissions.
Some of the opportunities to reduce aerodynamic drag in Class 2b and 3 vehicles are similar to
those in Class 1 and 2 (i.e., light-duty) vehicles. In general, these transferable features make the
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cab shape more aerodynamic by streamlining the airflow over the bumper, grill, windshield,
sides, and roof. Class 2b and 3 vehicles may also borrow from light-duty vehicles certain drag
reducing accessories (e.g., streamlined mirrors, operator steps, and sun visors). The great variety
of applications for Class 2b and 3 trucks result in a wide range of operational speed profiles (i.e.,
in-use drive cycles) and functional requirements (e.g., shuttle buses that must be tall enough for
standing passengers, trucks that must have racks for ladders). This variety makes it challenging
to develop aerodynamic solutions that consider the entire vehicle.

Many factors affect a vehicle’s aerodynamic drag and the resulting power required to
move it through the air. While these factors change with air density and the square and cube of
vehicle speed, respectively, the overall drag effect is determined by the product of its frontal area
and drag coefficient. Reductions in these quantities can therefore reduce fuel consumption and
CO2 emissions. Although frontal areas tend to be relatively similar within a vehicle class
(mostly due to market-competitive size requirements), significant variations in drag coefficient
can be observed. Significant changes to a vehicle’s aerodynamic performance may need to be
implemented during a redesign (e.g., changes in vehicle shape). However, shorter-term
aerodynamic reductions, with a somewhat lower effectiveness, may be achieved through the use
of revised exterior components (typically at a model refresh in mid-cycle) and add-on devices
that are currently being applied. The latter list would include revised front and rear fascias,
modified front air dams and rear valances, addition of rear deck lips and underbody panels, and
lower aerodynamic drag exterior mirrors.

For this proposal, the agencies considered two levels of aero improvements. The first
level includes such body features as air dams, tire spats, and perhaps one underbody panel
resulting in a 5 percent aerodynamic drag reduction. The agencies estimated the CO2 and fuel
consumption effectiveness of this first level of aerodynamic drag at 0.75 percent.

The second level which includes the features of level 1 plus additional body features such
as active grille shutters®, rear visors, larger under body panels or low-profile roof racks resulting
in a 10 percent aerodynamic drag reduction. The agencies estimated the CO2 and fuel
consumption effectiveness of this second level of aerodynamic drag at 1.5 percent. We present
cost estimates for this technology in Chapter 2.12 of this draft RIA.

2.5.5 Tires

Typically, tires used on Class 2b/3 vehicles are not designed specifically for the vehicle.
These tires are designed for broader use and no single parameter is optimized. Similar to
vocational vehicles, the market has not demanded tires with improved rolling resistance thus far;
therefore, manufacturers have not traditionally designed tires with low rolling resistance for
Class 2b/3 vehicles. The agencies believe that a regulatory program that incentivizes the
optimization of tire rolling resistance, traction and durability can bring about GHG emission and
fuel consumption reductions of 1.1 percent from this segment based on a 10 percent reduction in
rolling resistance.

B For details on how active aerodynamics are considered for off-cycle credits, see TSD Chapter 5.2.2.
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We present cost estimates for this technology in Chapter 2.12 of this draft RIA.

2.5.6 Mass Reduction

Mass reduction is a technology that can be used in a manufacturer’s strategy to meet the
Heavy Duty Greenhouse Gas Phase 2 standards. Vehicle mass reduction (also referred to as
“down-weighting” or ‘light-weighting”), decreases fuel consumption and GHG emissions by
reducing the energy demand needed to overcome inertia forces, and rolling resistance.
Automotive companies have worked with mass reduction technologies for many years and a lot
of these technologies have been used in production vehicles. The weight savings achieved by
adopting mass reduction technologies offset weight gains due to increased vehicle size, larger
powertrains, and increased feature content (sound insulation, entertainment systems, improved
climate control, panoramic roof, etc.). Sometimes mass reduction has been used to increase
vehicle towing and payload capabilities.

Manufacturers employ a systematic approach to mass reduction, where the net mass
reduction is the addition of a direct component or system mass reduction, also referred to as
primary mass reduction, plus the additional mass reduction taken from indirect ancillary systems
and components, also referred to as secondary mass reduction or mass compounding. There are
more secondary mass reductions achievable for light-duty vehicles compared to heavy-duty
vehicles, which are limited due to the higher towing and payload requirements for these vehicles.

Mass reduction can be achieved through a number of approaches, even while maintaining
other vehicle functionalities. As summarized by NAS in its 2011 light duty vehicle report, there
are two key strategies for primary mass reduction: 1) changing the design to use less material; 2)
substituting lighter materials for heavier materials.1%®

The first key strategy of using less material compared to the baseline component can be
achieved by optimizing the design and structure of vehicle components, systems and vehicle
structure. Vehicle manufacturers have long used these continually-improving CAE tools to
optimize vehicle designs. For example, the Future Steel VVehicle (FSV) project sponsored by
WorldAutoSteel used three levels of optimization: topology optimization, low fidelity 3G
(Geometry Grade and Gauge) optimization, and subsystem optimization, to achieve 30 percent
mass reduction in the body structure of a vehicle with a mild steel unibody structure.’®® Using
less material can also be achieved through improving the manufacturing process, such as by
using improved joining technologies and parts consolidation. This method is often used in
combination with applying new materials.

The second key strategy to reduce mass of an assembly or component involves the
substitution of lower density and/or higher strength materials. Material substitution includes
replacing materials, such as mild steel, with higher-strength and advanced steels, aluminum,
magnesium, and composite materials. In practice, material substitution tends to be quite specific
to the manufacturer and situation. Some materials work better than others for particular vehicle
components, and a manufacturer may invest more heavily in adjusting to a particular type of
advanced material, thus complicating its ability to consider others. The agencies recognize that
like any type of mass reduction, material substitution has to be conducted not only with
consideration to maintaining equivalent component strength, but also to maintaining all the other

2-62



attributes of that component, system or vehicle, such as crashworthiness, durability, and noise,
vibration and harshness (NVH).

If vehicle mass is reduced sufficiently through application of the two primary strategies
of using less material and material substitution described above, secondary mass reduction
options may become available. Secondary mass reduction is enabled when the load requirements
of a component are reduced as a result of primary mass reduction. If the primary mass reduction
reaches a sufficient level, a manufacturer may use a smaller, lighter, and potentially more
efficient powertrain while maintaining vehicle acceleration performance. If a powertrain is
downsized, a portion of the mass reduction may be attributed to the reduced torque requirement
which results from the lower vehicle mass. The lower torque requirement enables a reduction in
engine displacement, changes to transmission torque converter and gear ratios, and changes to
final drive gear ratio. The reduced powertrain torque enables the downsizing and/or mass
reduction of powertrain components and accompanying reduced rotating mass (e.g., for
transmission, driveshafts/halfshafts, wheels, and tires) without sacrificing powertrain durability.
Likewise, the combined mass reductions of the engine, drivetrain, and body in turn reduce
stresses on the suspension components, steering components, wheels, tires, and brakes, which
can allow further reductions in the mass of these subsystems. Reducing the unsprung masses
such as the brakes, control arms, wheels, and tires further reduce stresses in the suspension
mounting points, which allows for further optimization and potential mass reduction. However,
pickup trucks have towing and hauling requirements which must be taken into account when
determining the amount of secondary mass reduction that is possible and so it is less than that of
passenger cars.

Ford’s MY 2015 F-150 is one example of a light duty manufacturer who has begun
producing high volume vehicles with a significant amount of mass reduction identified,
specifically 250 to 750 Ib per vehicle.’®” The vehicle is an aluminum intensive design and
includes an aluminum cab structure, body panels, and suspension components, as well as a high
strength steel frame and a smaller, lighter and more efficient engine. The Executive Summary
to Ducker Worldwide’s 2014 report states that state that the MY 2015 F-150 contains 1080
pounds of aluminum with at least half of this being aluminum sheet and extrusions for body and
closures.!® Ford engine range for its light duty truck fleet includes a 2.7L EcoBoost V-6. It is
possible that the strategy of aluminum body panels would be applied to the heavy duty F-250 and
F-350 versions when they are redesigned.'®

The US EPA recently completed a multi-year study with FEV North America, Inc. on the
lightweighting of a light-duty pickup truck, a 2011 GMC Silverado, titled “Mass Reduction and
Cost Analysis —Light-Duty Pickup Trucks Model Years 2020-2025”.11% Results contain a cost
curve for various mass reduction percentages with the main solution being evaluated for a 21.4
percent (511 kg/1124 1b) mass reduction resulting in an increased direct incremental
manufacturing cost of $2228. In addition, the report outlines the compounding effect that occurs
in a vehicle with performance requirements including hauling and towing. Secondary mass
evaluation was performed on a component level based on an overall 20 percent vehicle mass
reduction. Results revealed 84 kg of the 511 kg, or 20 percent, were from secondary mass
reduction. Information on this study is summarized in SAE paper 2015-01-0559. The US DOT
has also sponsored an on-going pickup truck lightweighting project. This project uses a more
recent baseline vehicle, a MY 2014 GMC Silverado, and the project will be finished by early
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2016. Both projects will be utilized for the light-duty GHG Phase 2 Midterm Evaluation mass
reduction baseline characterization and may be used to update assumptions of mass reduction for
HD pickups and vans for the final Phase 2 rulemaking.

In order to determine if technologies identified on light duty trucks are applicable to
heavy-duty pickups, the U.S. EPA also contracted with FEV North America, Inc. to perform a
scaling study in order to evaluate the technologies identified for the light-duty truck would be
applicable for a heavy-duty pickup truck, in this study a Silverado 2500, a Mercedes Sprinter and
a Renault Master. This report is currently being drafted and will be peer reviewed and finalized
between the NPRM and FRM. In general, the heavy-duty pickup truck scaling study reveals
results similar to the light-duty truck study; however, the mass reduction and cost for the Sprinter
and Master were less in percent mass reduction and with much higher costs than the heavy-duty
pickup truck. The specific results will be included in the final rulemaking.

We present cost estimates for this technology in Chapter 2.12 of this draft RIA.

2.6 Technology Application— SI Engines

This section summarizes the technologies the agencies project as a feasible path to
meeting the proposed engine standards for spark-ignition engines used in vocational vehicles —
that is engines that are engine-certified and intended for vocational vehicles that will be GEM-
certified. These standards apply with respect to emissions measured over the FTP test cycle.
This cycle is described in Chapter 3.1. See Chapter 2.5 for spark-ignited engine technologies
projected for the proposed Phase 2 HD pickup and van vehicle standards.

Heavy-duty spark-ignited (SI) engines are used in almost 30 percent of vocational
vehicles. Operators that choose gasoline engines do so for reasons similar to those for HD
complete pickups and vans. Gasoline engines have the advantage of being less expensive and
lower weight than diesels, but tend to also be less durable and have higher fuel consumption.
Thus, gasoline engines are most likely to be purchased for applications with lower annual VMT,
where fuel costs are less important than upfront costs.

Today some Sl-powered vocational vehicles are sold as incomplete vehicles by a
vertically integrated chassis manufacturer, where the Phase 1 rules allow manufacturers to
choose to certify incomplete vehicles with weight ratings between 8,501 and 14,000 Ibs GVWR
as vocational vehicles under the GEM certification procedures including separate engine GHG
certification, if the engine is also engine-certified for criteria pollutants.® In this case, vertically
integrated means both the engine and chassis are manufactured by the same entity.

In Phase 1 we generally required that vehicles that are chassis-certified for criteria
pollutants be chassis-certified for GHGs and fuel consumption, and likewise that vehicles with
engines certified for criteria pollutants (which in this case would be engines installed in
vocational vehicles exclusively) be certified to the vocational vehicle standards for GHGs and
fuel consumption, with minor exceptions. We believe that this approach involving consistent

C See 76 FR 57106 (September 15, 2011) and 40 CFR 1037.104(f)
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chassis- and engine-certification for criteria pollutants and GHG’s is the most sensible way to
structure a program to minimize both the testing burden and the potential for gaming.

There is a Phase 1 optional provision that allows manufacturers to certify Class 4 or 5
(14,001 to 19,500 Ib GVWR) complete or incomplete vehicles to be chassis certified and thereby
included within the Class 2b/3 fleet average.P In Section XIV of the preamble to this
rulemaking, EPA is requesting comment on some specific issues related to chassis certification
of vehicles over 14,000 Ibs GVWR for criteria pollutants. As adopted in Phase 1, the engines in
these vehicles must be engine-certified for criteria pollutants, but the manufacturers may include
the vehicles in their fleet average standard and annual compliance GHG calculations, using the
same certification and compliance provisions as for the lighter vehicles. Such vehicles are not
required to meet the vocational vehicle standards. Because sales volumes of Class 4 and 5 trucks
are relatively small, and because we expect these Class 4 and 5 and Class 2b and 3 trucks to
generally use the same technologies and face roughly the same technology challenge in meeting
their standards targets, we do not believe that this provision dilutes the stringency of the fleet
average standards.

Another, less common way that Sl-powered vocational vehicles are built is by a non-
integrated chassis manufacturer purchasing an engine from a company that also produces
complete and/or incomplete HD pickup trucks and vans. The Phase 1 program allows Sl engine
manufacturers to sell these so-called “loose” Sl engines to other chassis manufacturers for use in
vocational vehicles. The primary certification path designed in the Phase 1 program in this
scenario is for the “loose” engine to be engine certified and the vehicle to be GEM certified
under the GHG rules. This is common practice for Cl engines, and in Phase 2 the agencies
propose to continue this as the primary certification path for Sl engines intended for vocational
vehicles.

In Phase 1 we adopted a special provision aimed at simplifying compliance for
manufacturers of complete HD pickups and vans that also sell a relatively small number of loose
engines. This flexibility provision enables these manufacturers to avoid meeting the separate Sl
engine standard, instead averaging them into the applicable HD pickup and van fleet-wide
average.F Loose engine sales account for the vast majority of Cl-powered vocational vehicles,
but represent a very small fraction of the SI-powered vocational vehicle market.

The Sl engines certified and sold as loose engines into the heavy-duty vocational vehicle
market are typically large V8 and V10 engines produced by General Motors and Ford. The
number of engine families certified in the past for this segment of vehicles is very limited and
has ranged between three and five engine models.F Unlike the heavy-duty diesel engines typical
of this segment that are built for vocational vehicles, these Sl engines are primarily developed for
chassis-certified heavy-duty pickup trucks and vans, but are also installed in incomplete
vocational vehicles.

P See 76 FR 57259-57260, September 15, 2011 and 78 FR 36374, June 17, 2013
E See 40 CFR 1037.150(m) and 49 CFR 535.5(a)(7).
F See EPA’s heavy-duty engine certification database at http://www.epa.gov/otag/certdata.htm#largeng.
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Under this special Phase 1 provision, these loose engines need not be certified to engine-
based GHG and fuel consumption standards, but instead may be treated under the regulations as
though they are additional sales of the manufacturer’s complete pickup and van products, on a
one-for-one basis. The pickup/van vehicle so chosen must be the vehicle with the highest
emission test weight that uses the engine (as this vehicle is likely to have the highest GHG
emissions and fuel consumption).© However, if this vehicle is a credit-generator under the HD
pickup and van fleet averaging program, no credits would be generated by these engine-as-
vehicle contributors to the fleet average; they would be treated as just achieving the target
standard. If, on the other hand, the vehicle is a credit-user, the appropriate number of additional
credits would be needed to offset the engine-as-vehicle contributors. The purchaser of the
engine would treat it as any other certified engine, and would still need to meet applicable
vocational vehicle standards for the vehicles in which the engine is installed.

2.6.1 Defining the Baseline Engines

In deriving the stringency of the proposed Phase 2 Sl engine standard, the agencies first
reviewed the technology that was presumed in the MY 2010 Phase 1 baseline and the technology
that was projected would be adopted to meet the MY 2016 Sl engine standard, finalized as part
of the Phase 1 program. Engines certified to this standard would represent a logical level at
which to set a Phase 2 baseline performance level.

The agencies finalized MY 2016 standards that require manufacturers to achieve a five
percent reduction in CO2 compared to the Phase 1 MY 2010 baseline. That MY 2010 baseline
engine was described in the Phase 1 preamble at Section I11.B.2.a.iii, as a naturally aspirated,
overhead valve V8 engine. ™

In deriving the stringency of the MY 2016 gasoline engine standards, the agencies
projected 100 percent adoption of engine friction reduction, coupled cam phasing, and
stoichiometric gasoline direct injection (SGDI) to produce an overall five percent reduction from
the reference engine, over the engine FTP test cycle. Table 2-4 presents the technologies
projected to be present on an engine following this technology path.

Table 2-4 MY 2016 Technology Projection for SI Engines

TECHNOLOGY ADOPTION
RATE
Coupled Cam Phasing 100%
Engine friction reduction 100%
Gasoline direct injection 100%

In deciding whether to consider the above package as representing the Phase 2 baseline
performance of Sl engines, the agencies reviewed available certification information and

G Equivalent test weight is defined at 40 CFR 1037.104(d)(11) and is determined based on a vehicle’s adjusted
loaded vehicle weight as specified in 40 CFR 86.129, except that for vehicles over 14,000 pounds, this may be
rounded to the nearest 500 pound increment.

H See 76 FR 57231
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consulted with stakeholders to determine the degree to which these projections match with
engines being produced today and engine product plans during the Phase 1 time frame. The
agencies have learned that no SI engine manufacturer has applied SGDI to this type of engine to
date, though cam phasing and engine friction reduction are widely being employed.
Furthermore, no SI engine manufacturer has yet certified an engine to the future MY 2016 SI
engine standard, and the agencies do not have specific information about what alternate
technology paths the manufacturers may take.

Another possible method to establish a Phase 2 Sl engine baseline performance level
would be to assess the engines that are currently being produced for complete HD SI pickup
trucks. These vehicles are powered by engines that closely resemble engines intended for
vocational vehicles. Further, cab-complete and box-delete vehicles sold into vocational
applications are often derived from HD pickup truck chassis. The Sl engine technologies
assessed for the reference fleet for the HD pickup and van program are described in the preamble
Section VI and in the draft RIA Chapter 10. As described in the draft RIA Chapter 10, vehicle
manufacturers typically offer few models (i.e. only a pickup truck and/or a cargo van) and while
there are a large number of variants of each model, the degree of component sharing across the
variants can make diversified technology application either economically impractical or
impossible. Similarly, these manufacturers produce a limited number of engines and tune them
for slight variants in output for a variety of car and truck applications. Manufacturers limit
complexity in their engine portfolio for much the same reason as they limit complexity in vehicle
variants: they face engineering manpower limitations, and supplier, production and service costs
that scale with the number of parts produced.

The Sl engine technologies that were considered in developing the proposed Phase 2 HD
pickup truck standards and their projected adoption rates are shown in Table 2-5, as taken from
Table VI-10 of the preamble. The vehicle-level technologies considered for the gasoline HD
pickup truck standards and shown in Table VI-10 are not presented here. Considering the above-
described constraints on engine technology adoption, it’s not surprising the projections for
technology packages for the Phase 2 HD pickup and van program include a limited set of Sl
engine technologies for HD pickup trucks.

Table 2-5 CAFE Model Technology Adoption Rates for HD Gasoline Pickup Trucks

TECHNOLOGY REFERENCE CASE? PROPOSAL (2.5% PER YEAR)®
2018 With strong Without strong
hybrids hybrids
Level 1 Low friction lubricants and Engine 100% 100% 100%
friction reduction
Level 2 Low friction lubricants and Engine 35 t0 40% 100% 100%
friction reduction®
Cylinder deactivation (overhead valve) 8 10 9% 56% 56%
Variable valve timing 0% 56% 56%
Gasoline direct injection 0% 0% 56%

Notes:

2These values are taken from a spreadsheet file with CAFE model output, representing technology adoption rates

projected in the no-action scenario.

b These values are taken from Section VI1.C.8, Table VI-10 of the preamble, and represent technology adoption rates

projected in the flat baseline scenario.
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¢ Level 2 friction reduction as shown here is incremental to Level 1 friction reduction.

In comparing the technologies and projected adoption rates in Table 2-4 and Table 2-5,
there are notable differences between what is projected for complete vehicles in MY 2018 and
what was projected for engine-certified engines in MY 2016. The CAFE model used by the
agencies treats different types of variable valve timing technologies as a group, so that coupled
cam phasing would be included under the heading variable valve timing. The only type of
variable valve timing that is feasible on an overhead valve engine is coupled cam phasing.' In
light of the differences in projected adoption rates of SGDI and variable valve timing, there is
uncertainty about the technology pathways that may be taken by Sl engine manufacturers in the
Phase 1 time frame. Thus, the agencies have concluded that it would be more appropriate to set
the Phase 2 baseline performance level equal to the Phase 1 MY 2016 engine standard, rather
than a performance level representing more or less technology than is represented by that
standard.

2.6.2 Phase 2 Technology Feasibility and Effectiveness

A detailed description of many technologies potentially available to improve the fuel
efficiency of Sl engines can be found above in draft RIA Chapter 2.2. In deriving the stringency
of the proposed Phase 2 Sl engine standard, the agencies excluded the technologies already
presumed in the baseline engine (see Table 2-4), and rejected technologies not considered as part
of the proposed HD pickup truck standards (see Table 2-5). The agencies have not identified a
single Sl engine technology that we believe belongs on engine-certified vocational engines that
we do not also project to be used on complete heavy-duty pickups and vans.

It is also important to consider how these engines will be used. Engines in pickup trucks
are likely to be driven very differently than engines in vocational vehicles. For example, a
complete pickup truck may do an extensive amount of towing while vocational vehicles rarely
tow trailers. Further, the most popular applications for Sl engines in vocational vehicles are
motor homes and school buses, which each have very different driving patterns, which also differ
from those of pickup trucks. The agencies believe these differences in application and intended
use may lead manufacturers to offer engines that may have small differences, and that such
differences would be captured by the vehicle test procedures applicable to those applications.
Specifically, complete HD pickups are certified using a chassis test procedure that is described in
40 CFR part 86, while vocational vehicles are certified using the GEM vehicle simulation tool
described in 40 CFR part 1037.

In light of the market structure described above in Chapter 2.6, when the agencies
considered the feasibility of more stringent Phase 2 standards for SI vocational engines, we
identified the following key questions:

1. Will there be technologies available that could reduce in-use emissions from
vocational Sl engines?

' See Preamble at Section V1.C.5(a)(iv)
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2. Would these technologies be applied to complete vehicles and carried-over to

engine certified engines without a new standard?

Would these technologies be applied to meet the vocational vehicle standards?

4. What are the drawbacks associated with setting a technology-forcing Phase 2
standard for Sl engines?

w

With respect to the first question, the agencies have identified Level 2 lubricants, Level 2
engine friction reduction, and cylinder deactivation as technologies available to be considered for
a Phase 2 Sl engine standard. With respect to the second question, based on Table 2-5, we
project that these may be applied to complete vehicles. The agencies have further determined
that to the extent these technologies would be viable for complete vehicles, they would also be
applied to engine-certified engines, to the extent they would not detract from performance
required by vocational vehicle owners.

With respect to the third question, we believe that to the extent these engine technologies
are viable and effective, they would be applied to meet the GEM-based standards for vocational
vehicles. As described elsewhere in this proposal, the Phase 2 GEM would recognize engine
technologies through interpolation of engine data generated by engine manufacturers and
submitted to EPA and NHTSA for vehicle certification. Thus, it would be possible for cylinder
deactivation to be recognized over the vocational vehicle GEM test cycles, if it were present on a
vocational Sl engine.

Nevertheless, significant uncertainty remains about how much benefit would be provided
by the identified Phase 2 candidate SI engine technologies. It is possible that the combined
improvement of these technologies would be one percent or less. The degree of improvement for
friction reduction is generally not cycle-dependent, but the effectiveness of cylinder deactivation
is highly cycle-dependent.

It appears the fourth question regarding drawbacks is the most important. The agencies
could propose a technology forcing standard for engine-certified SI engines based on a
projection of each of these identified candidate technologies being effective for all engines.
However, the agencies see value in setting the standard at a level that would not require every
projected technology to work as expected. Effectively requiring technologies to match our
current projections would create the risk that the standard would not be feasible if even a single
one of the technologies failed to match our projections. This risk is amplified for SI engines
because of the very limited product offerings, which provide far fewer opportunities for
averaging than exist for CI engines.

Given the relatively small improvement projected, and the likelihood that most or all of
this improvement would result anyway from the complete HD pickup and van standards and the
vocational vehicle standards, we do not believe such risk is justified at the engine level.

Because one of the guiding principles of the Phase 2 program is maintaining customer
choice, we have a strong interest in structuring a program that would enable Sl engine
manufacturers to continue supplying loose engines to the vocational vehicle market. For the
reasons discussed above, rather than proposing a more stringent engine standard, the agencies are
proposing to maintain the MY 2016 fuel consumption and CO2 emission standards for Sl engines
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for use in vocational vehicles: 7.06 gallon/100 bhp-hr and 627 g CO2/bhp-hr, as measured over
the Heavy-duty FTP engine test cycle.

In the preamble Section V and the draft RIA Chapter 2.9, the agencies describe the
vocational vehicle standards, including details about ways we considered Sl engine technologies
such as advanced friction reduction over the GEM vehicle test cycles, as part of the proposed
Phase 2 vocational vehicle standards.

2.7 Technology Application and Estimated Costs — Cl Engines
2.7.1 Phase 1 Engines

For analytical purposes, the agencies are projecting the technologies that may be used to
meet the 2017 diesel engine standard. This technology package serves as a baseline for costs for
this proposal. The agencies project that such engines will be equipped with an aftertreatment
system which meets EPA’s 0.20 grams of NOx/bhp-hr standard with a selective catalytic
reduction (SCR) system along with EGR and meets the PM emissions standard with a diesel
particulate filter (DPF) with active regeneration. The following discussion of technologies
describes improvements over the 2017 model year engine performance, unless otherwise noted.

The CO:2 performance over the FTP as well as SET for the baseline engines were
developed through manufacturer reporting of CO2 in their non-GHG certification applications for
2014 model year. This data was carefully considered to ensure that the baseline represented an
engine meeting the 0.20 g/bhp-hr NOx standard. For those engines that were not at this NOx
level or higher, the agencies derived a CO2 correction factor to bring them to a 0.20 g/bhp-hr
NOx emissions rate. The COz correction factor is derived based on available experimental data
obtained from manufacturers and public literature. The agencies then sales-weighted the CO2
performance to derive a baseline CO2 performance for each engine subcategory.

In order to establish baseline SET performance for the tractor engine and FTP
performance for the vocational, several sources were considered. Some engine manufacturers
provided the agencies with SET modal and FTP results or fuel consumption maps to represent
their engine ranging from 2011 to 2013 model year engine fuel consumption performance. Asa
supplement to this, complete engine map CO: data (including SET modes) acquired in EPA test
cells as well as those obtained from Southwest Research Institute under the agency contract were
also considered. Those maps are subsequently adjusted to represent 2021 and 2024 model year
engine maps by using predefined technologies that are being used in current 2014 production.

In summary, the baseline CO2 performance for each diesel engine category is included in
Table 2-6.

Table 2-6 Baseline CO2 Performance (g/bhp-hr)

LHDD - FTP MHDD - FTP HHDD - FTP HHDD - SET HHDD - SET

576 576 555 487 460
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2.7.2 Individual Technology Feasibility and Cost

The cost for combustion system optimization includes costs associated with several
individual technologies, specifically, improved cylinder head, turbo efficiency improvements,
EGR cooler improvements, higher pressure fuel rail, improved fuel injectors and improved
pistons. The cost estimates for each of these technologies are presented in Section 2.12 of this
draft RIA for heavy HD, medium HD and light HD engines, respectively.

The agencies have included the costs of model-based control development in the research
and development costs applied separately to each engine manufacturer.

2.7.3 Test Cycle Weighting

The current SET modes used for tractor engine certification in Phase 1 has relative large
weighting in C speed as shown in the middle column of the following table:

Table 2-7 SET Modes Weighting Factors

SPEED/% LOAD | WEIGHTING FACTORIN | PROPOSED WEIGHTING
PHASE 1 (%) FACTOR IN PHASE 2 (%)
ldle 15 12
A, 100 8 9
B, 50 10 10
B, 75 10 10
A, 50 5 12
A 75 5 12
A, 25 5 12
B, 100 9 9
B, 25 10 9
C, 100 8 2
C, 25 5 1
C,75 5 1
C, 50 5 1
Total 100 100
A 23 45
B: 39 38
C: 23 5

It can be seen from the above table that 23 percent weighting is in C speed, which is
typically in the range of 1800 rpm for HHD engines. However, many of today’s HHD engines
do not commonly operate in such a high speed in real world driving conditions, specifically
during cruise vehicle speed between 55 and 65 mph. The agencies received confidential
business information from a few vehicle manufacturers that support this observation.
Furthermore, one of the key technology trends is to down speed, moving the predominant engine
speed from the range of 1300-1400 rpm to the range of 1150-1200 rpm at vehicle speed of
65mph. This trend would make the predominant engine speed even further away from C speed.
Therefore, it can be argued that, if the current SET weighting factors were retained in Phase 2,
the test would even more poorly reflect real-world driving operations. Further, some
technologies developed the standard may not be as effective over real world driving conditions,
while technologies that would be more likely to deliver real world reductions could be under-
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represented on the test. Accordingly, the agencies are proposing to adjust the weighting of the
various modes in the SET cycle as presented in the third column of Table 2-7.

As shown, the new proposed SET mode weighting basically would move most of the C
weighting to A speed. It also would slightly reduce the weighting factor on the idle speed.
These proposed values are based on the confidential business information obtained from vehicle
manufacturers.

2.7.4 Technology Packages

The agencies assessed the impact of technologies over each of the SET modes to project
an overall improvement for a tractor engine. The agencies considered improvements in parasitic
and friction losses through piston designs to reduce friction, improved lubrication, and improved
water pump and oil pump designs to reduce parasitic losses. The aftertreatment improvements
are available through additional improvements to lower backpressure of the systems, further
optimization of the engine-out NOx levels, and further reduction on ammonia slop out of SCR.
Improvements to the EGR system and air flow through the intake and exhaust systems, along
with turbochargers, can also produce engine efficiency improvements. Improvement of
combustion and controls can reduce fuel consumption of the engine. Engine downsizing is part
of consideration for improving efficiency, specifically when this technology is used together
with down speeding. Although one of the most effective technologies to improve engine
efficiency is the use of waste heat recovery (WHR) with Rankine cycle concept, the agencies do
not project that this technology will have noticeable market penetration until MY 2024. The
reason is that this type of WHR system involves many components that require extensive field
testing to assure reliability. See Chapter 2.3.9 above. The high technology cost, longer pay back
period (if the cost and benefit of using WHR is considered in isolation), concern about
commercial acceptance (given the technology complexity, cost, concern about demurrage costs
and warranty claims in early model years) again point to longer necessary lead time for
introducing this technology. During the stringency development based on various technologies,
the agencies received strong supports from various stakeholders, provided as many confidential
business information (CBI). Table 2-8 lists those potential technologies together with the
agencies’ estimated market penetration for tractor engine. However, as can be seen from this
table, the agencies would not be able to release the more detailed numbers along each mode of
13 SET modes to justify our stringency proposal due to nature of CBI. It should be pointed out
that the stringency developed in Table 2-8 is based on the new proposed reweighting SET
factors.

With respect to market penetration, the agencies use the current market information and
literature values to project what would be in the time frame beyond 2021. For example, only
Daimler uses turbo-compound in their DD15 and DD16 engines currently. However, they are
phasing out turbo-compound with the replacement of asymmetric turbo technology for most
applications. In the meantime, VVolvo just announced that they would put their new developed
turbo-compound technology into the market. Combining both manufacturers’ market shares, the
agencies estimate 5 percent market share in 2021. With the assumption that this technology
could prove to be cost effective and be accepted by market well, more production from existing
manufacturers or even some of other manufacturers could adopt this technology in some of their
trucks, and therefore the market share could pick up 10 percent after 2024. The agencies assume
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that the WHR with Rankine cycle will pick up momentum with more lead time because of the
nature of high performance. However, as pointed out in Chapter 2.3.9, it would be hard to see
massive production in the 2021 because of many potential issues. The agencies expect a small
market penetration with one percent in 2021. Based on the industrial trend for typical
complicated system like WHR, it would take time to have a sizeable market penetration, and
therefore, it is estimated that 5 percent in 2024, and 15 percent in 2027. Except downsizing, all
other technologies, such as parasitic/friction loss, aftertreatment, air breathing system, and
combustion use the same assumption on the market penetration, such as 45 percent in 2021, 95
percent in 2024, and 100 percent in 2027. With respect to engine downsizing, the agencies don’t
expect high market penetration as others, because downsizing always has the trade-off with
reliability and resale values. However, we do see the potential that this type of technology can
be effective when combining with down speeding, specifically when power demand drops due to
more efficient engine and vehicle. It is a matter of choices. We assume 10 percent, 20 percent,
and 30 percent market penetration in 2021, 2024, and 2027 respectively.

It should be pointed out that the technology road maps shown in Table 2-8 including both
reduction and market penetration would be only one of many paths manufacturers might adopt in
order to achieve 1.5 percent, 3.7, and 4.2 percent reduction goals in 2021, 2024 and 2027
respectively. In addition, use of 1 percent, 5 percent, and 15 percent market penetration on WHR
in 2021, 2024, and 2027 is one of many potential paths. Considering relatively small assumed
market penetration, this only translates into very small percent improvements due to WHR. The
manufacturers should be able to make up the difference or achieve the same reduction goals for
2021, 2024 and 2027 by either increasing individual technology improvement factors or
increasing market penetration or combination of both.

Table 2-8 Projected Tractor Engine Technologies and Reduction, Percent Improvements Beyond Phase 1,
2017 Engine as Baseline

SET MODE SET MARKET MARKET MARKET
WEIGHTED PENETRATION | PENETRATION | PENETRATION
REDUCTION (2021) (2024) (2027)
(%) 2020-2027
Turbo compound with clutch 1.8% 5% 10% 10%
WHR (Rankine cycle) 3.6% 1% 5% 15%
Parasitic/Friction (Cyl Kits, 1.4% 45% 95% 100%
pumps, FIE), lubrication
Aftertreatment (lower dP) 0.6% 45% 95% 100%
EGR/Intake & exhaust 1.1% 45% 95% 100%
manifolds/Turbo /VVT/Ports
Combustion/F1/Control 1.1% 45% 95% 100%
Downsizing 0.3% 10% 20% 30%
Weighted reduction (%) 1.5% 3.7% 4.2%

For the vocational engines, the agencies considered the same technology package
developed for the HHD diesel engines as for the LHD diesel and MHD diesel engines. Similar
to tractor engines, the package includes parasitic and friction reduction, improved lubrication,
aftertreatment improvements, EGR system and air flow improvements, and combustion
improvement. However, WHR technology is not part of the package. The reason is that WHR is
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not as efficient in transient mode, and since this is the principal operating mode for vocational
vehicles, we project limited benefit for using WHR for vocational applications. Table 2-9 below
lists those potential technologies together with the agencies’ estimated market penetration for
vocational engines, which is developed by combining the various CBI data with the agencies’
engineering judgment.

The market penetration estimate shown in this table uses the same principle as the one
discussed in the tractor engine. In terms of effectiveness, the model based control would be one
of the most effective technologies. However, it would take significant efforts to develop it and
put into production, such as neural network approach developed by Daimler'®?, because one of
the issues is that it is still not clear how this type of technology interact with on-board
diagnostics (OBD). Therefore, we expect 25 percent market penetration in 2021, 30 percent in
2024, and finally 40 percent in 2027. In contrast, all other technologies, such as
parasitic/friction, air breathing system, aftertreatment, and combustion are relatively more
mature than the model based control, and therefore, higher market penetration is assumed.

Table 2-9 Projected Vocational Engine Technologies and Reduction, Percent Improvements Beyond Phase 1,
2017 Engine as Baseline

TECHNOLOGY GHG MARKET MARKET MARKET

EMISSIONS PENETRATION | PENETRATION | PENETRATION

REDUCTION 2021 2024 2027

2020-2027

Model based control 2.0% 25% 30% 40%

Parasitic /Friction 1.5% 60% 90% 100%

EGR/AIr/VVT [Turbo 1.0% 50% 90% 100%

Improved AT 0.5% 50% 90% 100%

Combustion Optimization 1.0% 50% 90% 100%

Weighted reduction (%)- 2.0% 3.5% 4.0%

L/M/HHD

2.7.5 2021 Model Year HHD Diesel Engine Package for Tractor

As can be seen from Table 2-8 the weighted reduction for a MY 2021 tractor engine is 1.5
percent. With this reduction, the numerical stringency values for 2021 can be derived from the
Phase 1 rules. These proposed standards are shown in Table 2-10.

Table 2-10 2021 Model Year Proposed Standards — Tractors

MHDD- SET HHDD -
SET
CO; Emissions (g CO/bhp-hr) 479 453
Fuel Consumption (gal/100 bhp-hr) 4.71 4.45

The cost estimates for the complete HHD diesel engine packages can be developed
accordingly as shown in Table 2-11.
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Table 2-11 Technology Costs as Applied in Expected Packages for MY2021 Tractor Diesel Engines under the
Preferred Alternative relative to the Less Dynamic Baseline (2012%)?

MEDIUM HEAVY
HD HD

Aftertreatment system (improved effectiveness SCR, dosing, DPF) $7 $7
Valve Actuation $82 $82
Cylinder Head (flow optimized, increased firing pressure, improved thermal $3 $3
management)
Turbocharger (improved efficiency) $9 $9
Turbo Compounding $50 $50
EGR Cooler (improved efficiency) $2 $2
Water Pump (optimized, variable vane, variable speed) $43 $43
Oil Pump (optimized) $2 $2
Fuel Pump (higher working pressure, increased efficiency, improved pressure $2 $2
regulation)
Fuel Rail (higher working pressure) $5 $5
Fuel Injector (optimized, improved multiple event control, higher working pressure) $5 $5
Piston (reduced friction skirt, ring and pin) $1 $1
Valve Train (reduced friction, roller tappet) $39 $39
Waste Heat Recovery $105 $105
“Right sized” engine -$40 -$40
Total $314 $314
Note:

2 Costs presented here include application rates.

2.7.6 2021 Model Year LHD/MHD/HHD Diesel Engine Package for

Vocational Vehicles

From Table 2-9, the proposed weighted reduction for 2021 model years of all
LHD/MHD/HHD vocational diesel engines is 2.0 percent. Table 2-12 lists the numerical

stringency values in 2021 model year.

Table 2-12 2021 Model Year Proposed Standards -- Vocational

LHDD - MHDD - HHDD -

FTP FTP FTP
CO;, Emissions (g CO./bhp-hr) 565 565 544
Fuel Consumption (gal/100 bhp-hr) 5.55 5.55 5.34

The cost estimates for the MY 2021 vocational diesel engines are shown in Table 2-13.
We present technology cost estimates along with adoption rates in Chapter 2.12 of this draft
RIA. We present package cost estimates in greater detail in Chapter 2.13 of this draft RIA.
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Table 2-13 Technology Costs as Applied in Expected Packages for MY2021 Vocational Diesel Engines under
the Preferred Alternative relative to the Less Dynamic Baseline (2012$)2

LIGHT MEDIUM HEAVY
HD HD HD

Aftertreatment system (improved effectiveness SCR, dosing, DPF) $8 $8 $8
Valve Actuation $91 $91 $91
Cylinder Head (flow optimized, increased firing pressure, improved $6 $3 $3
thermal management)
Turbocharger (improved efficiency) $10 $10 $10
EGR Cooler (improved efficiency) $2 $2 $2
Water Pump (optimized, variable vane, variable speed) $57 $57 $57
Oil Pump (optimized) $3 $3 $3
Fuel Pump (higher working pressure, increased efficiency, improved $3 $3 $3
pressure regulation)
Fuel Rail (higher working pressure) $7 $6 $6
Fuel Injector (optimized, improved multiple event control, higher $8 $6 $6
working pressure)
Piston (reduced friction skirt, ring and pin) $1 $1 $1
Valve Train (reduced friction, roller tappet) $69 $52 $52
Model Based Controls $28 $28 $28
Total $293 $270 $270
Note:

2 Costs presented here include application rates.

2.7.7 2024 Model Year HHDD Engine Package for Tractor

The agencies assessed the impact of technologies over each of the SET modes to project
an overall improvement in the 2024 model year. The agencies considered additional
improvements in the technologies included in the 2021 model year package. Compared to 2021
technology package, the technology package in 2024 considers higher market adoption as shown
in Table 2-8, thus deriving the stringency at 3.7 percent. Table 2-14 below shows the proposed
2024 model year tractor engine standards.

Table 2-14 2024 Model Year Proposed Standards — Tractors

MHDD- SET HHDD - SET
CO; Emissions (g CO2/bhp-hr) 469 443
Fuel Consumption (gal/100 bhp-hr) 4.61 4.35

The costs for the MY2024 tractor diesel engines are shown in Table 2-15. We present
technology cost estimates along with adoption rates in Chapter 2.12 of this draft RIA. We
present package cost estimates in greater detail in Chapter 2.13 of this draft RIA.
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Table 2-15 Technology Costs as Applied in Expected Packages for MY2024 Tractor Diesel Engines under the
Preferred Alternative relative to the Less Dynamic Baseline (2012%)?

MEDIUM HEAVY
HD HD

Aftertreatment system (improved effectiveness SCR, dosing, DPF) $14 $14
Valve Actuation $166 $166
Cylinder Head (flow optimized, increased firing pressure, improved thermal $6 $6
management)
Turbocharger (improved efficiency) $17 $17
Turbo Compounding $92 $92
EGR Cooler (improved efficiency) $3 $3
Water Pump (optimized, variable vane, variable speed) $84 $84
Oil Pump (optimized) $4 $4
Fuel Pump (higher working pressure, increased efficiency, improved pressure $4 $4
regulation)
Fuel Rail (higher working pressure) $9 $9
Fuel Injector (optimized, improved multiple event control, higher working pressure) $10 $10
Piston (reduced friction skirt, ring and pin) $3 $3
Valve Train (reduced friction, roller tappet) $75 $75
Waste Heat Recovery $502 $502
“Right sized” engine -$85 -$85
Total $904 $904
Note:

2 Costs presented here include application rates.

2.7.8 2024 Model Year LHD/MHD/HHD Diesel Engine Package for

Vocational Vehicles

The agencies developed the 2024 model year LHD/MHD/HHD diesel engine package
based on additional improvements in the technologies included in the 2021 model year package
as shown in Table 2-9. The projected impact of these technologies provides an overall reduction
of 3.5 percent over the 2017 model year baseline. Table 2-16 below shows the proposed 2024

model year standards in numerical values.

Table 2-16 2024 Model Year Proposed Standards — Vocational

LHDD - MHDD - HHDD -

FTP FTP FTP
CO;, Emissions (g CO./bhp-hr) 556 556 536
Fuel Consumption (gal/100 bhp-hr) 5.46 5.46 5.26

Costs for MY 2024 vocational diesel engines are shown in Table 2-17. We present
technology cost estimates along with adoption rates in Chapter 2.12 of this draft RIA. We
present package cost estimates in greater detail in Chapter 2.13 of this draft RIA.
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Table 2-17 Technology Costs as Applied in Expected Packages for MY2024 Vocational Diesel Engines under
the Preferred Alternative relative to the Less Dynamic Baseline (2012$)2

LIGHT MEDIUM HEAVY
HD HD HD

Aftertreatment system (improved effectiveness SCR, dosing, DPF) $13 $13 $13
Valve Actuation $157 $157 $157
Cylinder Head (flow optimized, increased firing pressure, improved $10 $6 $6
thermal management)
Turbocharger (improved efficiency) $16 $16 $16
EGR Cooler (improved efficiency) $3 $3 $3
Water Pump (optimized, variable vane, variable speed) $79 $79 $79
Qil Pump (optimized) $4 $4 $4
Fuel Pump (higher working pressure, increased efficiency, improved $4 $4 $4
pressure regulation)
Fuel Rail (higher working pressure) $10 $9 $9
Fuel Injector (optimized, improved multiple event control, higher $13 $10 $10
working pressure)
Piston (reduced friction skirt, ring and pin) $2 $2 $2
Valve Train (reduced friction, roller tappet) $95 $71 $71
Model Based Controls $31 $31 $31
Total $437 $405 $405
Note:

2 Costs presented here include application rates.

2.7.9 2027 Model Year HHDD Engine Package for Tractor

The agencies assessed the impact of technologies over each of the SET modes to project
an overall improvement in the 2027 model year. The agencies considered additional
improvements in the technologies included in the 2021 model year package. Compared to 2021
technology package, the technology package in 2027 considers higher market adoption as shown
in Table 2-8, thus deriving the stringency at 4.2 percent. Table 2-18 below shows the proposed
2027 model year tractor engine standards.

Table 2-18 2027 Model Year Proposed Standards — Tractors

MHDD- SET HHDD - SET
CO; Emissions (g CO/bhp-hr) 466 441
Fuel Consumption (gal/100 bhp-hr) 4,58 4.33

The costs for the MY2027 tractor diesel engines are shown in Table 2-19. We present

2-78

technology cost estimates along with adoption rates in Chapter 2.12 of this draft RIA. We
present package cost estimates in greater detail in Chapter 2.13 of this draft RIA.



Table 2-19 Technology Costs as Applied in Expected Packages for MY2027 Tractor Diesel Engines under the
Preferred Alternative relative to the Less Dynamic Baseline (2012%)?

MEDIUM HEAVY
HD HD

Aftertreatment system (improved effectiveness SCR, dosing, DPF) $14 $14
Valve Actuation $169 $169
Cylinder Head (flow optimized, increased firing pressure, improved thermal $6 $6
management)
Turbocharger (improved efficiency) $17 $17
Turbo Compounding $87 $87
EGR Cooler (improved efficiency) $3 $3
Water Pump (optimized, variable vane, variable speed) $84 $84
Oil Pump (optimized) $4 $4
Fuel Pump (higher working pressure, increased efficiency, improved pressure $4 $4
regulation)
Fuel Rail (higher working pressure) $9 $9
Fuel Injector (optimized, improved multiple event control, higher working pressure) $10 $10
Piston (reduced friction skirt, ring and pin) $3 $3
Valve Train (reduced friction, roller tappet) $75 $75
Waste Heat Recovery $1,340 $1,340
“Right sized” engine -$127 -$127
Total $1,698 $1,698
Note:

2 Costs presented here include application rates.

2.7.10 2027 Model Year LHD/MHD/HHD Diesel Engine Package for

Vocational Vehicles

The agencies developed the 2027 model year LHD/MHD/HHD diesel engine package
based on additional improvements in the technologies included in the 2021 model year package
as shown in Table 2-9. The projected impact of these technologies provides an overall reduction
of 4.0 percent over the 2017 model year baseline. Table 2-20 below shows the proposed 2027

model year standards in numerical values.

Table 2-20 2027 Model Year Proposed Standards — Vocational

LHDD - FTP MHDD- FTP HHDD - FTP
CO; Emissions (g CO./bhp-hr) 553 553 533
Fuel Consumption (gal/100 bhp-hr) 5.43 5.43 5.23

Costs for MY 2027 vocational diesel engines are shown in Table 2-21. We present
technology cost estimates along with adoption rates in Chapter 2.12 of this draft RIA. We
present package cost estimates in greater detail in Chapter 2.13 of this draft RIA.
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Table 2-21 Technology Costs as Applied in Expected Packages for MY 2027 Vocational Diesel Engines under
the Preferred Alternative relative to the Less Dynamic Baseline (2012%$)2

LIGHT MEDIUM HEAVY
HD HD HD

Aftertreatment system (improved effectiveness SCR, dosing, DPF) $14 $14 $14
Valve Actuation $169 $169 $169
Cylinder Head (flow optimized, increased firing pressure, improved $10 $6 $6
thermal management)
Turbocharger (improved efficiency) $17 $17 $17
EGR Cooler (improved efficiency) $3 $3 $3
Water Pump (optimized, variable vane, variable speed) $84 $84 $84
Oil Pump (optimized) $4 $4 $4
Fuel Pump (higher working pressure, increased efficiency, improved $4 $4 $4
pressure regulation)
Fuel Rail (higher working pressure) $11 $9 $9
Fuel Injector (optimized, improved multiple event control, higher $13 $10 $10
working pressure)
Piston (reduced friction skirt, ring and pin) $3 $3 $3
Valve Train (reduced friction, roller tappet) $100 $75 $75
Model Based Controls $39 $39 $39
Total $471 $437 $437
Note:

2 Costs presented here include application rates.

2.7.11 HD Diesel Engine Packages under the More Stringent Alternative 4

The more stringent alternative 4 would impose new standards in MY's 2021 and 2024,
with the MY2024 standards essentially equivalent to the MY 2027 standards under the preferred
alternative. The resultant HDD engine costs for both tractors and vocational engines in MYs
2021 and 2024 are shown in Table 2-22. Note that, while the technology application rates in
MY 2024 under alternative 4 are essentially identical to those for MY 2027 under alternative 3,
the costs are higher under alternative 4 due to learning effects and markup changes that are

estimated to have occurred by MY2027 under alternative 3.

Table 2-22 Technology Costs as Applied in Expected Packages for HD Diesel Engines under the More
Stringent Alternative 4 relative to the Less Dynamic Baseline (2012$)?

MODEL MHDD HHDD LHDD MHDD HHDD
YEAR | TRACTOR [ TRACTOR | VOCATIONAL | VOCATIONAL | VOCATIONAL
2021 $656 $656 $372 $345 $345
2024 $1,885 $1,885 $493 $457 $457
Note:

2 Costs presented here include application rates.

2.8 Technology Application and Estimated Costs — Tractors

2.8.1 Defining the Baseline Tractors

The fuel efficiency and CO2 emissions of combination tractors vary depending on the
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engine, transmission, drive axle, aerodynamics, and rolling resistance. For each tractor
subcategory, the agencies selected a theoretical tractor to represent the average 2017 model year
tractor that meets the Phase 1 standards (see 76 FR 57212, September 15, 2011). These tractors
are used as baselines from which to evaluate costs and effectiveness of additional technologies
and standards. The specific attributes of each tractor subcategory are listed below in Table 2-23.
Using these values, the agencies assessed the CO2z emissions and fuel consumption performance
of the proposed baseline tractors using the proposed version of Phase 2 GEM. The results of
these simulations are shown below in Table 2-24.

The Phase 1 2017 model year tractor standards and the baseline 2017 model year tractor
results are not directly comparable. The same set of aerodynamic and tire rolling resistance
technologies were used in both setting the Phase 1 standards and determining the baseline of the
Phase 2 tractors. However, there are several aspects that differ. First, a new version of GEM
was developed and validated to provide additional capabilities, including more refined modeling
of transmissions and engines. Second, the determination of the proposed HD Phase 2 CdA value
takes into account a revised test procedure, a new standard reference trailer, and wind averaged
drag. In addition, the proposed HD Phase 2 version of GEM includes road grade in the 55 mph
and 65 mph highway cycles, as discussed in preamble Section Il1.E. Finally, the agencies
assessed the current level of automatic engine shutdown and idle reduction technologies used by
the tractor manufacturers to comply with the 2014 model year CO2 and fuel consumption
standards. To date, the manufacturers are meeting the 2014 model year standards without the
use of this technology. Therefore, the agencies are revising the baseline APU adoption rate back
to 30 percent, the value used in the Phase 1 baseline.

Table 2-23 GEM Inputs for the Baseline Class 7 and 8 Tractor

CLASS 7 CLASS 8

Day Cab Day Cab Sleeper Cab

Low Mid High Roof | Low Roof | Mid High Roof | Low Roof | Mid High
Roof Roof Roof Roof Roof
Engine

2017 MY | 2017 MY | 2017 MY | 2017 MY | 2017 MY | 2017 MY | 2017 MY | 2017 MY | 2017 MY
11L 11L 111 15L 15L 15L 15L 15L 15L
Engine Engine Engine Engine Engine Engine Engine Engine Engine
350 HP 350 HP 350 HP 455 HP 455 HP 455 HP 455 HP 455 HP 455 HP

Aerodynamics (CdA in m?)

5.00 | 6.40 | 6.42 | 5.00 | 6.40 | 6.42 | 4.95 | 6.35 | 6.22
Steer Tires (CRR in kg/metric ton)

6.99 | 6.99 | 6.87 | 6.99 | 6.99 | 6.87 | 6.87 | 6.87 | 6.54
Drive Tires (CRR in kg/metric ton)

7.38 | 7.38 | 7.26 | 7.38 | 7.38 | 7.26 | 7.26 | 7.26 | 6.92
Extended Idle Reduction Adoption Rate

N/A | NIA | NIA | NIA | NIA | NIA | 30% | 30% | 30%

Transmission = 10 Speed Manual Transmission
Gear Ratios = 12.8, 9.25, 6.76, 4.90, 3.58, 2.61, 1.89, 1.38, 1.00, 0.73
Drive Axle Ratio = 3.70

2-81



Table 2-24 Class 7 and 8 Tractor Baseline CO2 Emissions and Fuel Consumption

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low Mid High Low Mid High Low Mid High
Roof Roof Roof Roof | Roof | Roof Roof Roof Roof
CO: (grams 107 118 121 86 93 95 79 87 88
CO,/ton-mile)
Fuel 10.5 11.6 11.9 8.4 9.1 9.3 7.8 8.5 8.6
Consumption
(gal/1,000 ton-
mile)

The 2017 model year baseline fuel maps in the HD Phase 2 version of GEM are different
than those used in 2017 year fuel maps in the HD Phase 1 version. The baseline map in the HD
Phase 2 version takes two major factors into consideration. The first is the likelihood of engine
down speeding beyond the 2020 model year and the second is to make the gradient of brake
specific fuel consumption rate (BSFC) around the fuel consumption sweet spot less radical when
compared to the HD Phase 1 version’s engine fuel map.

Figure 2-11 gives an example of an engine fuel map for a 455hp rated engine.

455 HP /15L : 2018 Baseline BSFC (g/kW-hr)

2200
2000

1800
1600

0 1
600 800 1000 1200 1400 1600 1800 2000
Engine Speed (RPM)
Figure 2-11 2018MY 15L Engine Fuel Map
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2.8.2 Defining the Proposed Tractor Technology Packages

The agencies’ assessment of the proposed technology effectiveness was developed
through the use of GEM in coordination with modeling conducted by Southwest Research
Institute. The agencies developed the proposed standards through a three-step process, similar to
the approach used in Phase 1. First, the agencies developed technology performance
characteristics for each technology, as described below. Each technology is associated with an
input parameter which in turn would be used as an input to the Phase 2 GEM simulation tool and
its effectiveness thereby modeled. Second, the agencies combined the technology performance
levels with a projected technology adoption rate to determine the GEM inputs used to set the
stringency of the proposed standards. Third, the agencies input these parameters into Phase 2
GEM and used the output to determine the proposed CO2 emissions and fuel consumption levels.
All percentage improvements noted below are over the 2017 baseline tractor.

2.8.2.1 Aerodynamics

The aerodynamic packages are categorized as Bin I, Bin I, Bin 111, Bin 1V, Bin V, Bin
VI, or Bin VII based on the wind averaged drag aerodynamic performance determined through
testing conducted by the manufacturer. In general, the proposed CdA values for each package
and tractor subcategory were developed through EPA’s coastdown testing of tractor-trailer
combinations, the 2010 NAS report, and SAE papers.

2.8.2.2 Tire Rolling Resistance

The proposed rolling resistance coefficient target for Phase 2 was developed from
SmartWay’s tire testing to develop the SmartWay verification, testing a selection of tractor tires
as part of the Phase 1 and Phase 2 programs, and from 2014 MY certification data. Even though
the coefficient of tire rolling resistance comes in a range of values, to analyze this range, the tire
performance was evaluated at four levels determined by the agencies. The four levels are the
baseline (average) from 2010, Level I and Level 2 from Phase 1, and Level 3 that achieves an
additional 25 percent improvement over Level 2. The Level 1 rolling resistance performance
represents the threshold used to develop SmartWay designated tires for long haul tractors. The
Level 2 threshold represents an incremental step for improvements beyond today’s SmartWay
level and represents the best in class rolling resistance of the tires we tested. The Level 3 values
represent the long-term rolling resistance value that Michelin predicts could be achieved in the
2025 timeframe. 1! The tire rolling resistance level assumed to meet the 2017 MY Phase 1
standard high roof sleeper cab is considered to be a weighted average of 10 percent baseline
rolling resistance, 70 percent Level 1, and 20 percent Level 2. The tire rolling resistance to meet
the 2017MY Phase 1 standards for the high roof day cab, low roof sleeper cab, and mid roof
sleeper cab includes 30 percent baseline, 60 percent Level 1 and 10 percent Level 2. Finally, the
low roof day cab 2017MY standard can be met with a weighted average rolling resistance
consisting of 40 percent baseline, 50 percent Level 1, and 10 percent Level 2.
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2.8.2.3 Idle Reduction

The benefits for the extended idle reductions were developed from literature, SmartWay
work, and the 2010 NAS report. Additional details regarding the comments and calculations are
included in RIA Section 2.4.

2.8.2.4 Transmission

The benefits for automated manual, automatic, and dual clutch transmissions were
developed from literature and from simulation modeling conducted by Southwest Research
Institute. The benefit of these transmissions is proposed to be set to a two percent improvement
over a manual transmission due to the automation of the gear shifting.

2.8.2.5 Drivetrain

The reduction in friction due to low viscosity axle lubricants is set to 0.5 percent. 6x4
and 4x2 axle configurations lead to a 2.5 percent improvement in vehicle efficiency.
Downspeeding would be as demonstrated through the Phase 2 GEM inputs of transmission gear
ratio, drive axle ratio, and tire diameter. Downspeeding is projected to improve the fuel
consumption by 1.8 percent.

2.8.2.6 Accessories and Other Technologies

Compared to 2017MY air conditioners, air conditioners with improved efficiency
compressors could reduce CO2 emissions by 0.5 percent. Improvements in accessories, such as
power steering, can lead to an efficiency improvement of 1 percent over the 2017MY baseline.
Based on literature information, intelligent controls such as predictive cruise control could
reduce CO2 emissions by two percent while automatic tire inflation systems improve fuel
consumption by one percent by keeping tire rolling resistance to its optimum based on inflation
pressure.

2.8.2.7 Weight Reduction

The weight reductions were developed from tire manufacturer information, the
Aluminum Association, the Department of Energy, SABIC and TIAX.

2.8.2.8 Vehicle Speed Limiter
The agencies did not include vehicle speed limiters in setting the Phase 1 stringency
levels. The agencies are not including vehicle speed limiters in the technology package for
setting the proposed standards for Class 7 and 8 tractors.

2.8.2.9 Summary of Technology Performance

Table 2-25 describes the performance levels for the range of Class 7 and 8 tractor vehicle
technologies.
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Table 2-25 Proposed Phase 2 Technology Inputs

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low Mid High Low Mid High Low Mid High
Roof Roof Roof Roof Roof Roof Roof Roof Roof
Engine
2021M | 2021M | 2021M | 2021M | 2021M | 2021M | 2021MY | 2021M | 2021MY
Y 11L | Y 1l1L Y11L |Y 15L Y 15L Y 15L | 15L Y 15L 15L
Engine | Engine | Engine | Engine | Engine | Engine | Engine Engine | Engine
350 HP | 350 HP | 350 HP | 455 HP | 455 HP | 455 HP | 455 HP | 455 HP | 455 HP
Aerodynamics (CdA in m2)
Bin | 5.3 6.7 7.6 5.3 6.7 7.6 5.3 6.7 7.4
Bin Il 4.8 6.2 7.1 4.8 6.2 7.1 4.8 6.2 6.9
Bin 111 4.3 5.7 6.5 4.3 5.7 6.5 4.3 5.7 6.3
Bin IV 4.0 5.4 5.8 4.0 5.4 5.8 4.0 5.4 5.6
Bin V 5.3 5.3 5.1
Bin VI 4.9 4.9 4.7
Bin VII 4.5 4.5 4.3
Steer Tires (CRR in kg/metric ton)
Base 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8
Level 1 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Level 2 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7
Level 3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3
Drive Tires (CRR in kg/metric ton)
Base 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2
Level 1 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Level 2 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
Level 3 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
Idle Reduction (% reduction)
APU N/A N/A N/A N/A N/A N/A 5% 5% 5%
Other N/A N/A N/A N/A N/A N/A 7% 7% 7%
Transmission Type (% reduction)
Manual 0% 0% 0% 0% 0% 0% 0% 0% 0%
AMT 2% 2% 2% 2% 2% 2% 2% 2% 2%
Auto 2% 2% 2% 2% 2% 2% 2% 2% 2%
Dual Clutch | 2% 2% 2% 2% 2% 2% 2% 2% 2%
Driveline (% reduction)
Axle 0.5% 0.5% 0.5% 0.5% 0.5% 0.5% 0.5% 0.5% 0.5%
Lubricant
6x2 or 4x2 | 2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 2.5%
Axle
Downspeed | 1.8% 1.8% 1.8% 1.8% 1.8% 1.8% 1.8% 1.8% 1.8%
Accessory Improvements (% reduction)
AIC 0.5% 0.5% 0.5% 0.5% 0.5% 0.5% 0.5% 0.5% 0.5%
Electric or 1% 1% 1% 1% 1% 1% 1% 1% 1%
Mech.
Access.
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Off-Cycle Technologies (% reduction)

Predictive
Cruise
Control

2%

2%

2%

2%

2%

2%

2%

2%

2%

Automated
Tire
Inflation
System

1%

1%

1%

1%

1%

1%

1%

1%

1%

2.8.3 Tractor Technology Adoption Rates

As explained above, tractor manufacturers often introduce major product changes
together, as a package. In this manner the manufacturers can optimize their available resources,
including engineering, development, manufacturing and marketing activities to create a product
with multiple new features. In addition, manufacturers recognize that a vehicle design will need
to remain competitive over the intended life of the design and meet future regulatory
requirements. In some limited cases, manufacturers may implement an individual technology
outside of a vehicle’s redesign cycle.

With respect to the levels of technology adoption used to develop the proposed HD Phase
2 standards, NHTSA and EPA established technology adoption constraints. The first type of
constraint was established based on the application of fuel consumption and CO2 emission
reduction technologies into the different types of tractors. For example, extended idle reduction
technologies are limited to Class 8 sleeper cabs using the assumption that day cabs are not used
for overnight hoteling. A second type of constraint was applied to most other technologies and
limited their adoption based on factors reflecting the real world operating conditions that some
combination tractors encounter. This second type of constraint was applied to the aerodynamic,
tire, powertrain, and vehicle speed limiter technologies. Table 2-26, Table 2-27 and Table 2-28
specify the adoption rates that EPA and NHTSA used to develop the proposed standards.

NHTSA and EPA believe that within each of these individual vehicle categories there are
particular applications where the use of the identified technologies would be either ineffective or
not technically feasible. The addition of ineffective technologies provides no environmental or
fuel efficiency benefit, increases costs and is not a basis upon which to set a maximum feasible
improvement under 49 USC Section 32902 (k), or appropriate under 42 U.S.C. Section 7521
(@)(2). For example, the agencies are not predicating the proposed standards on the use of full
aerodynamic vehicle treatments on 100 percent of tractors, because we know that in many
applications (for example gravel truck engaged in local aggregate delivery) the added weight of
the aerodynamic technologies would increase fuel consumption and hence CO2 emissions to a
greater degree than the reduction that would be accomplished from the more aerodynamic nature
of the tractor.

2.8.3.1 Aerodynamics Adoption Rate
The impact of aerodynamics on a tractor-trailer’s efficiency increases with vehicle speed.

Therefore, the usage pattern of the vehicle will determine the benefit of various aerodynamic
technologies. Sleeper cabs are often used in line haul applications and drive the majority of their

2-86




miles on the highway travelling at speeds greater than 55 mph. The industry has focused
aerodynamic technology development, including SmartWay tractors, on these types of trucks.
Therefore the agencies are proposing the most aggressive aerodynamic technology application to
this regulatory subcategory. All of the major manufacturers today offer at least one SmartWay
sleeper cab tractor model, which is represented as Bin Ill aerodynamic performance. The
proposed aerodynamic adoption rate for Class 8 high roof sleeper cabs in 2024 (i.e., the degree
of technology adoption on which the stringency of the proposed standard is premised) consists of
30 percent of Bin 1V, 25 percent Bin V, 13 percent Bin VI, and 2 percent Bin VII reflecting our
assessment of the fraction of tractors in this segment that could successfully apply these
aerodynamic packages. We believe that there is sufficient lead time to develop aerodynamic
tractors that can move the entire high roof sleeper cab aerodynamic performance to be as good as
or better than today’s SmartWay designated tractors. The changes required for Bin IV and better
performance reflect the kinds of improvements projected in the Department of Energy’s
SuperTruck program. That program assumes that such systems can be demonstrated on vehicles
by 2017. In this case, the agencies are projecting that truck OEMs would be able to begin
implementing these aerodynamic technologies as early as 2021 MY on a limited scale.
Importantly, our averaging, banking and trading provisions provide manufacturers with the
flexibility to implement these technologies over time even though the standard changes in a
single step.

The aerodynamic adoption rates used to develop the proposed standards for the other
tractor regulatory categories are less aggressive than for the Class 8 sleeper cab high roof.
Aerodynamic improvements through new tractor designs and the development of new
aerodynamic components is an inherently slow and iterative process. The agencies recognize
that there are tractor applications which require on/off-road capability and other truck functions
which restrict the type of aerodynamic equipment applicable. We also recognize that these types
of trucks spend less time at highway speeds where aerodynamic technologies have the greatest
benefit. The 2002 VIUS data ranks trucks by major use.!*? The heavy trucks usage indicates
that up to 35 percent of the trucks may be used in on/off-road applications or heavier
applications. The uses include construction (16 percent), agriculture (12 percent), waste
management (5 percent), and mining (2 percent). Therefore, the agencies analyzed the
technologies to evaluate the potential restrictions that would prevent 100 percent adoption of
more advanced aerodynamic technologies for all of the tractor regulatory subcategories.

2.8.3.2 Low Rolling Resistance Tire Adoption Rate

For the tire manufacturers to further reduce tire rolling resistance, the manufacturers must
consider several performance criteria that affect tire selection. The characteristics of a tire also
influence durability, traction control, vehicle handling, comfort, and retreadability. A single
performance parameter can easily be enhanced, but an optimal balance of all the criteria would
require improvements in materials and tread design at a higher cost, as estimated by the agencies.
Tire design requires balancing performance, since changes in design may change different
performance characteristics in opposing directions. Similar to the discussion regarding lesser
aerodynamic technology application in tractor segments other than sleeper cab high roof, the
agencies believe that the proposed standards should not be premised on 100 percent application
of Level IV tires in all tractor segments given the potential interference with vehicle utility that
could result.
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2.8.3.3 Weight Reduction Technology Adoption Rate

The agencies propose setting the 2021 through 2027 model year tractor standards without
using weight reduction as a technology to demonstrate the feasibility. The agencies view weight
reduction as a technology with a high cost that offers a small benefit in the tractor sector. For
example, our estimate of a 400 pound weight reduction would cost $2,050 (2012$) in MY 2021,
but offer a 0.3 percent reduction in fuel consumption and CO2 emissions.

2.8.3.4 Idle Reduction Technology Adoption Rate

Idle reduction technologies provide significant reductions in fuel consumption and CO2
emissions for Class 8 sleeper cabs and are available on the market today. There are several
different technologies available to reduce idling. These include APUs, diesel fired heaters, and
battery powered units. Our discussions with manufacturers indicate that idle technologies are
sometimes installed in the factory, but it is also a common practice to have the units installed
after the sale of the truck. We would like to continue to incentivize this practice and to do so in a
manner that the emission reductions associated with idle reduction technology occur in use.
Therefore, as adopted in Phase 1, we are allowing only idle emission reduction technologies
which include an automatic engine shutdown (AES) with some override provisions. In the
preamble in Section 111, we request comment on other approaches that would appropriately
quantify the reductions that would be experienced in the real world.

We propose a 90 percent adoption rate for this technology for Class 8 sleeper cabs. The
agencies are unaware of reasons why AES with extended idle reduction technologies could not
be applied to this high fraction of tractors with a sleeper cab, except those deemed a vocational
tractor, in the available lead time.

The agencies are interested in extending the idle reduction benefits beyond Class 8
sleepers, including day cabs. The agencies reviewed literature to quantify the amount of idling
which is conducted outside of hoteling operations. One study, conducted by Argonne National
Laboratory, identified several different types of trucks which might idle for extended amounts of
time during the work day.'*® 1dling may occur during the delivery process, queuing at loading
docks or border crossings, during power take off operations, or to provide comfort during the
work day. However, the study provided only “rough estimates” of the idle time and energy use
for these vehicles. The agencies are not able to appropriately develop a baseline of workday
idling for day cabs and identify the percent of this idling which could be reduced through the use
of AES.

2.8.3.5 Vehicle Speed Limiter Adoption Rate

As adopted in Phase 1, we propose to continue the approach where vehicle speed limiters
may be used as a technology to meet the proposed standard. In setting the proposed standard,
however, we assumed a zero percent adoption rate of vehicle speed limiters. Although we
believe vehicle speed limiters are a simple, easy to implement, and inexpensive technology, we
want to leave the use of vehicles speed limiters to the truck purchaser. Since truck fleets
purchase tractors today with owner-set vehicle speed limiters, we considered not including VSLs
in our compliance model. However, we have concluded that we should allow the use of VSLs
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that cannot be overridden by the operator as a means of compliance for vehicle manufacturers
that wish to offer it and truck purchasers that wish to purchase the technology. In doing so, we
are providing another means of meeting that standard that can lower compliance cost and provide
a more optimal vehicle solution for some truck fleets. For example, a local beverage distributor
may operate trucks in a distribution network of primarily local roads. Under those conditions,
aerodynamic fairings used to reduce aerodynamic drag provide little benefit due to the low
vehicle speed while adding additional mass to the vehicle. A vehicle manufacturer could choose
to install a VSL set at 55 mph for this customer. The resulting tractor would be optimized for its
intended application and would be fully compliant with our program all at a lower cost to the
ultimate tractor purchaser.’

As in Phase 1, we have chosen not to base the proposed standards on performance of
VSLs because of concerns about how to set a realistic adoption rate that avoids unintended
adverse impacts. Although we expect there will be some use of VSL, currently it is used when
the fleet involved decides it is feasible and practicable and increases the overall efficiency of the
freight system for that fleet operator. To date, the compliance data provided by manufacturers
indicate that none of the tractor configurations include a tamper-proof VSL setting less than 65
mph. At this point the agencies are not in a position to determine in how many additional
situations use of a VSL would result in similar benefits to overall efficiency or how many
customers would be willing to accept a tamper-proof VSL setting. We are not able at this time to
quantify the potential loss in utility due to the use of VSLs. Absent this information, we cannot
make a determination regarding the reasonableness of setting a standard based on a particular
VSL level. Therefore, the agencies are not premising the proposed standards on use of VSL, and
instead would continue to rely on the industry to select VSL when circumstances are appropriate
for its use. The agencies have not included either the cost or benefit due to VVSLs in analysis of
the proposed program’s costs and benefits.

2.8.3.6 Summary of the Adoption Rates used to Determine the Proposed Standards

Table 2-26, Table 2-27, and Table 2-28 provide the adoption rates of each technology
broken down by weight class, cab configuration, and roof height.

Table 2-26 Technology Adoption Rates for Class 7 and 8 Tractors for Determining the Proposed 2021 MY

Standards
CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low Mid High Low Mid High Low Mid High
Roof Roof Roof Roof Roof Roof Roof Roof Roof

2021 MY Engine Technology Package

100% [100% [100% [100% [100% [100% |100% | 100% | 100%

Aerodynamics

Bin | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 0% | 0%

I The agencies note that because a VSL value can be input into GEM, its benefits can be directly assessed with the
model and off cycle credit applications therefore are not necessary even though the proposed standard is not based
on performance of VSLs (i.e. VSL is an on-cycle technology).
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Bin Il 75% 75% 0% 75% 75% 0% 75% 75% 0%
Bin 111 25% 25% 40% 25% 25% 40% 25% 25% 40%
Bin IV 0% 0% 35% 0% 0% 35% 0% 0% 35%
Bin V 20% 20% 20%
Bin VI 5% 5% 5%
Bin VII 0% 0% 0%
Steer Tires

Base 5% 5% 5% 5% 5% 5% 5% 5% 5%
Level 1 60% 60% 60% 60% 60% 60% 60% 60% 60%
Level 2 25% 25% 25% 25% 25% 25% 25% 25% 25%
Level 3 10% 10% 10% 10% 10% 10% 10% 10% 10%
Drive Tires

Base 5% 5% 5% 5% 5% 5% 5% 5% 5%
Level 1 60% 60% 60% 60% 60% 60% 60% 60% 60%
Level 2 25% 25% 25% 25% 25% 25% 25% 25% 25%
Level 3 10% 10% 10% 10% 10% 10% 10% 10% 10%
Extended Idle Reduction

APU |N/A~ | N/A N/A N/A N/A N/A 80% 80% 80%
Transmission Type

Manual 45% 45% 45% 45% 45% 45% 45% 45% 45%
AMT 40% 40% 40% 40% 40% 40% 40% 40% 40%
Auto 10% 10% 10% 10% 10% 10% 10% 10% 10%
Dual Clutch | 5% 5% 5% 5% 5% 5% 5% 5% 5%
Driveline

Axle 20% 20% 20% 20% 20% 20% 20% 20% 20%
Lubricant

6x2 or 4x2 10% 10% 20% 10% 10% 20%
Axle

Downspeed | 20% 20% 20% 20% 20% 20% 20% 20% 20%
Accessory Improvements

A/C 10% 10% 10% 10% 10% 10% 10% 10% 10%
Electric 10% 10% 10% 10% 10% 10% 10% 10% 10%
Access.

Off-Cycle Technologies

Predictive 20% 20% 20% 20% 20% 20% 20% 20% 20%
Cruise

Control

Automated 20% 20% 20% 20% 20% 20% 20% 20% 20%
Tire

Inflation

System

2-90




Table 2-27 Technology Adoption Rates for Class 7 and 8 Tractors for Determining the Proposed 2024 MY

Standards

CLASS 7 CLASS 8

Day Cab Day Cab Sleeper Cab

Low Mid High Low Mid High Low Mid High

Roof Roof Roof Roof Roof Roof Roof Roof Roof
2024MY Engine Technology Package

| 100% |[100% [100% |100% | 100% | 100% | 100% | 100% | 100%

Aerodynamics
Bin | 0% 0% 0% 0% 0% 0% 0% 0% 0%
Bin 1l 60% 60% 0% 60% 60% 0% 60% 60% 0%
Bin 111 38% 38% 30% 38% 38% 30% 38% 38% 30%
Bin IV 2% 2% 30% 2% 2% 30% 2% 2% 30%
Bin V 25% 25% 25%
Bin VI 13% 13% 13%
Bin VII 2% 2% 2%
Steer Tires
Base 5% 5% 5% 5% 5% 5% 5% 5% 5%
Level 1 50% 50% 50% 50% 50% 50% 50% 50% 50%
Level 2 30% 30% 30% 30% 30% 30% 30% 30% 30%
Level 3 15% 15% 15% 15% 15% 15% 15% 15% 15%
Drive Tires
Base 5% 5% 5% 5% 5% 5% 5% 5% 5%
Level 1 50% 50% 50% 50% 50% 50% 50% 50% 50%
Level 2 30% 30% 30% 30% 30% 30% 30% 30% 30%
Level 3 15% 15% 15% 15% 15% 15% 15% 15% 15%
Extended Idle Reduction
APU |N/A | N/A N/A N/A N/A N/A 90% 90% 90%
Transmission Type
Manual 20% 20% 20% 20% 20% 20% 20% 20% 20%
AMT 50% 50% 50% 50% 50% 50% 50% 50% 50%
Auto 20% 20% 20% 20% 20% 20% 20% 20% 20%
Dual Clutch | 10% 10% 10% 10% 10% 10% 10% 10% 10%
Driveline
Axle 40% 40% 40% 40% 40% 40% 40% 40% 40%
Lubricant
6x2 or 4x2 20% 20% 60% 20% 20% 60%
Axle
Downspeed | 40% 40% 40% 40% 40% 40% 40% 40% 40%
Direct Drive 50% 50% 50% 50% 50% 50% 50% 50% 50%
Accessory Improvements
A/C 20% 20% 20% 20% 20% 20% 20% 20% 20%
Electric 20% 20% 20% 20% 20% 20% 20% 20% 20%
Access.
Other Technologies
Predictive 40% 40% 40% 40% 40% 40% 40% 40% 40%
Cruise
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Control

Automated 40% 40% 40% 40% 40% 40% 40% 40% 40%
Tire
Inflation
System
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Table 2-28 Technology Adoption Rates for Class 7 and 8 Tractors for Determining the Proposed 2027 MY

Standards
CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low Mid High Low Mid High Low Mid High
Roof Roof Roof Roof Roof Roof Roof Roof Roof
2027 MY Engine Technology Package
100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100%
Aerodynamics
Bin | 0% 0% 0% 0% 0% 0% 0% 0% 0%
Bin Il 50% 50% 0% 50% 50% 0% 50% 50% 0%
Bin 111 40% 40% 20% 40% 40% 20% 40% 40% 20%
Bin IV 10% 10% 20% 10% 10% 20% 10% 10% 20%
Bin V 35% 35% 35%
Bin VI 20% 20% 20%
Bin VII 5% 5% 5%
Steer Tires
Base 5% 5% 5% 5% 5% 5% 5% 5% 5%
Level 1 20% 20% 20% 20% 20% 20% 20% 20% 20%
Level 2 50% 50% 50% 50% 50% 50% 50% 50% 50%
Level 3 25% 25% 25% 25% 25% 25% 25% 25% 25%
Drive Tires
Base 5% 5% 5% 5% 5% 5% 5% 5% 5%
Level 1 20% 20% 20% 20% 20% 20% 20% 20% 20%
Level 2 50% 50% 50% 50% 50% 50% 50% 50% 50%
Level 3 25% 25% 25% 25% 25% 25% 25% 25% 25%
Extended Idle Reduction
APU N/A N/A N/A N/A N/A N/A 90% 90% 90%
Transmission Type
Manual 10% 10% 10% 10% 10% 10% 10% 10% 10%
AMT 50% 50% 50% 50% 50% 50% 50% 50% 50%
Auto 30% 30% 30% 30% 30% 30% 30% 30% 30%
Dual Clutch 10% 10% 10% 10% 10% 10% 10% 10% 10%
Driveline
Axle 40% 40% 40% 40% 40% 40% 40% 40% 40%
Lubricant
6x2 Axle 20% 20% 60% 20% 20% 60%
Downspeed 60% 60% 60% 60% 60% 60% 60% 60% 60%
Direct Drive 50% 50% 50% 50% 50% 50% 50% 50% 50%
Accessory Improvements
A/C 30% 30% 30% 30% 30% 30% 30% 30% 30%
Electric 30% 30% 30% 30% 30% 30% 30% 30% 30%
Access.
Other Technologies
Predictive 40% 40% 40% 40% 40% 40% 40% 40% 40%
Cruise
Control
Automated 40% 40% 40% 40% 40% 40% 40% 40% 40%
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Tire
Inflation
System

2.8.4 Derivation of the Proposed Tractor Standards

The agencies used the technology effectiveness inputs and technology adoption rates to
develop GEM inputs to derive the proposed HD Phase 2 fuel consumption and CO2 emissions
standards for each subcategory of Class 7 and 8 combination tractors. Note that we have
analyzed one technology pathway for each proposed level of stringency as required by the Clean
Air Act, but manufacturers would be free to use any combination of technology to meet the
standards on average. As such, the agencies derived a scenario tractor for each subcategory by
weighting the individual GEM input parameters included in Table 2-25 with the adoption rates in
Table 2-26, Table 2-27, and Table 2-28. For example, the proposed CdA value for a 2021MY
Class 8 Sleeper Cab High Roof scenario case was derived as 40 percent times 6.3 plus 35 percent
times 5.6 plus 20 percent times 5.1 plus 5 percent times 4.7, which is equal to a CdA of 5.74 m2.
Similar calculations were made for tire rolling resistance, transmission types, idle reduction, and
other technologies. To account for the proposed engine standards and engine technologies, the
agencies assumed a compliant engine fuel map in GEM, as described in the section below.X The
agencies then ran GEM with a single set of vehicle inputs, as shown in Table 2-30, to derive the
proposed standards for each subcategory.

2.8.4.1 2021 through 2027 MY Engine Fuel Maps

One of the most significant changes in the HD Phase 2 version of GEM is the allowance
for manufacturers to enter their own engine fuel maps by following the test procedure described
in the Chapter 3 Test Procedure section of this draft RIA. The GEM engine fuel map input file
consists of three types of information in csv format. The first set of information contains the
engine fueling map and includes three columns: engine speed in rpm, engine torque in Nm, and
engine fueling rate in g/s. In the second set of information contains the engine full torque or lug
curve in two columns: engine speed in rpm and torque in NM. The third set of information
contains the motoring torque and uses the same format and units as the full load torque curve.

The agencies developed default engine fuel maps for all subcategories, utilizing the same
format that the manufacturers would be required to provide. Fuel maps were developed for the
2021, 2024, and 2027 model years by applying the technologies assumed in deriving the
proposed engine standards to the 2018 baseline engine fuel maps. Those default maps are
derived from multiple sources of confidential business information from different stakeholders
together with engineering judgment. These maps cover a total of 18 vehicles subcategories
including nine tractor subcategories. We would like to point out that some of the subcategories
share the same engine fuel maps. A list of all of the engine fuel maps used in setting the

K See draft RIA Chapter 2.7 explaining the derivation of the proposed engine standards.
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standards for each subcategory is given in Table 2-29. The model years covered by the maps are
2021, 2024, and 2027 and are shown in Figure 2-12, Figure 2-13, and Figure 2-14.

Table 2-29 GEM Default Cl Engine Fuel Maps for Tractor Vehicles

REGULATORY SUBCATEGORY ENGINE FUEL MAP
Class 8 Combination | Sleeper Cab - High Roof | 15L - 455 HP
Class 8 Combination | Sleeper Cab - Mid Roof | 15L - 455 HP
Class 8 Combination | Sleeper Cab - Low Roof | 15L - 455 HP
Class 8 Combination | Day Cab - High Roof 15L - 455 HP

Class 8 Combination | Day Cab - Mid Roof 15L - 455 HP
Class 8 Combination | Day Cab - Low Roof 15L - 455 HP
Class 7 Combination | Day Cab - High Roof 11L - 350 HP
Class 7 Combination | Day Cab - Mid Roof 11L - 350 HP
Class 7 Combination | Day Cab - Low Roof 11L - 350 HP

468 HP 118 L : 2021 Standard BAFC (gfkW-hr)

&0 800 1000 1200 1400 1600 1800 2000
Engins Spsed (RPW)

Figure 2-12 455 HP Engine fuel map used in HD Phase 2 version of GEM to Set 2021MY Standards
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488 HP 118 L : 2024 Standard BEFC [gikW-hr)

|
&0 800 1000 1200 1400 1600 1800 2000
Engins Spsed (RPW)

Figure 2-13 455 HP Engine fuel map used in HD Phase 2 version of GEM to Set 2024MY Standards
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488 HP 118 L : 2027 Standard BEFC [gikW-hr)

&0 800 1000 1200 1400 1600 1800 2000
Engine Speed [(RPM)

Figure 2-14 455 HP Engine fuel map used in HD Phase 2 version of GEM to Set 2027MY Standard
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Table 2-30 GEM Inputs for the Proposed 2021MY Class 7 and 8 Tractor Standard Setting

CLASS 7 CLASS 8

Day Cab Day Cab Sleeper Cab

Low Mid High Low Mid High Low Mid High
Roof Roof Roof Roof Roof Roof Roof Roof Roof
Engine

2021MY | 2021MY | 2021MY | 2021MY | 2021MY | 2021MY | 2021MY | 2021MY | 2021MY
11L 11L 11L 15L 15L 15L 15L 15L 15L
Engine Engine Engine Engine Engine Engine Engine Engine Engine
350HP | 350HP | 350HP | 455HP | 455HP | 455HP | 455 HP | 455 HP | 455 HP
Aerodynamics (CdA in m2)

468 [6.08 |594 | 4.68 |6.08 [5.94 | 4.68 | 6.08 | 5.74
Steer Tires (CRR in kg/metric ton)

6.2 | 6.2 | 6.2 | 6.2 | 6.2 | 6.2 | 6.2 | 6.2 | 6.2
Drive Tires (CRR in kg/metric ton)

6.6 | 6.6 | 6.6 | 6.6 | 6.6 | 6.6 | 6.6 | 6.6 | 6.6
Extended Idle Reduction Weighted Effectiveness

N/A  [NA  |[NA | NIA IN/A [ NIA [25%  |25% [25%
Transmission = 10 speed Automated Manual Transmission

Gear Ratios = 12.8, 9.25, 6.76, 4.90, 3.58, 2.61, 1.89, 1.38, 1.00, 0.73

Drive axle Ratio = 3.55

6x2 Axle Disconnect Weighted Effectiveness

N/A [ N/A | N/A 103% [03% |05% [03% [03% |05%

Low Friction Axle Lubrication = 0.1%

Transmission benefit =1.1%

Predictive Cruise Control =0.4%

Accessory Improvements = 0.1%

Air Conditioner Efficiency Improvements = 0.1%

Automatic Tire Inflation Systems = 0.2%

Weight Reduction = 0 pounds
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Table 2-31 GEM Inputs for the Proposed 2024MY Class 7 and 8 Tractor Standard Setting

CLASS 7 CLASS 8

Day Cab Day Cab Sleeper Cab

Low Mid High Low Mid High Low Mid High
Roof Roof Roof Roof Roof Roof Roof Roof Roof
Engine

2024MY | 2024MY | 2024MY | 2024MY | 2024MY | 2024MY | 2024MY | 2024MY | 2024MY
11L 11L 11L 15L 15L 15L 151 15L 15L
Engine Engine Engine Engine Engine Engine Engine Engine Engine
350HP | 350HP | 350HP | 455HP | 455HP | 455HP | 455 HP | 455 HP | 455 HP
Aerodynamics (CdA in m2)

459 [599 |574 | 459 |599 [5.74 | 459 | 5.99 | 5.54
Steer Tires (CRR in kg/metric ton)

5.9 | 5.9 [ 5.9 | 5.9 | 5.9 [ 5.9 [ 5.9 | 5.9 | 5.9
Drive Tires (CRR in kg/metric ton)

6.2 | 6.2 | 6.2 | 6.2 | 6.2 [ 6.2 [ 6.2 | 6.2 | 6.2
Extended Idle Reduction Adoption Rate

NJA  [NA  [NA | NIA INIA [ NIA | 3% | 3% | 3%
Transmission = 10 speed Automated Manual Transmission

Gear Ratios = 12.8, 9.25, 6.76, 4.90, 3.58, 2.61, 1.89, 1.38, 1.00, 0.73

Drive axle Ratio = 3.36

6x2 Axle Disconnect Weighted Effectiveness

N/A | N/IA | NIA |05% |05% [15% |05% [05% |1.5%

Low Friction Axle Lubrication = 0.2%

Transmission benefit = 1.8%

Predictive Cruise Control =0.8%

Accessory Improvements = 0.2%

Air Conditioner Efficiency Improvements = 0.1%

Automatic Tire Inflation Systems = 0.4%

Weight Reduction = 0 pounds

Direct Drive Weighted Efficiency = 1% for sleeper cabs; 0.8% for day cabs
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Table 2-32 GEM Inputs for the Proposed 2027MY Class 7 and 8 Tractor Standard Setting

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low Mid High Roof | Low Roof Mid High Roof | Low Roof Mid High
Roof Roof Roof Roof Roof
Engine
2027MY | 2027MY | 2027MY | 2027MY | 2027MY | 2027MY | 2027MY | 2027MY | 2027MY
111 11L 11L 15L 15L 15L 15L 15L 15L
Engine Engine Engine Engine Engine Engine Engine Engine Engine
350 HP 350 HP 350 HP 455 HP 455 HP 455 HP 455 HP 455 HP 455 HP
Aerodynamics (CdA in m?)
452 | 592 | 552 | 452 | 592 | 552 | 452 | 592 | 532
Steer Tires (CRR in kg/metric ton)
56 | 56 | 56 | 56 | 56 | 56 | 56 | 56 | 56
Drive Tires (CRR in kg/metric ton)
50 | 59 | 59 | 59 | 59 | 59 | 59 | 59 | 59
Extended Idle Reduction Weighted Effectiveness
NA | NA | NA | NA | NA | NA | 3% | 3% | 3%
Transmission = 10 speed Automated Manual Transmission
Gear Ratios = 12.8, 9.25, 6.76, 4.90, 3.58, 2.61, 1.89, 1.38, 1.00, 0.73
Drive axle Ratio = 3.2
6x2 Axle Disconnect Weighted Effectiveness
N/A N/A NNA | 05% | 05% | 15% | 05% 0.5% 1.5%
Low Friction Axle Lubrication = 0.2%
Transmission benefit = 1.8%
Predictive Cruise Control =0.8%
Accessory Improvements = 0.3%
Air Conditioner Efficiency Improvements = 0.2%
Automatic Tire Inflation Systems = 0.4%
Weight Reduction = 0 pounds
Direct Drive Weighted Efficiency = 1% for sleeper cabs; 0.8% for day cabs

The level of the 2021, 2024, and 2027 model year proposed standards for each
subcategory are included in Table 2-33.
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Table 2-33 Proposed 2021, 2024, and 2027 Model Year Tractor Standards

2021 MODEL YEAR CO2 GRAMS PER TON-MILE
Day Cab Sleeper Cab
Class 7 Class 8 Class 8
Low Roof 97 78 70
Mid Roof 107 84 78
High Roof 109 86 77
2021 Model Year Gallons of Fuel per 1,000 Ton-Mile
Day Cab Sleeper Cab
Class 7 Class 8 Class 8
Low Roof 9.5285 7.5639 6.8762
Mid Roof 10.5108 8.2515 7.6621
High Roof 10.7073 8.4479 7.5639
2024 Model Year CO2 Grams per Ton-Mile
Day Cab Sleeper Cab
Class 7 Class 8 Class 8
Low Roof 90 72 64
Mid Roof 100 78 71
High Roof 101 79 70
2024 Model Year and Later Gallons of Fuel per 1,000 Ton-Mile
Day Cab Sleeper Cab
Class 7 Class 8 Class 8
Low Roof 8.8409 7.0727 6.2868
Mid Roof 9.8232 7.5639 6.9745
High Roof 9.9214 7.7603 6.8762
2027 Model Year CO2 Grams per Ton-Mile
Day Cab Sleeper Cab
Class 7 Class 8 Class 8
Low Roof 87 70 62
Mid Roof 96 76 69
High Roof 96 76 67
2027 Model Year and Later Gallons of Fuel per 1,000 Ton-Mile
Day Cab Sleeper Cab
Class 7 Class 8 Class 8
Low Roof 8.5462 6.8762 6.0904
Mid Roof 9.4303 7.4656 6.7780
High Roof 9.4303 7.4656 6.5815

2.8.4.2 Heavy-Haul Tractor Standards

For Phase 2, the agencies propose to add a tenth subcategory to the tractor category for
heavy-haul tractors. The agencies recognize the need for manufacturers to build these types of
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vehicles for specific applications and believe the appropriate way to prevent penalizing these
vehicles is to set separate standards recognizing a heavy-haul vehicle’s unique needs, such as
requiring a higher horsepower engine or different transmissions. The agencies are proposing this
change in Phase 2 because unlike in Phase 1 the engine, transmission, and drivetrain
technologies are included in the technology packages used to determine the stringency of the
proposed tractor standards and are included as manufacturer inputs in GEM.

The agencies recognize that certain technologies used to determine the stringency of the
proposed Phase 2 tractor standards are less applicable to heavy-haul tractors. Heavy-haul
tractors are not typically used in the same manner as long-haul tractors with extended highway
driving, therefore would experience less benefit from aerodynamics. Aerodynamic technologies
are very effective at reducing the fuel consumption and GHG emissions of tractors, but only
when traveling at highway speeds. At lower speeds, the aerodynamic technologies may have a
detrimental impact due to the potential of added weight. The agencies therefore are not
considering the use of aerodynamic technologies in the development of the proposed Phase 2
heavy-haul tractor standards. Moreover, because aerodynamics would not play a role in the
heavy-haul standards, the agencies propose to combine all of the heavy-haul tractor cab
configurations (day and sleeper) and roof heights (low, mid, and high) into a single heavy-haul
tractor subcategory.-

Certain powertrain and drivetrain components are also impacted during the design of a
heavy-haul tractor, including the transmission, axles, and the engine. Heavy-haul tractors
typically require transmissions with 13 or 18 speeds to provide the ratio spread to ensure that the
tractor is able to start pulling the load from a stop. Downsped powertrains are typically not an
option for heavy-haul operations because these vehicles require more torque to move the vehicle
because of the heavier load. Finally, due to the loading requirements of the vehicle, it is not
likely that a 6x2 axle configuration can be used in heavy-haul applications.

The agencies used the following heavy-haul tractor inputs for developing the proposed
2021, 2024, and 2027 MY standards, as shown in Table 2-34.

L Since aerodynamic improvements are not part of the technology package, the agencies likewise are not proposing
any bin structure for the heavy-haul tractor subcategory.
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Table 2-34 GEM Inputs for Proposed 2021, 2024 and 2027 MY Heavy-Haul Tractor Standards

HEAVY-HAUL TRACTOR

Baseline

2021MY

2024MY

2027TMY

Engine = 2017 MY 15L
Engine with 600 HP

Engine = 2021 MY 15L
Engine with 600 HP

Engine = 2024 MY 15L
Engine with 600 HP

Engine = 2027 MY 15L
Engine with 600 HP

Aerodynamics

CdA inm?) =5.00

Steer Tires (CRR in
kg/metric ton) = 7.0

Steer Tires (CRR in
kg/metric ton) = 6.2

Steer Tires (CRR in
kag/metric ton) = 6.0

Steer Tires (CRR in
kag/metric ton) = 5.8

Drive Tires (CRR in
kag/metric ton) = 7.4

Drive Tires (CRR in
kg/metric ton) = 6.6

Drive Tires (CRR in
kg/metric ton) = 6.4

Drive Tires (CRR in
kg/metric ton) = 6.2

Transmission = 13 speed
Manual Transmission
Gear Ratios = 12.29,
8.51, 6.05, 4.38, 3.20,
2.29,1.95,1.62, 1.38,
1.17, 1.00, 0.86, 0.73

Transmission = 13 speed
Automated Manual
Transmission
Gear Ratios = 12.29, 8.51,
6.05, 4.38, 3.20, 2.29, 1.95,
1.62, 1.38, 1.17, 1.00, 0.86,
0.73

Transmission = 13 speed
Automated Manual
Transmission
Gear Ratios = 12.29, 8.51,
6.05, 4.38, 3.20, 2.29, 1.95,
1.62, 1.38, 1.17, 1.00, 0.86,
0.73

Transmission = 13 speed
Automated Manual
Transmission
Gear Ratios = 12.29, 8.51,
6.05, 4.38, 3.20, 2.29, 1.95,
1.62,1.38,1.17, 1.00, 0.86,
0.73

Drive axle Ratio = 3.55

Drive axle Ratio = 3.55

Drive axle Ratio = 3.55

Drive axle Ratio = 3.55

6x2 Axle Disconnect
Weighted Effectiveness = 0%

6x2 Axle Disconnect
Weighted Effectiveness =
0%

6x2 Axle Disconnect
Weighted Effectiveness = 0%

Low Friction Axle
Lubrication = 0.1%

Low Friction Axle
Lubrication = 0.2%

Low Friction Axle
Lubrication = 0.2%

AMT benefit=1.1%

AMT benefit = 1.8%

AMT benefit = 1.8%

Predictive Cruise Control

Predictive Cruise Control

Predictive Cruise Control

=0.4% =0.8% =0.8%
Accessory Improvements = | Accessory Improvements = | Accessory Improvements =
0.1% 0.2% 0.3%

Air Conditioner Efficiency
Improvements = 0.1%

Air Conditioner Efficiency
Improvements = 0.1%

Air Conditioner Efficiency
Improvements = 0.2%

Automatic Tire Inflation
Systems = 0.2%

Automatic Tire Inflation
Systems = 0.4%

Automatic Tire Inflation
Systems = 0.4%

Weight Reduction = 0
pounds

Weight Reduction = 0

pounds

Weight Reduction = 0
pounds

The baseline 2017 MY heavy-haul tractor would emit 57 grams of CO2 per ton-mile and

consume 5.6 gallons of fuel per 1,000 ton-mile. The agencies propose the heavy-haul standards
shown in Table 2-35.

Table 2-35 Proposed Heavy-Haul Tractor Standards

HEAVY-HAUL TRACTOR

2021 MY 2024 MY 2027 MY
Grams of CO; per 54 52 51
Ton-Mile Standard
Gallons of Fuel per 5.3045 5.1081 5.010
1,000 Ton-Mile
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2.8.4.3 Tractor Package Costs under the Preferred and Alternative Standards

A summary of the draft technology package costs under the preferred alternative and
relative to the less dynamic baseline is included in Table 2-36 through Table 2-39 for MYs 2021,
2024, and 2027, respectively. A summary of the draft technology package costs under
alternative 4 and relative to the less dynamic baseline is included in Table 2-40 and Table 2-41
for MY's 2021 and 2024, respectively.

Table 2-36 Class 7 and 8 Tractor Technology Incremental Costs in the 2021 Model Year®P
Preferred Alternative vs. the Less Dynamic Baseline (2012$ per vehicle)

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low/Mid | High Low/ Mid | High Low Mid High
Roof Roof | Roof Roof Roof Roof | Roof
Engine® $314 $314 $314 $314 $314 $314 $314
Aerodynamics $687 $511 $687 $511 $656 $656 $535
Tires $49 $9 $81 $15 $59 $59 $15
Tire inflation $180 $180 $180 $180 $180 $180 $180
system
Transmission $3,969 | $3,969 $3,969 $3,969 $3,969 | $3,969 $3,969
Axle & axle $50 $50 $70 $90 $70 $70 $90
lubes
Idle reduction $0 $0 $0 $0 $2,449 | $2,449 $2,449
with APU
Air $45 $45 $45 $45 $45 $45 $45
conditioning
Other vehicle $174 $174 $174 $174 $174 $174 $174
technologies
Total $5,468 | $5,252 $5,520 | $5,298 | $7,916 | $7,916 $7,771
Notes:

8 Costs shown are for the 2021 model year and are incremental to the costs of a tractor meeting the phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to Chapter 2 of the draft RIA (see draft RIA 2.12).

® Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated tractor classes. To see the actual estimated technology costs exclusive of adoption
rates, refer to Chapter 2 of the draft RIA (see draft RIA 2.12 in particular).

¢ Engine costs are for a heavy HD diesel engine meant for a combination tractor.
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Table 2-37 Class 7 and 8 Tractor Technology Incremental Costs in the 2024 Model Year??
Preferred Alternative vs. the Less Dynamic Baseline (2012$ per vehicle)

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low/Mid | High Low/ Mid | High Low Mid High
Roof Roof | Roof Roof Roof Roof | Roof
Engine® $904 $904 $904 $904 $904 $904 $904
Aerodynamics $744 $684 $744 $684 $712 $712 $723
Tires $47 $11 $78 $18 $58 $58 $18
Tire inflation $330 $330 $330 $330 $330 $330 $330
system
Transmission $5,883 | $5,883 $5,883 | $5,883 | $5,883 | $5,883 $5,883
Axle & axle $92 $92 $128 $200 $128 $128 $200
lubes
Idle reduction $0 $0 $0 $0 $2,687 | $2,687 $2,687
with APU
Air $82 $82 $82 $82 $82 $82 $82
conditioning
Other vehicle $318 $318 $318 $318 $318 $318 $318
technologies
Total $8,400 | $8,304 $8,467 | $8,419 | $11,102 | $11,102 | $11,145
Notes:

8 Costs shown are for the 2021 model year and are incremental to the costs of a tractor meeting the phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to Chapter 2 of the draft RIA (see draft RIA 2.12).

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated tractor classes. To see the actual estimated technology costs exclusive of adoption
rates, refer to Chapter 2 of the draft RIA (see draft RIA 2.12).

¢ Engine costs are for a heavy HD diesel engine meant for a combination tractor.
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Table 2-38 Class 7 and 8 Tractor Technology Incremental Costs in the 2027 Model Year??
Preferred Alternative vs. the Less Dynamic Baseline (2012$ per vehicle)

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low/Mid | High Low/ Mid | High Low Mid High
Roof Roof | Roof Roof Roof Roof | Roof
Engine® $1,698 | $1,698 $1,698 | $1,698 | $1,698 | $1,698 $1,698
Aerodynamics $771 $765 $771 $765 $733 $733 $802
Tires $45 $10 $75 $17 $56 $56 $17
Tire inflation $314 $314 $314 $314 $314 $314 $314
system
Transmission $6,797 | $6,797 $6,797 | $6,797 | $6,797 | $6,797 $6,797
Axle & axle $97 $97 $131 $200 $131 $131 $200
lubes
Idle reduction $0 $0 $0 $0 $2,596 | $2,596 $2,596
with APU
Air $117 $117 $117 $117 $117 $117 $117
conditioning
Other vehicle $302 $302 $302 $302 $302 $302 $302
technologies
Total $10,140 | $10,099 $10,204 | $10,209 | $12,744 | $12,744 | $12,842
Notes:

8 Costs shown are for the 2021 model year and are incremental to the costs of a tractor meeting the phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to Chapter 2 of the draft RIA (see draft RIA 2.12).

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated tractor classes. To see the actual estimated technology costs exclusive of adoption
rates, refer to Chapter 2 of the draft RIA (see draft RIA 2.12 in particular).

¢ Engine costs are for a heavy HD diesel engine meant for a combination tractor.
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Table 2-39 Heavy-Haul Tractor Technology Incremental Costs in the 2021, 2024, and 2027 Model Year??

Preferred Alternative vs. the Less Dynamic Baseline (2012$ per vehicle)

2021 MY | 2024 MY | 2027 MY
Engine® $314 $904 $1,698
Tires $81 $78 $75
Tire inflation system $180 $330 $314
Transmission $3,969 $5,883 $6,797
Axle & axle lubes $70 $128 $200
Air conditioning $45 $82 $117
Other vehicle technologies $174 $318 $302
Total $4,833 $7,723 $9,503
Notes:

a2 Costs shown are for the specified model year and are incremental to the costs of a
tractor meeting the phase 1 standards. These costs include indirect costs via
markups along with learning impacts. For a description of the markups and
learning impacts considered in this analysis and how it impacts technology costs
for other years, refer to Chapter 2 of the draft RIA (see draft RIA 2.12).

® Note that values in this table include adoption rates. Therefore, the technology
costs shown reflect the average cost expected for each of the indicated tractor
classes. To see the actual estimated technology costs exclusive of adoption rates,
refer to Chapter 2 of the draft RIA (see draft RIA 2.12 in particular).

¢ Engine costs are for a heavy HD diesel engine meant for a combination tractor.
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Table 2-40 Class 7 and 8 Tractor Technology Incremental Costs in the 2021 Model Year??
Alternative 4 vs. the Less Dynamic Baseline (2012$ per vehicle)

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low/Mid | High Low/ Mid | High Low Mid High
Roof Roof | Roof Roof Roof Roof | Roof
Engine® $656 $656 $656 $656 $656 $656 $656
Aerodynamics $769 $632 $769 $632 $740 $740 $665
Tires $50 $11 $83 $18 $61 $61 $18
Tire inflation $271 $271 $271 $271 $271 $271 $271
system
Transmission $6,794 | $6,794 $6,794 |  $6,794 | $6,794 | $6,794 $6,794
Axle & axle $56 $56 $75 $95 $75 $75 $115
lubes
Idle reduction $0 $0 $0 $0 $2,449 | $2,449 $2,449
with APU
Air $90 $90 $90 $90 $90 $90 $90
conditioning
Other vehicle $261 $261 $261 $261 $261 $261 $261
technologies
Total $8,946 | $8,769 $8,099 | $8,816 | $11,397 | $11,397 | $11,318
Notes:

8 Costs shown are for the 2021 model year and are incremental to the costs of a tractor meeting the phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to Chapter 2 of the draft RIA (see draft RIA 2.12).

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated tractor classes. To see the actual estimated technology costs exclusive of adoption
rates, refer to Chapter 2 of the draft RIA (see draft RIA 2.12 in particular).

¢Engine costs are for a heavy HD diesel engine meant for a combination tractor.
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Table 2-41 Class 7 and 8 Tractor Technology Incremental Costs in the 2024 Model Year??
Alternative 4 vs. the Less Dynamic Baseline (2012$ per vehicle)

CLASS 7 CLASS 8
Day Cab Day Cab Sleeper Cab
Low/Mid | High Low/ Mid | High Low Mid High
Roof Roof | Roof Roof Roof Roof | Roof
Engine® $1,885 | $1,885 $1,885 | $1,885 $1,885 | $1,885 $1,885
Aerodynamics $805 $935 $805 $935 $773 $773 $997
Tires $50 $14 $83 $23 $63 $63 $23
Tire inflation $330 $330 $330 $330 $330 $330 $330
system
Transmission $7,143 | $7,143 $7,143 $7,143 $7,143 | $7,143 $7,143
Axle & axle $102 $102 $138 $210 $138 $138 $210
lubes
Idle reduction $0 $0 $0 $0 $2,687 | $2,687 $2,687
with APU
Air $123 $123 $123 $123 $123 $123 $123
conditioning
Other vehicle $318 $318 $318 $318 $318 $318 $318
technologies
Total $10,757 | $10,851 $10,826 | $10,968 | $13,461 | $13,461 | $13,717
Notes:

a8 Costs shown are for the 2024 model year and are incremental to the costs of a tractor meeting the Phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to Chapter 2 of the draft RIA (see draft RIA 2.12).

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated tractor classes. To see the actual estimated technology costs exclusive of adoption
rates, refer to Chapter 2 of the draft RIA (see draft RIA 2.12 in particular).

¢Engine costs are for a heavy HD diesel engine meant for a combination tractor.

2.9 Technology Application and Estimated Costs — VVocational Vehicles

The agencies are analyzing nine baseline vocational vehicle configurations: one for each
of the nine proposed subcategories obtained with three weight class groups and the three
proposed composite duty cycles. For each configuration, some of the attributes and parameters
are proposed to be fixed by the agencies and would not be available as manufacturer inputs,
while some are proposed to be available to manufacturers when identifying configurations to
certify in the model years of the proposed HD Phase 2 program.

2.9.1 Vocational Engines
This section describes the engines the agencies selected to incorporate into the baseline

vehicle configurations for the nine proposed subcategories of vocational vehicles, and how we
used the GEM tool to establish performance levels of these baseline vehicles. The agencies have
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developed models for engines that represent performance of the technologies we expect would
be installed in vocational vehicles in the baseline year of 2017. A description of the technologies
applied to our 2017 diesel engine models can be found above in Chapter 2.7 of this draft RIA. A
description of the GEM engine simulation can be found in draft RIA Chapter 4.

2.9.1.1 Baseline Vocational Engines

One of the most significant changes in the HD Phase 2 version of GEM is the provision
for manufacturers to enter their own engine fuel maps by following the test procedure described
in the draft RIA Chapter 3. The GEM engine fuel map input file consists of three types of input.
The first is the engine fueling map and includes: engine speed in rpm, engine torque in Nm, and
engine fueling rate in g/s. Second is the engine full torque or lug curve by engine speed in rpm
and torque in NM. The third is the motoring torque curve.

The agencies have developed the proposed vehicle standards using engine fuel maps
derived as discussed above in Chapter 2.7for all sub-categories, utilizing the same format that the
OEMs would be required to provide. Four sets of diesel engine maps cover all nine vocational
vehicle regulatory categories, as listed in Table 2-42. This means that some of the subcategories
share the same engine fuel map. For example, all MHD vehicles use the same 7L engine with
270 hp rating.

The 15L engine was selected for the Regional HHD subcategory because these vocational
vehicles often require a similar level of power as a day cab tractor. This is the same power and
displacement of the engine simulated for HHD vocational vehicles in Phase 1, and is the engine
powering the Kenworth T700 reference vehicle, as described in RIA Chapter 4 and summarized
in Table 4-2. An 11L-345 hp engine was selected for the HHD Multi-purpose and Urban
subcategories, and is the engine powering the New Flyer refuse truck as the applicable reference
vehicle, as described in RIA Chapter 4. For these two subcategories, the agencies selected this
engine because this is a more typical power rating for vehicles that are not long haul. For
example, Volvo manufactures many vehicles that would likely be certified in these
subcategories, and one product brochure describes an 11L engine as being fitted in all their
TerraPro refuse trucks and other weight-sensitive applications.** Although the displacement
and horsepower rating of this engine are similar to those of the MHD engine described above in
Chapter 2.8 for Class 7 tractors, the HHD vocational engine described here is very different from
that MHD tractor engine, both in terms of technology and its engine certification cycle. The
engine displacements and power ratings for the MHD and LHD vocational subcategories are the
same as those simulated in GEM for Phase 1. The specifications for the Kenworth T270 truck
and F650 tow truck that serve as reference vehicles for all MHD and LHD are shown in Table 4-
2 of draft RIA Chapter 4.
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Table 2-42 GEM CI Engines for Vocational Vehicles

REGULATORY SUBCATEGORY AND DUTY CYCLE ENGINE FUEL MAP
Heavy Heavy-Duty (Class 8) Regional Duty Cycle 15L - 455 HP
Heavy Heavy-Duty (Class 8) Multi-Purpose and Urban Duty Cycles 11L - 345 HP
Medium Heavy-Duty (Class 6-7) | Regional, Multi-Purpose, and Urban 7L - 270 HP

Duty Cycles
Light Heavy-Duty (Class 2b-5) Regional, Multi-Purpose, and Urban 7L - 200 HP

Duty Cycles

The 2017 baseline maps in the HD Phase 2 version of GEM are different than those used
for simulating engines that would meet the MY 2017 vehicle standards in the HD Phase 1
rulemaking. The baseline map in the HD Phase 2 version takes two major factors into
consideration. The first is the likelihood of engine down speeding beyond the 2020 model year
and the second is to make the gradient of brake specific fuel consumption rate (BSFC) around
the fuel consumption sweet spot less radical when compared to the HD Phase 1 version’s engine
fuel map. Figure 2-15 gives an example of an engine fuel map for a 455 hp rated CI engine, for
the baseline year.

455 HP /15 L : 2018 Baseline BSFC (g/kW-hr)
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0 1
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Engine Speed (RPM)
Figure 2-15 Engine fuel map for 455hp rated CI engine used in HHD Phase 2 Baseline

The agencies do not have baseline fuel maps for SI engines intended for vocational
vehicles. We have not obtained sufficient manufacturer data to construct a valid set of inputs
that would reasonably represent a gasoline engine that will comply with the applicable MY 2016
engine standard. In lieu of a SI engine map, we have approximated the performance of a
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baseline gasoline engine over the vocational vehicle GEM duty cycles by applying a correction
factor to the results of simulating identical vocational vehicles fitted with CI engines. This
correction factor is derived using coefficients from the MY 2018 HD pickup and van Phase 1
standards for HD gasoline pickup trucks. It is appropriate to do this, because the difference in
performance of chassis-certified SI complete vehicles and similarly-sized CI complete vehicles
would likely be proportional to the difference between Sl-powered and Cl-powered GEM-
certified vocational vehicles. Using the HD pickup and van stringency curves and coefficients
for the MY 2018 targets from Phase 1, the ratio of CO2 performance of gasoline powered
vehicles to diesel powered vehicles calculates to 1.058. This was derived using the equations
and coefficients found at 40 CFR 1037.104(a)(2), where a work factor of 9,000 was assumed,
and the resulting calculated target value for Sl vehicles was divided by the similarly calculated
target value for CI vehicles. The correction factor approach is not the agencies’ preferred
approach to establishing Sl vocational vehicle baseline performance, as it has many drawbacks.
One key drawback with this approach is that it does not account for the fact that SI engines
operate very differently than CI engines at idle. Our current model includes information on CI
engine idle performance, and assumes transmissions and torque converters appropriate for CI
engines. We expect these driveline parameters would be very different for SI powered vehicles,
which would affect performance over all the GEM duty cycles.

2.9.1.2 Improved Vocational Engines for Phase 2 Standard-Setting

Four model year versions of these engine maps have been developed for each of these
four diesel engines: one set for MY 2017 as the baseline, a set of maps for MY2021, a set for
MY2024, and a set for MY 2027, as improved over the 2017 baseline engine maps.

Because the agencies are proposing to retain the Phase 1 S| separate engine standard for
all implementation years of Phase 2, we developed the proposed Phase 2 standards for vocational
vehicles powered by Sl engines using the same analysis described above for development of the
SI baseline engine, without further improvement. When developing improvement levels for the
stringency of the MY 2027 proposed vehicle standards (and the MY 2024 Alternative 4
standards), the agencies analyzed adoption rates, effectiveness, and cost of Sl engine
technologies that reduce friction. Consistent with our projection of adoption rates of advanced
engine friction reduction on HD gasoline pickup trucks, the agencies projected that about 40
percent of Sl engines intended for vocational vehicles would already have technologies applied
that achieve performance equivalent to Level 2 engine friction reduction, making the available
population that could upgrade to Level 2 about 60 percent for MY 2027. In terms of
effectiveness, the agencies relied on the data presented in the Joint Technical Support Document
(TSD) published in support of the LD GHG final rulemaking.!*® In Chapter 3 of that document,
the agencies present effectiveness values for upgrading from baseline levels of engine friction
reduction to Level 2 (EFR2) as ranging from 3.4 percent to 4.8 percent, for a range of LD vehicle
types, and with large trucks falling in the middle of this range. The TSD describes example
technologies as including low-tension piston rings, piston skirt design, roller cam followers,
improved crankshaft design and bearings, material coatings, material substitution, more optimal
thermal management, and piston and cylinder surface treatments. For this Phase 2 HD
rulemaking, the agencies derived incremental EFR2 effectiveness values from the combined
EFR1+EFR2 values that were relative to baseline-level friction reduction. We were able to do
this because the TSD also presented incremental improvements for upgrading from EFR1 to
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EFR2 as ranging from 0.83 to 1.37. The agencies then calculated a mid-range effectiveness
value representing large trucks of about one percent. In terms of costs, the agencies have
presented the costs of upgrading from EFR1 to EFR2, as shown in Chapter 2.12 below.
Specifically, the tables in Chapter 2.12.2.17 present the incremental and total costs over the
model years of the proposed Phase 2 standards for low friction lubricants and engine friction
reduction. By applying our market adoption rate of approximately 60 percent to the incremental
costs of upgrading to EFR2 from EFR1, we estimate a vocational vehicle package cost of
approximately $70 for this technology.

2.9.2 Defining the Baseline Vocational Vehicles

Nine baseline vocational vehicle configurations have been developed. Vocational vehicle
attributes that would be set by the agencies not only in the baseline but also in the executable
version of the GEM include: transmission gear efficiencies, transmission inertia, engine inertia,
axle efficiency, number of axles, axle inertia, axle efficiency, electrical and mechanical
accessory power demand, vehicle mass and payload, and aerodynamic cross-section and drag
coefficient. Other vehicle attributes that would be available as user inputs for compliance
purposes and for which we have established baseline values include: engine power and
displacement (and multi-point fuel map), axle ratio, transmission type and gear ratios, and tire
loaded radius.

In each of these proposed baseline configurations, the agencies have not applied any
vehicle-level fuel saving or emission reduction technology beyond what is required to meet the
Phase 1 standards. NHTSA and EPA reviewed available information regarding the likelihood
that manufacturers of vocational vehicles would apply technology beyond what is required for
Phase 1, and we concluded that the best approach was to analyze a reference case that maintains
technology performance at the Phase 1 level. Thus, the nine GEM-simulated baseline vocational
vehicle configurations as well as the programmatic vocational vehicle reference case analyzed in
this proposal represent what is referred to as a nominally flat baseline.

Tables 4-8, 4-9, and 4-10 in the draft RIA Chapter 4 present the non-user-adjustable
modeling parameters for HHD, MHD and LHD vocational vehicles, respectively. In addition to
those parameters, to completely define the proposed baseline vehicles, the agencies also selected
parameters shown in Table 2-43, Table 2-44, and Table 2-45.

These attributes and parameters were selected to represent a range of performance across
this diverse segment, and are intended to represent a reasonable range of vocational chassis
configurations likely to be manufactured in the implementation years of the Phase 2 program.
The tire radii and axle ratios were selected based on market research of publically available
manufacturer product specifications, as well as some confidential manufacturer information
about configurations sold in prior model years. The transmission gear ratios were selected based
on the transmissions for which models have been validated in GEM. Using the reference
vehicles noted above, the agencies were able to better determine an appropriate type of
transmission and its gear ratios, for all vocational vehicles. Tire radii and axle ratios were
selected using good engineering judgment and stakeholder input, to reflect reasonable final drive
ratios to match with our modeled transmissions. In general, the trend is that vehicles with higher
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final drive ratios have been selected for the subcategories with less weighting of the highway test
cycles.

The proposed Phase 2 weighting of steer tire CRR and drive tire CRR is different than in
Phase 1. In Phase 1, the agencies weighted drive and steer tire CRR values as if 50 percent of
the vehicle load was on the front axle and 50 percent on the rear axle(s). The agencies reviewed
the Vehicle Valuation Services quick reference guide to obtain typical axle load ratings for a
variety of vocational vehicle types.}® According to that guide, the examples of vocational
vehicles with two axles had a rear axle designed to carry between 1.8 and three times the weight
of the front axle. Examples of vehicles with three axles had combined weights of the rear axles
designed to carry loads ranging from 2.4 to 3.7 times the weight rating of the front axle. Based
on this, the agencies propose a Phase 2 weighting of 0.3 times the steer tire CRR and 0.7 times
the drive tire CRR, representing a weight distribution of the rear axle(s) carrying 2.3 times the
weight of the front axle.

The proposed allocation of 50 percent of reduced weight back to payload is described
below in Section 2.9.3.5.

Table 2-43 Heavy Heavy-Duty User-Enterable Modeling Parameters for VVocational Baseline

GEM INPUT

HHD (CLASS 8)

HHD (CLASS 8)

HHD (CLASS 8)

Regional Duty

Multi-Purpose

Urban Duty Cycle

Cycle Duty Cycle

Transmission

Number of Forward Gears 10 5 5

Gear Ratio for Each Gear 12.8, 9.25, 6.76, 4.6957, 2.213, 4.6957, 2.213,
4.9, 3.58, 2.61, 15291, 1,0.7643 | 1.5291, 1, 0.7643

1.89,1.38,1,0.73

Architecture Type Manual Automatic Automatic
Axle

Axle Ratio 3.76 4.33 5.29
Advanced Axle Lubrication No No No

6 X 2 Axle No No No
Idle Reduction

Neutral Idle No No No
Stop-Start No No No
Tires

Steer Tire CRR 7.7 7.7 7.7
Drive Tire CRR 7.7 7.7 7.7
Tire Loaded Radius 0.483 0.483 0.483
Weight Reduction (Ibs) No No No
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Table 2-44 Medium Heavy-Duty User-Enterable Modeling Parameters for VVocational Baseline

GEM INPUT MHD (CLASS 6- | MHD (CLASS 6- | MHD (CLASS 6-7)
7) 7)
Regional Duty Multi-Purpose Urban Duty Cycle
Cycle Duty Cycle

Transmission

Number of Forward Gears 5 5 5

Gear Ratio for Each Gear 3.102, 1.8107, 3.102, 1.8107, 3.102, 1.8107,
1.4063, 1, 0.7117 | 1.4063, 1, 0.7117 | 1.4063, 1, 0.7117

Architecture Type Automatic Automatic Automatic

Axle

Axle Ratio 4.33 4.88 4.88

Advanced Axle Lubrication No No No

6 x 2 Axle No No No

Idle Reduction

Neutral Idle No No No

Stop-Start No No No

Tires

Steer Tire CRR 7.7 7.7 1.7

Drive Tire CRR 7.7 7.7 7.7

Tire Loaded Radius 0.462 0.462 0.426

Weight Reduction (Ibs) No No No
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Table 2-45 Light Heavy-Duty User-Enterable Modeling Parameters for Vocational Baseline

GEM INPUT LHD (CLASS 2B- | LHD (CLASS 2B- | LHD (CLASS 2B-
5) 5) 5)
Regional Duty Multi-Purpose Urban Duty Cycle
Cycle Duty Cycle

Transmission

Number of Forward Gears 5 5 5

Gear Ratio for Each Gear 3.102, 1.8107, 3.102, 1.8107, 3.102, 1.8107,
1.4063, 1, 0.7117 | 1.4063, 1, 0.7117 | 1.4063, 1, 0.7117

Architecture Type Automatic Automatic Automatic

Axle

Axle Ratio 4.1 4.56 4.56

Advanced Axle Lubrication No No No

6 x 2 Axle No No No

Idle Reduction

Neutral Idle No No No

Stop-Start No No No

Tires

Steer Tire CRR 7.7 7.7 7.7

Drive Tire CRR 7.7 7.7 7.7

Tire Loaded Radius 0.378 0.378 0.378

Weight Reduction (lbs) No No No

2.9.2.1 Setting Normalized Vocational Vehicle Baselines

The agencies developed adjusted, normalized vocational vehicle GEM numerical
baselines, from which the improvements due to the technology packages would be set. This
process began with simulating the performance of each of the nine baseline vehicles defined
above. In this simulation, the emissions for curb idle transmission torque were calculated for
each vehicle over the idle cycle.

Next, the best performing vehicle in each weight class was identified. For the HHD
weight class, this was the Regional vehicle. For the MHD and LHD weight classes, these were
the Urban vehicles. Next, we calculated a normalization factor for each of the nine subcategories
by dividing each GEM result of the best vehicle by the fleet weighted average result per weight
class of the best vehicle. For each weight class, we assumed that 25 percent of the vehicles
would use the Regional cycle, 50 percent would use the Multipurpose cycle, and 25 percent
would use the Urban cycle. Then, we calculated a population-weighted result of the actual
baseline GEM results in each weight class group using a presumed population distribution (25-
50-25). Finally, we calculated the normalized baseline values for each of nine subcategories by
multiplying the weighted baseline GEM result in each weight class by each respective
normalization factor for that subcategory. This process is summarized in Table 2-46.
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Table 2-46 Vocational Baseline Normalizing

CLASS 2B-5 CLASS 6-7 CLASS 8
Urban Multi- Rural, Urban Multi- Rural, Urban Multi- Rural,
Purpose | Regional Purpose | Regional Purpose | Regional
Straight GEM Baseline Performance
318 | 328 | 331 | 200 | 204 | 199 | 223 | 216 | 187
Normalization Factor
097 | 100 | 104 | 100 | 101 | 099 | 101 | 102 | 0.6
Population Weighted Best Vehicle Result
328.8 | 202.4 | 193.9
Population Weighted Baseline Result
326.3 | 201.8 | 210.5
Normalized Baseline
316 | 325 | 33 | 200 | 203 | 199 | 212 214 203

2.9.2.2 Assigning Vocational Vehicles to Subcategories

To determine appropriate engine speed cut-points for subcategory assignments, the
agencies conducted GEM simulations for each of the nine defined baseline vocational vehicles
using a sweep of axle ratios ranging from 2.47:1 to 12:1. We then compared the CO2 emission
rates of the composite cycle to assess the sensitivity of the results to axle ratio, and identified the
axle ratio for which the emission rate was lowest, and thus most optimized for that vehicle and
duty cycle. Next the agencies compared the engine speeds attained during the 55 mph and 65
mph cruise cycles for the optimized axle ratio simulation to the maximum engine test speed of
the engine in each simulated vehicle. The diesel engines in each simulated vehicle are described
above in Chapter 2.9.1. The agencies used two gasoline engine models for this analysis, which
were not used for derivation of the proposed standards.

We noted considerable variability in the ratio of attained engine speed at 55 mph vs.
maximum test speed, but we reasoned that if an engine was rotating close to the engine’s rated
speed (represented by a high percent of maximum test speed) while the vehicle is at 55 mph then
it would logically be best certified using the Urban Duty Cycle. Based on our observations and
good engineering judgment, we selected a cutpoint for the Urban Duty Cycle where a vehicle at
55 mph would have an engine working above 90 percent of maximum engine test speed for
vocational vehicles powered by diesel engines and above 50 percent for vocational vehicles
powered by gasoline engines. We similarly noted considerable variability in the ratio of attained
engine speed at 65 mph vs. maximum test speed, but we reasoned that if an engine was rotating
slowly (represented by a low percent of maximum test speed) while the vehicle is at 65 mph then
it would logically be best certified using the Regional Duty Cycle. Based on our observations
and good engineering judgment, we selected a cutpoint for the Regional Duty Cycle where a
vehicle at 65 mph would have an engine working below 75 percent of maximum engine test
speed for vocational vehicles powered by diesel engines and below 45 percent for vocational
vehicles powered by gasoline engines. The proposed regulations describe this subcategory
assignment process at 40 CFR 1037.510.
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2.9.3 Costs and Effectiveness of Vocational Vehicle Technologies

The following paragraphs describe the vehicle-level technologies on which the proposed
vocational vehicle standards are predicated, and their projected effectiveness over the proposed
test cycles. The methodology for estimating costs, including indirect cost estimates and learning
effects, is described in draft RIA Chapter 2.12.1. Certain elements of the cost estimating
methodology are the same as for the Phase 1 program, but as described in that section, certain
elements are different, including how the agencies apply the markups, how the markups change
with time, and which cost elements are influenced by learning effects. As a result of different
technology complexities, learning effects, and different short-term and long-term warranty and
non-warranty-related indirect costs, some technology costs identified below may appear higher
in MY 2021 than in MY 2027. These differences are not due to changes in adoption rates, since
the costs in Chapter 2.12 and below in Chapter 2.9.3 to 2.9.4 are for applying a given technology
to a single vehicle. Throughout this Chapter, where a dollar cost is given for a technology, note
that these are adjusted to be valued as year 2012 dollars. Average costs for vocational vehicle
technology packages, including adoption rates, are presented below in Chapter 2.9.5. Detailed
descriptions of technology packages for SI engines can be found in the draft RIA Chapter 2.6.
Detailed descriptions of technology packages and costs for Cl engines can be found in the draft
RIA Chapter 2.7.

2.9.3.1 Transmissions

Transmission improvements present a significant opportunity for reducing fuel
consumption and CO2 emissions from vocational vehicles. Transmission efficiency is important
for many vocational vehicles as their duty cycles involve high percentages of driving under
transient operation. The three categories of transmission improvements the agencies considered
for Phase 2 are driveline optimization, architectural improvements, and hybrid powertrain
systems.

Of the technologies described above in Chapter 2.4, the agencies are predicating the
proposed vocational vehicle standards on performance improvements achieved by use of
advanced transmissions as described in Table 2-47, below. The projected market adoption rates
that inform the technology packages are described in Chapter 2.9.5.
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Table 2-47 Projected Vocational Transmission Improvements over GEM Baseline

TRANSMISSION |PROJECTED REGIONAL |MULTI-PURPOSE | URBAN
TECHNOLOGY | IMPROVEMENT COMPOSITE |COMPOSITE COMPOSITE
OVER TEST CYCLE CYCLE CYCLE
CYCLEA
Two More Gears |ARB Transient |[2% |1.1 1.7 1.9
(over 5-speed) 55 mph Cruise |0%
65 mph Cruise |0%
DCT or AMT ARB Transient [4% [2.1 3.4 3.8
(over automatic) |55 mph Cruise |0%
65 mph Cruise |0%
HHD DCT or ARB Transient [4% |2.3 (2.95) N/A N/A
AMT (over 55 mph Cruise |1.5%
manual)°® 65 mph Cruise |1.5%
Strong Hybrid ARB Transient |27% |14.7 22.9 25.6
55 mph Cruise |0%
65 mph Cruise |0%
Deep Driveline ARB Transient |7% |4.7 6.2 6.7
Integration 55 mph Cruise | 2%
65 mph Cruise |2%
Notes:

& Improvement is relative to a 5-speed automatic transmission in GEM, except where noted. Technology
improvements would either be modeled in GEM or would be measured over the powertrain test, except as noted.

® Fixed improvement for HHD AMT or DCT vs. manual transmission in GEM would be 2.3 percent as shown, in
addition to the GEM-modeled improvement of one percent over the ARB Transient and zero over the cruise cycles.
Combined these would be 2.95 percent.

29311

Deep Integration - Conventional

The agencies believe an effective way to derive efficiency improvements from a

transmission is by optimizing it with the engine and other driveline components to balance both
performance needs and fuel savings. However, many vocational vehicles today are not operating
with such optimized systems. Due to the fact that customers are able to specify their preferred
components in a highly customized build process, many vocational vehicles are assembled with
components that were designed more for compatibility than for optimization. To some extent,
vertically integrated manufacturers are able to optimize their drivelines. However, this is not
widespread in the vocational vehicle sector, resulting, primarily, from the multi-stage
manufacture process. The agencies thus project that transmission and driveline optimization
would yield a substantial proportion of vocational vehicle fuel efficiency improvements for
Phase 2. On average, we anticipate that efficiency improvements of about five percent can be
achieved from optimization, sometimes called deep integration, of drivelines. However, we are
not assigning a fixed level of improvement; rather we have developed a test procedure, the
powertrain test, for manufacturers to use to obtain improvement factors representative of their
systems. See the draft RIA Chapter 3 for a discussion of this test procedure. Depending on the
test cycle and level of integration, the agencies believe improvement factors greater than ten
percent above the baseline vehicle performance could be achieved. To obtain such benefits
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across more of the vocational vehicle fleet, the agencies believe there is opportunity for
manufacturers to form strategic partnerships and explore commercial pathways to deploy deeper
driveline integration. For example, one partnership of an engine manufacturer and a
transmission manufacturer has led to development of driveline components that deliver improved
fuel efficiency based on optimization that could not be realized without sharing of critical

data. 1!’

The agencies project other related transmission technologies would be recognized over
the powertrain test along with driveline optimization. These include improved mechanical gear
efficiency, more sophisticated shift strategies, more aggressive torque converter lockups,
transmission friction reduction, and reduced parasitic losses.'*® Each of these attributes would be
simulated in GEM using default values, unless the powertrain test were employed. The expected
benefits of improved gear efficiency, shift logic, and torque converter lockup are included in the
total projected effectiveness of optimized conventional transmissions using the powertrain test.
For conventional powertrains, the agencies are projecting effectiveness of deep integration from
3.5 10 4.8 percent, as shown in Table 2-47 above.

The agencies estimate the total cost to apply a high efficiency gearbox, aggressive shift
logic, and early torque converter lockup to a vocational vehicle at $372 in MY 2021 and $315 in
MY 2027, as described in draft RIA 2.12.3.5. The agencies describe the capital and operational
expenses of conducting powertrain testing in the draft RIA Chapter 7.1.

2.9.3.1.2 Architectural Transmission Improvements

One type of architectural improvement the agencies project can reasonably be developed
by manufacturers of all transmission architectures is increased number of gears. The benefit of
adding more gears varies depending on whether the gears are added in the range where most
operation occurs. The TIAX 2009 report projected that 8-speed transmissions could
incrementally reduce fuel consumption by 2 to 3 percent over a 6-speed automatic transmission,
for Class 3-6 box and bucket trucks, refuse haulers, and transit buses.!*® Although the agencies
estimate the improvement could on average be about two percent for the adding of two gears in
the range where significant vehicle operation occurs, we are not assigning a fixed improvement
based solely on number of transmission gears. Manufacturers would enter the number of gears
and gear ratios into GEM and the model would simulate the efficiency benefit over the
applicable test cycle. The agencies estimate the total cost to add two gears to a vocational vehicle
transmission at $495 in MY 2021 and $457 in MY 2027, as described in draft RIA 2.12.3.1.

Transmission efficiency could also be improved in the time frame of the proposed rules
by changes in the architecture of conventional transmissions. Most vocational vehicles currently
use torque converter automatic transmissions (AT), especially in Classes 2b-6. According to the
2009 TIAX report, approximately 70 percent of Class 3-6 box and bucket trucks use AT, and all
refuse trucks, urban buses, and motor coaches use AT. 8 AT’s offer acceleration benefits over
drive cycles with frequent stops, which can enhance productivity. However, with the diversity of
vocational vehicles and drive cycles, other kinds of transmission architectures can meet customer
needs, igcluding automated manual transmissions (AMT) and even some manual transmissions
(MT).12
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Other architectural changes that the agencies project would offer efficiency
improvements include improved automated manual transmissions (AMT) and introduction of
dual clutch transmissions (DCT). Newer versions of AMT are showing significant improvements
in reliability, such that the current generation of transmissions with this architecture is more
likely to retain resale value and win customer acceptance than early models.'?* The agencies
believe AMT generally compare favorably to manual transmissions in fuel efficiency, and while
the degree of improvement is highly driver-dependent, it can be two percent or greater,
depending on the drive cycle. See Chapter 2.4.4 for additional discussion of AMT. The agencies
are not assigning fixed average performance levels to compare an AMT with a traditional
automatic transmission. Although the lack of a torque converter offers AMT an efficiency
advantage in one respect, the lag in power during shifts is a disadvantage. For Phase 2, the
agencies have developed validated models of both AMT and AT, as described in the draft RIA
Chapter 4. Manufacturers installing AMT or AT would enter the relevant inputs to GEM and the
simulation would calculate the performance. Dual clutch transmissions (DCT) are already in
production for light-duty vehicles, and are expected to become available in the vocational vehicle
market prior to the proposed beginning of Phase 2 in MY 2021.1%2 Based on supplier
conversations, manufacturers intend to match varying DCT designs with the diverse needs of the
heavy-duty market. The agencies do not yet have a validated DCT model in GEM, and we are
not assigning a fixed performance level for DCT, though we expect the per-vehicle fuel
efficiency improvement due to switching from automatic to DCT to be in the range of three
percent over the GEM vocational vehicle test cycles. Selection of transmission architecture type
(Manual, AMT, AT, DCT) would be made by manufacturers at the time of certification, and
GEM would either use this input information to simulate that transmission using algorithms as
described in the draft RIA Chapter 4, or fixed improvements may be assigned. The agencies are
proposing to assign fixed levels of improvement that vary by test cycle in GEM for AMT when
replacing a manual, which for vocational vehicles would be in the HHD Regional subcategory.
If a manufacturer elected not to conduct powertrain testing to obtain specific improvements for
use of a DCT, GEM would simulate a DCT as if it were an AMT, with no fixed assigned benefit.

According to EPA’s light-duty teardown report, the direct incremental cost to build a six-
speed wet dual clutch transmission was determined to be roughly $100 less than the cost of a six-
speed automatic transmission.*?®> We estimate the components and engineering to design a
heavy-duty torque converter automatic transmission are at least as costly and complex as those to
design a dual clutch transmission. Therefore, the agencies estimate switching from AT to DCT
would have zero incremental cost for vocational vehicles.

The agencies have estimated the costs of upgrading from HHD manual transmissions to
AT, AMT, and DCT, as summarized in Table 2-48, and described in detail below in 2.12.3.

Table 2-48 Incremental Costs for HHD Transmissions Relative to Manual Transmissions?

TECHNOLOGY | 2021 COST | 2027 COST
Manual to AMT | $4,472 $3,795
Manual to AT $3,764 $3,470
Manual to DCT | $4,472 $3,795
Note:

3 Costs include markups (2012$)
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29.3.1.3 Deep Integration - Hybrid

The agencies are including hybrid powertrains as a technology on which the proposed
vocational vehicle standards are predicated. We project a variety of mild and strong hybrid
systems, with a wide range of effectiveness. Mild hybrid systems that offer an engine stop-start
feature are discussed below under workday idle reduction. For hybrid powertrains, we are
estimating a 22 to 25 percent fuel efficiency improvement over the powertrain test, depending on
the duty cycle in GEM for the applicable subcategory. The agencies obtained these estimates by
projecting a 27 percent effectiveness over the ARB Transient cycle, and zero percent over the
highway cruise cycles. With the proposed cycle weightings, depending on the subcategory, this
is projected to yield a 25 to 26 percent improvement over the Urban cycle, and 22 to 23 percent
improvement over the Multi-Purpose cycle. According to the NREL Final Evaluation of UPS
Diesel Hybrid-Electric Delivery Vans, the improvement of a hybrid over a conventional diesel in
gallons per ton-mile on a chassis dynamometer over the NYC Composite test cycle was 28
percent.!?* NREL characterizes the NYC Composite cycle as more aggressive than most of the
observed field data points from the study, and may represent an ideal hybrid cycle in terms of low
average speed, high stops per mile, and high kinetic intensity (KI). NREL noted that most of the
observed field data points were reasonably represented by the HTUF4 cycle, over which the chassis
dynamometer results showed a 31 percent improvement in gallons per ton-mile. In units of grams
COz2 per mile, NREL reported these test results as 22 percent improvement over the NYC Composite
cycle and 26 percent improvement over the HTUF4 cycle. Based on these results, and the fact that
any improvement from strong hybrids in Phase 2 would not be simulated in GEM, rather evaluated
using the powertrain test, the agencies deemed it reasonable to estimate a conservative 27 percent
effectiveness over the ARB Transient in setting the stringency of the standards.

Hybrid powertrain systems are included under transmission technologies because,
depending on the design and degree of hybridization, they may either replace a conventional
transmission or be deeply integrated with a conventional transmission. Further, these systems are
often manufactured by companies that also manufacture conventional transmissions.

The Phase 1 standards were not predicated on any adoption of hybrid powertrains in the
vocational vehicle sector. Because the first implementation year of Phase 1 came just three years
after promulgation, it did not offer an opportunity to provide the lead time for development of
technology. The agencies believe the Phase 2 rulemaking would offer sufficient lead time to
develop, demonstrate, and conduct reliability testing for technologies that are still maturing.

Several types of vocational vehicles are well suited for hybrid powertrains, and tend to be
early adopters of this technology. Vehicles such as utility or bucket trucks, delivery vehicles,
refuse haulers, and buses have operational usage patterns with either a significant amount of
stop-and-go activity or spend a large portion of their operating hours idling the main engine to
operate a PTO unit.

The industry is currently developing many variations of hybrid powertrain systems.
There are a few hybrid systems in the heavy-duty market today and several more under
development. In addition, energy storage systems are getting better.1?> Heavy-duty customers
are getting used to these systems with the number of demonstration products on the road. Even
so, manufacturers are uncertain how much investment to make in this technology without clear
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signals from regulators. A list of hybrid manufacturers and their products intended for the
vocational market is provided in Table 2-49.

Table 2-49 Examples of Hybrid Manufacturers

MANUFACTURER PRODUCT EXAMPLE APPLICATION
Hino Class 5 cab-over-engine battery- | Delivery Trucks
electric hybrid
Allison HHD parallel hybrid Transit Bus
BAE HHD series or parallel hybrid Transit Bus
XL Class 3-4 mild electric hybrid Shuttle Bus
Crosspoint Kinetics Class 3-7 mild electric hybrid Delivery trucks, shuttle buses
Lightning Hybrids Class 2-5 hydraulic hybrid Delivery trucks
Parker Hannifin MHD hydraulic hybrid Delivery trucks
Freightliner Custom Chassis MHD hydraulic hybrid Delivery trucks
Morgan Olson MHD hydraulic hybrid Delivery trucks
Autocar-Parker Runwise hydraulic hybrid Refuse Trucks
Eaton® HHD parallel electric hybrid Trucks and Buses
Odyne Plug-in electric hybrid, E-PTO | Utility Trucks
Note:

a Currently selling in markets outside the U.S.

Some low cost products on the simple end of the hybrid spectrum are available that
minimize battery demand through the use of ultra-capacitors or only provide power assist at low
speeds. Our regulations define a hybrid system as one that has the capacity for energy storage.
Unofficially, some systems are commonly known as mild hybrids, where some accessories are
electrified, the engine is not downsized and there may or may not be capacity for regenerative
braking. Strong hybrids are typically referred to as those that have larger energy storage capacity
such that the engine may be downsized in some cases. Depending on the drive cycle and units of
measurement, strong hybrids developed to date have seen fuel consumption and CO2 emissions
reductions between 20 and 50 percent in the field.*?®

The agencies estimate the total cost of a hybrid powertrain system for a LHD vocational
vehicle at $15,207 in MY 2021 and $11,791 in MY 2027. For a MHD vocational vehicle, the
total cost is estimated at $23,904 in MY 2021 and $18,534 in MY 2027. For a HHD vocational
vehicle, the total cost is estimated at $39,919 in MY 2021 and $30,952 in MY 2027, as described
in draft RIA 2.12.7. The estimated higher costs for heavier vehicles are related to higher power
demands and greater energy storage needs. These estimates assume no engine downsizing in the
design of hybrid packages. This is in part to be conservative in our cost estimates, and in part
because in some applications a smaller engine may not be acceptable if it would risk that
performance could be sacrificed during some portion of a work day.

MNHTSA’s and EPA’s regulations define a hybrid vehicle as one that “includes energy storage features ... in
addition to an internal combustion engine or other engine using consumable chemical fuel....” 49 CFR 535.4 and 40
CFR 1037.801.
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2.9.3.2 Axles

The agencies are considering two axle technologies for the vocational sector. The first is
advanced low friction axle lubricants. SwRI tested improved driveline lubrication and found
measurable improvements by switching from current mainstream products to top-tier
formulations focusing on modified viscometric effects.’?” The agencies believe that a 0.5
percent improvement in vocational vehicle efficiency (as for tractors) is achievable through the
application of low friction axle lubricants, and have included that value as a fixed technology
improvement value in GEM. If a manufacturer wishes to demonstrate a greater benefit, an axle
efficiency test could be performed to support an application for an innovative technology credit.
See draft RIA Chapter 3 for a description of a test procedure for axle efficiency. We are
estimating the axle lubricating costs for HHD to be the same as for tractors since those vehicles
likewise typically have three axles. However, for LHD and MHD vocational vehicles, we scaled
down the cost of this technology to reflect the presence of a single rear axle. The agencies
estimate the total cost of low friction axle lubricants on a LHD or MHD vocational vehicle (with
2 axles) at $132 in MY 2021 and $114 in MY 2027. For HHD vocational vehicles (with 3
axles), the agencies estimate the cost at $197 in MY 2021 and $172 in MY 2027, as described in
draft RIA 2.12.5.4.

The second axle technology the agencies are considering is a design that enables one of
the tandem axles to temporarily disconnect or permanently be a non-driven axle, on vehicles
with two rear (drive) axles, commonly referred to as a 6x2 configuration. The agencies have
considered two types of 6x2 configurations for vocational vehicles: those that are engaged full
time on a vehicle, and those that may be engaged only during some types of vehicle operation,
such as only when operating at highway cruise speeds. In prior years, manufacturers offered
versions of this technology that were not accepted by vehicle owners. When the second drive
axle is no longer powered, traction may be sacrificed in some cases. Vehicles with earlier
versions of this technology have seen reduced residual values in the secondary market.'?® Over
the model years covered by the Phase 2 rules, the agencies expect the market to offer
significantly improved versions of this technology, with traction control maintained at lower
speeds and efficiency gains at highway cruise speeds.'?® Mechanisms to automatically
disconnect or reconnect drive axles would likely function in a similar manner as with two axle
vehicles that can seamlessly switch from four-wheel drive to two-wheel drive and back. Further
information about 6x2 axle technology is provided in the feasibility of the tractor standards,
preamble Section 11, as well as in draft RIA Chapter 2.4.

The efficiency benefit of a 6x2 axle configuration is highly duty-cycle dependent. In
many instances, vocational vehicles need to operate off-highway, such as at a construction site
delivering materials or dumping at a refuse collection facility. Under these conditions, vehicles
with two drive axles may need the full tractive benefit of both drive axles. The 6x2 axle
disconnect technology is not expected to measurably improve a vehicle’s efficiency for vehicles
whose normal duty cycle is performing off-highway work, but the agencies do expect this
technology to be recognized on a cycle with a significant weighting of highway cruise. The
agencies estimate the total cost of full time 6x2 at $197 in MY 2021 and $172 in MY 2027. The
agencies estimate the total cost of part time 6x2 on a vocational vehicle at $120 in MY 2021 and
$116 in MY 2027, as described in draft RIA 2.12.5.2.
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Some vocational vehicles in the HHD Regional subcategory may see a 6x2 axle
disconnect technology as a reasonable option for improving fuel efficiency. As in Phase 1, our
vehicle simulation model assumes that only HHD vehicles have two rear axles, so only these
could be recognized for adopting this technology. Further, the agencies don’t believe vehicles in
the Multipurpose and Urban subcategories operate with a significant enough highway time to
make this technology worthwhile. While the agencies project this can achieve over 2 percent
benefit at highway cruise, we propose to assign a fixed 2.5 percent value in GEM for part time
6x2 over the highway cruise cycles and zero over the ARB Transient cycle, where the specific
benefit would be calculated according to the composite weighting of the applicable vocational
vehicle test cycle.r*°

2.9.3.3 Lower Rolling Resistance Tires

Tires are the second largest contributor to energy losses of vocational vehicles, as found
in the energy audit conducted by Argonne National Lab.®*! There is a wide range of rolling
resistance of tires used on vocational vehicles today. This is in part due to the fact that the
competitive pressure to improve rolling resistance of vocational vehicle tires has been less than
that found in the line haul tire market. In addition, the drive cycles typical for these applications
often lead vocational vehicle buyers to value tire traction and durability more heavily than rolling
resistance. The agencies acknowledge there can be tradeoffs when designing a tire for reduced
rolling resistance. These tradeoffs can include characteristics such as wear resistance, cost and
scuff resistance. NHTSA, EPA, and ARB met with stakeholders from the tire industry
(Bridgestone, Continental, Cooper, Goodyear, and Michelin) to discuss the next generation of
lower rolling resistance (LRR) tires for the Phase 2 timeframe for all segments of Class 2b-8
vehicles, including trailers. Manufacturers discussed forecasts for rolling resistance levels and
production availability in the Phase 2 timeframe, as well as their plans for improving rolling
resistance performance while maintaining other performance parameters such as traction,
handling, wear, mass reduction, retreadability, and structural durability.

The meetings included specific discussions of the impacts of the current generation of
LRR tires on vehicle stopping distance and handling. Manufacturers indicated no known safety
disbenefit in the current on-road fleet from use of LRR tires. While the next generation of tires
may require some tradeoffs in wear performance and costs over the next 10 years to achieve
better tire rolling resistance performance, manufacturers said they will not trade off safety for
performance. They also emphasized that keeping tires inflated (through proper maintenance or
automatic systems) was the best way to assure long term fuel efficiency and safety during
vehicle operation.

According to the 2015 NHTSA Technology Study, vocational vehicles are likely to see
the most benefits from reduced tire rolling resistance when they are driving at 55 mph.t32 This
report also found an influence of vehicle weight on the benefits of LRR tires. The study found
that both vocational vehicles tested had greater benefits of LRR tires at 100 percent payload than
when empty. Also, the T270 delivery box truck that was 4,000 pounds heavier when fully
loaded saw slightly greater efficiency gains from LRR tires than the F650 flatbed tow truck over
the same cycles. At higher speeds, aerodynamic drag grows, which reduces the rolling resistance
share of total vehicle power demand. In highly transient cycles, the power required to accelerate
the vehicle inertia overshadows the rolling resistance power demand. In simulation, GEM
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represents vocational vehicles with fixed vehicle weights, payloads and aerodynamic
coefficients. Thus, the benefit of LRR tires would be reflected in GEM differently for vehicles
of different weight classes. There will also be further differences arising from the different test
cycles. Based on preliminary simulations, it appears the vehicles in GEM most likely to see the
greatest fuel efficiency gains from use of LRR tires are those in the MHD weight classes tested
over the Regional or Multipurpose duty cycles, where one percent efficiency improvement could
be achieved by reducing CRR by four to five percent. Those seeing the least benefit from LRR
tires would likely be Class 8 vocational vehicles tested over the Urban or Multipurpose cycles,
where one percent efficiency improvement could be achieved by reducing CRR by seven to eight
percent.

As shown in draft RIA Chapter 2.12.8, the agencies estimate the total cost to apply LRR
tires that have five percent lower CRR than baseline to be the same as the cost to apply baseline-
level LRR tires. The agencies estimate the cost to apply LRR tires that have 10 percent lower
CRR than baseline to be about $4 more than the cost of baseline tires. The agencies estimate the
cost to apply LRR tires that have 15 percent lower CRR than baseline to be about $6 more than
the cost of baseline tires. Based on these costs, some illustrations of the costs associated with
LRR tires are provided. To fita LHD or MHD vocational vehicle with two steer tires improved
by 10 percent and 4 drive tires improved by 5 percent would be roughly $9 to $10 in MY 2021
as well as in MY 2024. Based on the estimated zero-cost to upgrade the drive tires by five
percent, we estimate the cost to fit a HHD vocational vehicle (with 10 tires) with the same CRR
upgrades would be roughly the same, $9 to $10.

As another example, to fit a LHD or MHD vocational vehicle with two steer tires
improved by 15 percent and 4 drive tires improved by 10 percent, it is estimated to cost $33 in
MY 2024. For a HHD vehicle (with 8 drive tires) to make the same CRR upgrades, we estimate
the cost to be $54 in MY 2024. Detailed tables of LRR tire costs in each year are provided in
draft RIA Chapter 2.12.8.

The agencies propose to continue the light truck (LT) tire CRR adjustment factor that was
adopted in Phase 1. See generally 76 FR 57172-74. In Phase 1, the agencies developed this
adjustment factor by dividing the overall vocational test average CRR of 7.7 by the LT
vocational average CRR of 8.9. This yielded an adjustment factor of 0.87. After promulgation of
the Phase 1 rules, the agencies conducted additional tire CRR testing on a variety of LT tires,
most of which were designated as all-position tires. In addition, manufacturers have submitted to
the agencies pre-certification data that include CRR values provided by tire suppliers. For the
small subset of newer test tires that were designated as steer tires, the average CRR was 7.8
kg/ton. For the subset of newer test tires that were designated as drive tires, the average CRR
was 8.6 kg/ton. However all-position tires had an average CRR of 8.9 kg/ton.'*® Therefore, for
LT vocational vehicle tires, we propose to continue allowing the measured CRR values to be
multiplied by the 0.87 adjustment factor before entering the values in the GEM for compliance,
because this additional testing has not revealed compelling information that a change is needed.

2.9.3.4 Workday Idle Reduction

The Phase 2 idle reduction technologies considered for vocational vehicles are those that
reduce workday idling, unlike the overnight idling of combination tractors. There are many
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potential such technologies. The agencies in particular evaluated neutral idle and stop-start
technologies, and the proposed standards are predicated on projected amounts of penetrations of
these technologies. While neutral idle is necessarily a transmission technology, stop-start could
range from an engine technology to one that would be installed by a secondary manufacturer
under a delegated assembly agreement.

The agencies are aware that for a vocational vehicle’s engine to turn off during workday
driving conditions, there must be a reserve source of energy to maintain functions such as power
steering, cabin heat, and transmission pressure, among others. Stop-start systems can be viewed
as having a place on the low-cost end of the hybridization continuum. The agencies are
including the cost of energy storage sufficient to maintain critical onboard systems and restart the
engine as part of the cost of vocational vehicle stop-start packages. The technologies to capture
this energy could include a system of photovoltaic cells on the roof of a box truck, or
regenerative braking. The technologies to store the captured energy could include a battery or a
hydraulic pressure bladder. According to CALSTART’s report to the NAFA 2014 Institute and
Expo, examples of suppliers of on-vehicle energy storage systems that can enable idle reduction
include Altec, Terex, and Time. More discussion of stop-start technologies is found in the draft
RIA Chapter 2.4.

The agencies are also proposing a certification test cycle, as described in draft RIA
Chapter 3.4.2, which measures the amount of fuel saved and CO2 reduced by these two primary
types of technologies: neutral idle and stop-start. VVocational vehicles frequently also idle while
cargo is loaded or unloaded, and while operating a PTO such as compacting garbage or operating
a bucket. In these rules, the agencies are proposing that the Regional duty cycle have ten percent
idle, the Multi-purpose cycle have 15 percent idle, and the Urban cycle have 20 percent idle.
These estimates are based on some publically available data published by NREL.*** Figure 2-16
depicts a chart that illustrates the type of data on zero-speed operation data from delivery trucks
available from NREL on its Fleet DNA web site. However, because engine parameters were not
captured during the data-logging of this vehicle activity, these data cannot distinguish between
zero speed conditions with the engine off and zero speed conditions with the engine idling.
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25 Daily Zero Speed Cycle Percentage Distribution for Delivery Trucks
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Figure 2-16 Example Fleet DNA Vehicle Activity Data from NREL

Combining the publically available zero-speed frequency charts from NREL on delivery
trucks, service vans, delivery vans, and bucket trucks, the agencies observed that roughly half of
the logged operating days had less than 10 percent time at zero speed, roughly 30 percent of the
logged operating days had between 10 and 15 percent time at zero speed, roughly 20 percent of
the logged operating days had between 15 and 20 percent time at zero speed, and roughly 6
percent of the logged operating days had over 20 percent time at zero speed. School buses were
excluded from this average, because the given distribution had two modes: over 40 percent of the
school bus operating days logged had less than five percent time at zero speed, while nearly half
of the logged operating days for those buses had roughly 40 percent time at zero speed.

Without actual engine information, if we assume all the zero speed time is idling, then
based on these rough estimates, it appears that 94 percent of these vehicles (excluding school
buses) idle at frequencies of less than 20 percent on a daily basis. Thus, the agencies designed
composite test cycles where the maximum weighting of idle was 20 percent. We assigned that
value to the Urban cycle, where we expect a high incidence of traffic-related idling and city
delivery routes involving frequent stops. The 15 percent and 10 percent idle weightings for the
Multi-Purpose and Regional cycles, respectively, were selected as reasonably lesser values,
given the distributions observed in the NREL charts. Table 2-50 presents a summary of this
analysis.
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Table 2-50 Daily Zero Speed Percentage Distribution by Vehicle Type

LESS THAN 10 10TO 14 |15TO20 | OVER 20

Service Vans 59% 18% 23% 0%
Delivery Trucks | 76% 16% 9% 0%
Delivery Vans 38% 35% 2% 25%
Bucket Trucks 18% 45% 37% 0%
School Buses 41% 3% 7% 48%
Average 47% 23% 16% 15%
Average 48% 28% 18% 6%
Without Buses

Because these data are not representative of the national vocational vehicle fleet, EPA has
entered into an interagency agreement with NREL to further characterize workday idle among
vocational vehicles. One task of this agreement is to estimate the nationally representative
fraction of idle operation for vocational vehicles for each proposed regulatory subcategory. The
preliminary range of daily idle operation per vehicle indicated by this work is about 18 to 33
percent when combining the data from all available vehicles. An analysis of possible
vocational vehicle standards derived from alternate characterizations of idle operation has been
prepared by the agencies, and is available for review in the public docket for this rulemaking.**®

Based on GEM simulations using the currently proposed vocational vehicle test cycles,
the agencies estimate neutral idle for automatic transmissions to provide fuel efficiency
improvements ranging from one percent to four percent, depending on the regulatory
subcategory. The agencies estimate stop-start to provide fuel efficiency improvements ranging
from 0.8 percent to seven percent, depending on the regulatory subcategory. Because of the
higher idle weighting factor in the Urban test cycle, vehicles certified in these subcategories
would derive the greatest benefit from applying idle reduction technologies. This presumes there
is a correlation between amount of urban driving and amount of idle time.

Although the primary program would not simulate vocational vehicles over a test cycle
that includes PTO operation, the agencies are proposing to continue, with revisions, the hybrid-
PTO test option that was in Phase 1. See 40 CFR 1037.525 and 76 FR 57247. Recall that we are
proposing to regulate vocational vehicles at the incomplete stage when a chassis manufacturer
may not know at the time of certification whether a PTO will be installed or how the vehicle will
be used. Although chassis manufacturers will certainly know whether a vehicle’s transmission is
PTO-enabled, that is very different from knowing whether a PTO will actually be installed and
how it will be used. Chassis manufacturers may rarely know whether the PTO-enabled vehicle
will use this capability to maneuver a lift gate on a delivery vehicle, to operate a utility boom, or
merely as a reserve item to add value in the secondary market. In cases where a manufacturer
can certify that a PTO with an idle-reduction technology will be installed either by the chassis
manufacturer or by a second stage manufacturer, the hybrid-PTO test cycle may be utilized by
the certifying manufacturer to measure an improvement factor over the GEM duty cycle that
would otherwise apply to that vehicle. In addition, the delegated assembly provisions would
apply. See preamble Section V.E for a description of the delegated assembly provisions. See
draft RIA Chapter 3 for a discussion of the proposed revisions to the hybrid PTO test cycle. In
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cases where a chassis manufacturer does not know whether a powertrain that is PTO-enabled
will actually have a PTO-using tool installed, and whether there will be an energy storage system
installed to save fuel during PTO operation, then the agencies do not see a way for the Phase 2
program to recognize hybrid PTO technology.

Our estimates are that applying neutral idle to a vocational vehicle with an automatic
transmission would cost $9 in MY 2021, decreasing to $8 in MT 2027, as shown in draft RIA
2.12.6. These costs are based on a small amount of engineering development and testing costs,
with no hardware required. Our estimates are that the cost of applying stop-start to a vocational
vehicle would vary by vehicle weight class. For LHD vocational vehicles, we estimate the total
cost would range from $855 in MY 2021 to $709 in MY 2027. For MHD vocational vehicles,
we estimate the total cost would range from $902 in MY 2021 to $748 in MY 2027. For HHD
vocational vehicles, we estimate the total cost would range from $1,657 in MY 2021 to $1,374 in
MY 2027. These costs, presented in draft RIA Chapter 2.12.6, are derived from costs reported
by Tetra Tech for stop-start, along with costs for electrified accessories used in the light-duty
GHG program, and scaled up for heavier vehicles.

With either a stop-start engine feature or with a neutral idle transmission calibration, less
fuel is burned at idle. Furthermore, it is expected that SCR catalyst function could be better
managed when an engine shuts off than when it idles, because SCR systems are well insulated
and can maintain temperature when an engine is shut off, however idling causes relatively cool
air to flow through a catalyst. Therefore, the agencies have reason to believe there may be a NOx
co-benefit to stop-start idle reduction technologies, and possibly also to neutral idle. This would
be true if the NOx reductions from reduced fuel consumption and retained aftertreatment
temperature were greater than any excess NOx emissions due to engine re-starts.

2.9.3.5 Weight Reduction

The agencies believe there is opportunity for weight reduction in some vocational
vehicles. The 2015 NHTSA Technology Study found that weight reduction provides a greater
fuel efficiency benefit for vehicles driving under transient conditions than for those operating
under constant speeds. In simulation, the study found that the two Class 6 trucks improved fuel
efficiency by over two percent on the ARB transient cycle by removing 1,100 Ibs. Further,
SwWRI observed that the improvements due to weight reduction behaved linearly.*® The
proposed menu of components available for a vocational vehicle weight credit in GEM is
presented in Table 2-52. It includes fewer options than for tractors, but the agencies believe
there are a number of feasible material substitution choices at the chassis level, which could add
up to weight savings on the order of a few hundred pounds. The agencies estimate the total cost
to reduce the weight of a vocational vehicle by 200 pounds to be $683 in MY 2021 and $578 in
MY 2027, as described in draft RIA 2.12.10.3. This is in the range of $3 to $4 per pound, as
reported by TIAX 2009.1%7

To assess the projected effectiveness of weight reduction of the proposed package of 200
pounds, the agencies simulated a HHD, MHD and LHD vocational vehicle in GEM over each of
the separate test cycles. Based on the results of this simulation, the agencies project a reduction
of 200 pounds may yield a fuel efficiency improvement ranging from 0.8 percent to 2 percent
over the ARB Transient cycle, depending on vehicle weight class. The results of this example
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simulation are presented in Table 2-51. Consistent with the results of SwRI study mentioned
above, these GEM results show a slightly greater benefit over transient operation than highway
cruise.

Table 2-51 Projected Effectiveness of Vocational Weight Reduction

HHD MHD LHD
Weight Reduction 200 0 200 0 200 0
Static Test Weight (kg)

19,006 | 19,051 | 11,363 | 11,408 | 7,212 | 7,257
Dynamic Test Weight (kg)

19,573 | 19,618 | 11,703 | 11,748 | 7,552 | 7,597
Payload (ton) 7.55 7.5 5.65 5.6 2.9 2.85
Transient CO2 Emission (g CO2 ptm) | 240 242 224 227 351 358
55mph CO2 Emission (g CO2 ptm) 181 182 182 184 332 338
65mph CO2 Emission (g CO2 ptm) 216 217 230 232 394 | 401
Effectiveness over Transient -0.8% -1.1% -2.0%
Effectiveness over 55 mph -0.7% -1.0% -1.8%
Effectiveness over 65 mph -0.7% -1.0% -1.8%
Urban Cycle Effectiveness (94% -0.8% -1.1% -2.0%
Transient, 6% 55 mph)
Multi-Purpose Cycle Effectiveness -0.8% -1.1% -1.9%
(82% Transient, 15% 55 mph, 3% 65
mph)
Regional Cycle Effectiveness (50% | -0.8% -1.0% -1.9%
Transient, 28% 55 mph, 22% 65
mph)

Without more specific data on which to base our assumptions, the agencies are proposing
to allocate 50 percent of any mass reduction to increased payload, and 50 percent to reduce the
chassis weight. We considered the data on which the tractor weight allocation (1/3:2/3) is based,
but determined this would not be valid for vocational vehicles, as the underlying data pertained
only to long haul tractor-trailers. The agencies propose that 50 percent of weight removed from
vocational vehicle chassis would be added back as additional payload in GEM. This suggests an
equal likelihood that a vehicle would be reducing weight for benefits of being lighter, or
reducing weight to carry more payload.

One reason why this effectiveness appears greater than would be expected based on the
SwRI results is the change in payload. As shown in Table 2-51, this payload attribute has a
stronger influence on the effectiveness than the duty cycle. For the LHD vehicles, reducing 200
pounds would decrease the test weight by 0.6 percent and increase the payload by 1.8 percent.
The agencies project the effectiveness of weight reduction for Phase 2 would be one percent or
less for HHD and MHD vocational vehicles, and the effectiveness would be close to two percent
for LHD vehicles over any of the vocational vehicle composite cycles.
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Table 2-52 Proposed Vocational Weight Reduction Technologies

VOCATIONAL VEHICLE CLASS

COMPONENT MATERIAL
Class 2b-5 Class 6-7 Class 8
Axle Hubs - Non-Drive Aluminum 40 40
Axle Hubs - Non-Drive High Strength Steel 5 5
Axle - Non-Drive Aluminum 60 60
Axle - Non-Drive High Strength Steel 15 15
Brake Drums - Non-Drive Aluminum 60 60
Brake Drums - Non-Drive High Strength Steel 8 8
Axle Hubs - Drive Aluminum 40 80
Axle Hubs - Drive High Strength Steel 10 20
Brake Drums - Drive Aluminum 70 140
Brake Drums - Drive High Strength Steel 5.5 11
Clutch Housing Aluminum 34 40
Clutch Housing High Strength Steel 9 10
Suspension Brackets, Aluminum 67 100
Hangers
Suspension Brackets, High Strength Steel 20 30
Hangers
Transmission Case Aluminum 45 50
Transmission Case High Strength Steel 11 12
Crossmember — Cab Aluminum 10 14 15
Crossmember — Cab High Strength Steel 2 4 5
Crossmember - Non- Aluminum 15 18 21
Suspension
Crossmember - Non- High Strength Steel 5 6 7
Suspension
Crossmember -Suspension | Aluminum 15 20 25
Crossmember -Suspension High Strength Steel 4 5 6
Driveshaft Aluminum 12 40 50
Driveshaft High Strength Steel 5 10 12
Frame Rails Aluminum 120 300 440
Frame Rails High Strength Steel 24 40 87
Wheels - Dual Aluminum 126 126 210
Wheels - Dual High Strength Steel 48 48 80
Wheels - Dual Lightweight 180 180 300
Aluminum

Wheels - Wide Base Single Aluminum 278 278 556
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VOCATIONAL VEHICLE CLASS

COMPONENT MATERIAL
Class 2b-5 Class 6-7 Class 8
Wheels - Wide Base Single High Strength Steel 168 168 336
Wheels - Wide Base Single Lightweight 294 294 588
Aluminum

Permanent 6x2 Axle Multi N/A N/A 300
Configuration

2.9.3.6 HFC Leakage

EPA believes the capacity of vocational vehicle air conditioning systems are sufficiently
similar to those of other HD vehicles to apply a similar leakage standard as was applied in the
HD Phase 1 program for tractors and HD pickup trucks and vans. Emissions due to direct
refrigerant leakage are significant in all vehicle types. EPA is proposing a1.50 percent
refrigerant leakage per year standard, to assure that high-quality, low-leakage components are
used in the design of each air conditioning system with a refrigerant capacity greater than 733
grams. Since refrigerant leakage past the compressor shaft seal is the dominant source of
leakage in belt-driven air conditioning systems, the agency recognizes that this 1.50 percent
leakage standard would not be feasible for systems with a refrigerant capacity of 733 grams or
lower, as the minimum feasible leakage rate does not continue to drop as the capacity or size of
the air conditioning system is reduced. The fixed leakage from the compressor seal and other
system devices results in a minimum feasible yearly leakage rate, and further reductions in
refrigerant capacity (the ‘denominator’ in the percent refrigerant leakage calculation) would
result in a system which could not meet the 1.50 percent leakage per year standard. EPA does
not believe that leakage reducing technologies will be available in MY 2021 to enable lower
capacity systems to meet the percent per year standard, so we are proposing a maximum gram
per year leakage standard of 11.0 grams per year for vocational vehicle air conditioning systems
with a refrigerant capacity of 733 grams or lower, as was adopted in the HD Phase 1 program for
tractors and HD pickup trucks and vans.

The proposed standard is derived from the vehicles with the largest system refrigerant
capacity based on the Minnesota GHG Reporting database.'*® These are the same data on which
the HD Phase 1 HFC leakage standard was based.**

By requiring that all vocational vehicles achieve the leakage level of 1.50 percent per
year, roughly half of the vehicles in the 2010 data sample would need to reduce their leakage
rates, and an emissions reduction roughly comparable to that necessary to generate direct
emission credits under the light-duty vehicle program would result. See 75 FR at 25426-247.
However, no credits or trading flexibilities are proposed under this standard for heavy-duty
vocational vehicles. We believe that a yearly system leakage approach would assure that high-
quality, low-leakage, components are used in each A/C system design, and we expect that
manufacturers would reduce A/C leakage emissions by utilizing improved, leak-tight
components. Some of the improved components available to manufacturers are low-permeation
flexible hoses, multiple o-ring or seal washer connections, and multiple-lip compressor shaft
seals. The availability of low leakage components in the market is being driven by the air
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conditioning credit program in the light-duty GHG rulemaking (which applies to 2012 model
year and later vehicles). EPA believes that reducing A/C system leakage is both highly cost-
effective and technologically feasible. The cooperative industry and government Improved
Mobile Air Conditioning (IMAC) program has demonstrated that new-vehicle leakage emissions
can be reduced by 50 percent by reducing the number and improving the quality of the
components, fittings, seals, and hoses of the A/C system.'#% All of these technologies are already
in commercial use and exist on some of today’s A/C systems in other heavy-duty vehicles.

EPA is proposing to adopt the same compliance method for control of leakage from A/C
systems in vocational vehicles as was adopted for the HD Phase 1 HFC leakage standard. Under
this approach, manufacturers would choose from a menu of A/C equipment and components
used in their vehicles in order to establish leakage scores, which would characterize their A/C
system leakage performance and calculate the percent leakage per year as this score divided by
the system refrigerant capacity. The agencies estimate the total cost to apply low leakage A/C
components to a vocational vehicle to be $22 in MY 2021 and $19 in MY 2027, as described in
draft RIA 2.12.4.1.

Consistent with the Light-Duty Vehicle Greenhouse Gas Emissions rulemaking, a
manufacturer would compare the components of its A/C system with a set of leakage reduction
technologies and actions that is based closely on that being developed through IMAC and the
Society of Automotive Engineers (as SAE Surface Vehicle Standard J2727, August 2008
version).!* See generally 75 FR at 25426. The SAE J2727 approach was developed from
laboratory testing of a variety of A/C related components, and EPA believes that the J2727
leakage scoring system generally represents a reasonable correlation with average real-world
leakage in new vehicles. Like the IMAC approach, our proposed approach would associate each
component with a specific leakage rate in grams per year identical to the values in J2727 and
then sum together the component leakage values to develop the total A/C system leakage. As is
currently done for other HD vehicles, for vocational vehicles, the total A/C leakage score would
then be divided by the total refrigerant system capacity to develop a percent leakage per year
value.

2.9.4 Other Vocational Vehicle Technologies Considered
2.9.4.1 Vocational Aerodynamics

The agencies are not predicating the proposed standards on improved aerodynamics of
vocational vehicles. However, the agencies are proposing to offer an option for manufacturers to
receive recognition for a few specific aerodynamic technologies on vehicles where the criteria
would be met to qualify for this credit, should a manufacturer decide to utilize the technology.

We are partnering with CARB to incorporate into GEM some data from testing that is
being conducted by CARB through NREL. A test plan is in place to assess the fuel efficiency
benefit of three different devices to improve the aerodynamic performance of a Class 6 box
truck, as well as two devices on a cutaway van. We propose that, if a manufacturer can certify
that a final vehicle configuration will closely match one of the configurations on which testing
was conducted, then an option may be selected to improve that vehicle’s GEM score based on
installation of the applicable aerodynamic devices. The amount of improvement would be set by
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EPA based on NREL’s test results. This credit provision would apply only to vocational
vehicles certified over the Regional duty cycle. Manufacturers wishing to receive credit for
other aerodynamic technologies or on other vehicle configurations would be able to apply for
innovative credits using the established procedures.

Table 2-53 shows the vocational aerodynamic technologies that are being tested, for
which credit could be available through GEM. The agencies have not estimated manufacturing
costs for these technologies on vocational vehicles. We project that a manufacturer would only
apply these where it was found to be cost-effective for the specific application. For a description
of the costs estimated for applying aerodynamic technologies to tractors, see the draft RIA at
Chapter 2.12.9, where the estimated cost for a Bin2 package on a low roof day cab tractor is
shown to be roughly $1,000.

Table 2-53 Vocational Aerodynamic Technologies Being Assessed

VEHICLE SKIRTS | FRONT REAR WHEEL COVERS
FAIRING FAIRING
(NOSE (TAIL)
CONE)

Class 6 Box X X X

Truck

Class 4 Box X

Truck

The vehicles eligible for this GEM-based credit would be those for which the chassis
manufacturer can certify that, through a delegated assembly agreement, the final built
configuration would be reasonably similar to the dimensions of one of the test vehicles. A
description of vehicles and aerodynamic technologies that could be eligible for this option, as
well as a description of the testing conducted to obtain the assigned GEM improvements due to
these technologies, are presented in a memorandum to the docket.'#2

2.9.4.2 Electric Vehicles

Some heavy-duty vehicles can be powered exclusively by electric motors. Electric
motors are efficient and able to produce high torque, giving e-trucks strong driving
characteristics, particularly in stop-and-go or urban driving situations, and are well-suited for
moving heavy loads. Electric motors also offer the ability to operate with very low noise, an
advantage in certain applications. Currently, e-trucks have some disadvantages over
conventional vehicles, primarily in cost, weight and range. Components are relatively expensive,
and storing electricity using currently available technology is expensive, bulky, and heavy.

The West Coast Collaborative, a public-private partnership, has estimated the incremental
costs for electric Class 3-6 trucks in the Los Angeles, CA, area.!*®* Compared to a conventional
diesel, the WCC estimates a battery-electric vehicle system would cost between $70,000 and
$90,000 more than a conventional diesel system. The Cal[HEAT Technology Roadmap includes
an estimate that the incremental cost for a fully-electric medium- or heavy- duty vehicle would
be between $50,000 and $100,000. In draft RIA Chapter 2.12.7.6, the agencies estimate the cost
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of a full electric LHD or MHD vocational vehicle at $55,216 in MY 2021 and $52,128 in MY
2024. The CalHEAT roadmap report also presents several actions that must be taken by
manufacturers and others, before heavy-duty e-trucks can reach what they call Stage 3
Deployment.144

Early adopters of electric drivetrain technology are medium-heavy-duty vocational
vehicles that are not weight-limited and have drive cycles where they don’t need to go far from a
central garage. According to CALSTART’s report to the NAFA 2014 Institute and Expo, there
is an emerging market of MHD all-electric vocational vehicles, including models from Smith,
EVI, Boulder, AMP, and others.'?® CalHEAT has published results of a comprehensive
performance evaluation of three battery electric truck models using information and data from
in-use data collection, on road testing and chassis dynamometer testing.14°

Given the high costs and the developing nature of this technology, the agencies do not
project fully electric vocational vehicles to be widely commercially available in the time frame
of the proposed rules. For this reason, the agencies have not based the proposed Phase 2
standards on adoption of full-electric vocational vehicles. However, in the more stringent
alternatives discussed in detail in draft RIA Chapter 9, the agencies do project three percent
adoption of full electric LHD and MHD vocational vehicles (only applicable for MY 2024 for
Alternative 5). To the extent this technology is able to be brought to market in the time frame of
the Phase 2 program, there is currently a certification path for these chassis from Phase 1, as
described in the Preamble Section V and in the regulations at 40 CFR 1037.150 and 49 CFR
535.8.

2.9.5 Derivation of the Proposed Vocational Vehicle Technology Packages

The agencies are proposing standards for vocational vehicles predicated on the same suite
of technologies in both the 2021 and 2024 MY implementation years. The change in stringency
between those years would be a result of different adoption rates of those technologies. Package
costs for each model year are presented following each respective adoption rate discussion.

2.9.5.1 Projected Technology Adoption Rates for VVocational Vehicles

The agencies have estimated the extent to which technologies may be adopted by
manufacturers to meet the proposed 2021 vocational vehicle standards.

29511 Transmissions

The agencies project a compliance path whereby 30 percent of vocational vehicles would
have one or more of the transmission technologies identified above in this chapter applied by
MY 2021, increasing to nearly 60 percent by MY 2024 and over 80 percent by MY 2027. Most
of this increase is due to a projected increase in adoption of technologies that represent deep
driveline integration. The agencies project an adoption rate of 15 percent in MY 2021 and 30
percent in MY 2024 for of various non-hardware technologies that enable driveline optimization,
including gear efficiencies, shift strategies, and torque converter lockups. Manufacturers would
use the powertrain test to certify these technology improvements. Due to the relatively high
efficiency gains available from driveline optimization for relatively low costs, the agencies are
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projecting a 70 percent application rate of driveline optimization (including the non-hardware
enabling technologies) by MY 2027 across all subcategories. We do not have information about
the extent to which integration may be deterred by barriers to information-sharing between
component suppliers. Therefore we are projecting that major manufacturers would work to
overcome these barriers, integrate and optimize their drivelines, and use the powertrain test on all
eligible configurations, while smaller manufacturers may not adopt these technologies at all, or
not to a degree that they would find value in this optional test procedure.

For the technology of adding two gears, we are predicating the proposed MY 2021
standard on a five percent adoption rate, except for zero in the HHD Regional subcategory,
which is modeled with a 10-speed transmission. This adoption rate is projected to essentially
remain at this level throughout the program, with an increase to ten percent only for two
subcategories (Regional LHD and MHD) in MY 2027. This is because the manufacturers most
likely to develop 8-speed transmissions are those that are also developing transmissions for HD
pickups and vans, and the GEM-certified vocational market share among those manufacturers is
relatively small.

The HHD Regional subcategory is the only one where we assume a manual transmission
in the baseline configuration. For these vehicles, the agencies project upgrades to electronic
transmissions such as either AMT, DCT, or automatic, at collective adoption rates of 51 percent
in MY 2021, 68 percent in MY 2024, and five percent in MY 2027. The decrease in MY 2027
reflects a projection that a greater number of deeply integrated HHD powertrains would be used
by MY 2027 (one consequence being that fewer HHD powertrains would be directly simulated
in GEM in that year). The larger numbers in the phase-in years reflect powertrains that have
been automated or electrified but not deeply integrated. The agencies have been careful to
account for the cost of both electrifying and deeply integrating the MY 2027 powertrains. In
draft RIA Chapter 11, the technology adoption rates for the HHD Regional subcategory
presented in Table 11-42, Table 11-45, and Table 11-48 account for the assumption that a
manual transmission cannot be deeply integrated, so there must also be an automation upgrade.
These tables are inputs to the agencies’ cost analysis, thus the costs of both upgrading and
integrating HHD powertrains are included. The adoption rates of the upgraded but not integrated
transmission architectures represent a projection of three percent of all vocational vehicles in
MY 2021 and four percent in MY 2024. This is based on an estimate that seven percent of the
vocational vehicles would be in the HHD Regional subcategory. For more information about the
assumptions that were made about the populations of vehicles in different subcategories, see the
agencies’ inventory estimates in draft RIA Chapter 5.

In the eight subcategories in which automatic transmissions are the base technology, the
agencies project that five percent would upgrade to a dual clutch transmission in MY 2021. This
projection increases to 15 percent in MY 2024 and decreases in MY 2027 to ten percent for two
subcategories (Regional LHD and MHD) and five percent for the remaining 6 subcategories.
The low projected adoption rates of DCT reflect the fact that this is a relatively new technology
for the heavy-duty sector, and it is likely that broader market acceptance would be achieved once
fleets have gained experience with the technology. Similar to the pattern described for the HHD
Regional subcategory, the decrease in MY 2027 reflects a projection of greater use of deeply
integrated powertrains.
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In determining the proposed standard stringency, we have projected that hybrids on
vehicles certified in the Multipurpose subcategories would achieve on average 22 percent
improvement, and those in the Urban subcategories would see a 25 percent improvement. We
have also projected zero hybrid adoption rate by vehicles in the Regional subcategories,
expecting that the benefit of hybrids for those vehicles would be too low to merit use of that type
of technology. However, there is no fixed hybrid value assigned in GEM and the actual
improvement over the applicable test cycle would be determined by powertrain testing. By the
full implementation year of MY 2027, the agencies are projecting an overall vocational vehicle
adoption rate of ten percent hybrids, which we estimate would be 18 percent of vehicles certified
in the Multi-Purpose and Urban subcategories. We are projecting a low adoption rate in the
early years of the Phase 2 program, just four percent in these subcategories in MY 2021, and
seven percent in MY 2024 for vehicles certified in the Multi-Purpose and Urban subcategories.
Based on our assumptions about the populations of vehicles in different subcategories, these
hybrid adoption rates are about two percent overall in MY 2021 and four percent overall in MY
2024.

Considering the combination of the above technologies and adoption rates, we project the
CO2 and fuel efficiency improvements for all transmission upgrades to be approximately seven
percent on a fleet basis by MY 2027. One subcategory in which we are projecting a very large
advanced transmission adoption rate is the HHD Regional subcategory, in which we are
projecting 75 percent of the transmissions would be either automated or automatic (upgraded
from a manual) with 70 percent of those also being deeply integrated by MY 2027. By
comparison, the agencies are projecting that HHD day cab tractors would have 90 percent
adoption of automated or automatic transmissions by MY 2027. Although we are not prepared
to predict what fraction of these would be upgraded in the absence of Phase 2, as noted above in
Chapter 2.9.3, the agencies are confident that durable transmissions will be widely available in
the Phase 2 time frame to support manufacture of HHD vocational vehicles.

If the above technologies do not reach the expected level of market adoption, the
vocational vehicle Phase 2 program has several other technology options that manufacturers
could choose to meet the proposed standards.

295.1.2 Axles

The agencies project that 75 percent of vocational vehicles in all subcategories would
adopt advanced axle lubricant formulations in all implementation years of the Phase 2 program.
Fuel efficient lubricant formulations are widespread across the heavy-duty market, though
advanced synthetic formulations are currently less popular.N Axle lubricants with improved
viscosity and efficiency-enhancing performance are projected to be widely adopted by
manufacturers in the time frame of Phase 2. Such formulations are commercially available and
the agencies see no reason why they could not be feasible for most vehicles. Nonetheless, we
have refrained from projecting full adoption of this technology. The agencies do not have
specific information regarding reasons why axle manufacturers may specify a specific type of

N Based on conversations with axle suppliers.
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lubricant over another, and whether advanced lubricant formulations may not be recommended
in all cases.

The agencies estimate that 45 percent of HHD Regional vocational vehicles would adopt
either full time or part time 6x2 axle technology in MY 2021. This technology is most likely to
be applied to Class 8 vocational vehicles (with 2 rear axles) that are designed for frequent
highway trips. The agencies project a slightly higher adoption rate of 60 percent combined for
both full and part time 6x2 axle technologies in MY 2024 and MY 2027. Based on our estimates
of vehicle populations, this is about four percent of all vocational vehicles.

2.9.5.1.3 Lower Rolling Resistance Tires

The agencies estimate that the per-vehicle average level of rolling resistance from
vocational vehicle tires could be reduced by 11 percent by full implementation of the Phase 2
program in MY 2027, based on the tire development achievements expected over the next
decade. This is estimated by weighting the projected improvements of steer tires and drive tires
using an assumed axle load distribution of 30 percent on the steer tires and 70 percent on the
drive tires, as explained in the draft RIA Chapter 2.9. By applying the assumed axle load
distribution, the average vehicle CRR improvements projected for the proposed MY 2021
standards would be four percent, which we project would achieve up to one percent reduction in
fuel use and CO2 emissions, depending on the vehicle subcategory. Using that same method, the
agencies estimate the average vehicle CRR in MY 2024 would be seven percent, yielding
reductions in fuel use and CO2 emissions of between one and two percent, depending on the
vehicle subcategory.

The agencies understand that the vocational vehicle segment has access to a large variety
of tires, including some that are designed for tractors, some that are designed for HD pickups and
vans, and some with multiple use designations. In spite of the likely availability of LRR tires
during the Phase 2 program, the projected adoption rates are intended to be conservative. The
agencies believe that these tire packages recognize the variety of tire purposes and performance
levels in the vocational vehicle market, and maintain choices for manufacturers to use the most
efficient tires (i.e. those with least rolling resistance) only where it makes sense given these
vehicles’ differing purposes and applications. The projected adoption rates and expected
improvements in CRR are presented in Table 2-54.

Table 2-54 Projected LRR Tire Adoption Rates

TIRE LEVEL OF ROLLING | MY 2021 MY 2024 MY 2027

POSITION | RESISTANCE ADOPTION RATE | ADOPTION RATE | ADOPTION
RATE

Drive Baseline CRR (7.7) 50 20 10

Steer Baseline CRR (7.7) 20 10 0

Drive 5% Lower CRR (7.3) 50 50 25

Steer 10% Lower CRR (6.9) | 80 30 20

Drive 10% Lower CRR (6.9) | 0 30 50

Steer 15% Lower CRR (6.5) |0 60 30

Drive 15% Lower CRR (6.5) |0 0 15

Steer 20% Lower CRR (6.2) | 0 0 50
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Drive Average Improvement | 3% 6% 9%
in CRR

Steer Average Improvement | 8% 12% 17%
in CRR

For comparison purposes, the reader may note that these levels of tire CRR generally
correspond with levels of tire CRR projected for tractors built for the Phase 1 standards. For
example, the baseline level CRR for vocational tires is very similar to the baseline tractor steer
tire CRR. Vocational vehicle tires with 10 percent better CRR have a similar CRR level as
tractor tires of Drive Level 1. Vocational vehicle tires with 15 percent better CRR have a similar
CRR level as tractor tires of Steer Level 1. Vocational vehicle tires with 20 percent better CRR
have a similar CRR level as tractor tires of Drive Level 2, as described in preamble Section
11.D.2.

29514 Workday Idle Reduction

In this proposal, we are projecting a progression of idle reduction technology
development that begins with 70 percent adoption rate of neutral idle for the MY 2021 standards,
which by MY 2027 is replaced by a 70 percent adoption rate of stop-start idle reduction
technology. Although it is possible that a vehicle could have both neutral idle and stop-start, we
are only considering emissions reductions for vehicles with one or the other of these
technologies. Also, as the program phases in, we do not see a reduction in the projected adoption
rate of neutral idle to be a concern in terms of stranded investment, because it is a very low cost
technology that could be an enabler for stop-start systems in some cases.

We are not projecting any adoption of neutral idle for the HHD Regional subcategory,
because any vehicle with a manual transmission must shift to neutral when stopped to avoid
stalling the engine, vehicles in the HHD Regional subcategory would already essentially be
idling in neutral, and no additional technology would be needed to achieve this. A similar case
can be made for any vocational vehicle with an automated manual transmission, since these
share inherently similar architectures with manual transmissions. The agencies are not
projecting an adoption rate of 85 percent neutral idle until MY 2024, because it may take some
additional development time to apply this technology to high-torque automatic transmissions
designed for the largest vocational vehicles. Based on stakeholder input, the designs needed to
avoid an uncomfortable re-engagement bump when returning to drive from neutral may require
some engineering development time as well as some work to enable two-way communication
between engines and transmissions.

We are projecting a five percent adoption rate of stop-start in the six MHD and LHD
subcategories for MY 2021 and zero for the HHD vehicles, because this technology is still
developing for vocational vehicles and is most likely to be feasible in the early years of Phase 2
for vehicles with lower power demands and lower engine inertia. Stopping a heavy-duty engine
is not challenging. The real challenge is designing a robust system that can deliver multiple
smooth restarts daily without loss of function while the engine is off. Many current light-duty
products offer this feature, and some heavy-duty manufacturers are exploring this.}*® The
agencies are projecting an adoption rate of 15 percent stop-start across all subcategories in the
intermediate year of MY 2024. The agencies are projecting this technology to have a relatively
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high adoption rate (70 percent as stated above) by MY 2027 because we see it being technically
feasible on the majority of vocational vehicles, and especially effective on those with the most
time at idle in their workday operation. Although we are not prepared to predict what fraction of
vehicles would adopt stop-start in the absence of Phase 2, above in draft RIA Chapter 2.9.3 the
agencies explain why we are confident that this technology, which is on the entry-level side of
the hybrid and electrification spectrum, will be widely available in the Phase 2 time frame.

Based on these projected adoption rates and the effectiveness values described above in
this section, we expect overall GHG and fuel consumption reductions from workday idle on
vocational vehicles to be approximately three percent in MY 2027.

2.95.15 Weight Reduction

As described in the draft RIA Chapter 2.12, weight reduction is a relatively costly
technology, at approximately $3 to $4 per pound for a 200-1b package. Even so, for vehicles in
service classes where dense, heavy loads are frequently carried, weight reduction can translate
directly to additional payload. The agencies project weight reduction would most likely be used
for vocational vehicles in the refuse and construction service classes, as well as some regional
delivery vehicles. The agencies are predicating the proposed standards on an adoption rate of
five to eight percent, depending on the subcategory, in MY 2027, with slightly lower adoption
rates in MY 2021 and MY 2024.

For this technology package, NHTSA and EPA project manufacturers would use material
substitution in the amount of 200 pounds. An example of how this weight could be reduced
would be a complete set of aluminum wheels for a Class 8 vocational vehicle, or an aluminum
transmission case plus high strength steel wheels, frame rails, and suspension brackets on a
MHD or LHD vocational vehicle. The agencies have limited information about how popular the
use of aluminum components is in the vocational vehicle sector.

295.1.6 HFC Leakage

We project 100 percent adoption rate in all implementation years of the Phase 2 program
for use of low leakage air conditioning system components to reduce direct emissions of HFC
compounds from vocational vehicles.

2.9.5.2 Proposed Vocational Vehicle Standards

The agencies applied the technology adoption rates shown in Table 2-55 through Table
2-57 as GEM inputs, but have not directly transferred the GEM results from these inputs as the
proposed standards. Rather, the proposed standards are the result of the normalizing process
described in Chapter 2.9.2.1. The proposed standards are presented in Table 2-58 through Table
2-63.
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Table 2-55 GEM Inputs Used to Derive Proposed MY 2021 Vocational Vehicle Standards

CLASS 2B-5 CLASS 6-7 CLASS 8
Urban Multi- Regional | Urban Multi- Regional Urban Multi- Regional
Purpose Purpose Purpose
Cl Engine?
2021 MY 7L, 200 hp Engine 2021 MY 7L, 270 hp Engine 2021 MY 11L, 345 | 2021 MY
hp Engine 15L 455hp
Engine

Transmission (improvement factor)

0.023 | 0021 | 0008 | 0023 [ 0021 | 0009 | 0023 | 0.022 | 0.022

Axle (improvement factor)

0.004 | 0004 | 0004 | 0004 | 0004 | 0004 | 0004 | 0.004 | 0.012

Stop-Start (adoption rate)

5 | 5% | 5% | 5% | 5% | 5% | 0% | 0% [ 0%
Neutral Idle (adoption rate)
70% | 70% | 70% | 70% | 70% | 70% | 70% | 70% | 0%
Steer Tires (CRR kg/metric ton)
71 | 71 | 71 | 71 | 71 | 71 | 71 | 71 | 71
Drive Tires (CRR kg/metric ton)
75 | 75 | 75 | 75 | 75 | 75 | 75 | 75 | 75
Weight Reduction (Ib)
8 | 8 | 14 | 8 | 8 | 12 | 8 | 8 | 10
Note:

2 S| engines were not simulated in GEM, rather a gas/diesel adjustment factor was applied to the results

Table 2-56 GEM Inputs Used to Derive Proposed MY 2024 Vocational Vehicle Standards

CLASS 2B-5 CLASS 6-7 CLASS 8
Urban Multi- Regional | Urban Multi- Regional Urban Multi- Regional
Purpose Purpose Purpose
Cl Engine?
2024 MY 7L, 200 hp Engine 2024 MY 7L, 270 hp Engine 2024 MY 11L, 345 | 2024 MY
hp Engine 15L 455hp
Engine

Transmission (improvement factor)

0045 | 004 | 0017 | 0045 | 0041 | 0018 | 0045 | 0.042 | 0.035

Axle (improvement factor)

0.004 | 0004 | 0004 | 0004 | 0004 | 0004 | 0.004 | 0.004 | 0.014

Stop-Start (adoption rate)

15% | 15% | 15% | 15% | 15% | 15% | 15% | 15% | 15%
Neutral Idle (adoption rate)
85% | 85% | 85% | 8% | 8% | 8% | 8% | 8% | 0%
Steer Tires (CRR kg/metric ton)
68 | 68 | 68 | 68 | 68 | 68 | 68 | 68 | 68
Drive Tires (CRR kg/metric ton)
73 | 73 | 73 | 73 | 73 | 73 | 73 | 73 | 13

Weight Reduction (Ib)
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I 8 | 8 14 8 | 8 | 122 | 8 | 8 10 |
Note:
2 Sl engines were not simulated in GEM, rather a gas/diesel adjustment factor was applied to the results

Table 2-57 GEM Inputs Used to Derive Proposed MY 2027 Vocational Vehicle Standards

CLASS 2B-5 CLASS 6-7 CLASS 8
Urban Multi- Regional | Urban Multi- Regional Urban Multi- Regional
Purpose Purpose Purpose
Cl Engine?
2027 MY 7L, 200 hp Engine 2027 MY 7L, 270 hp Engine 2027 MY 11L, 345 | 2027 MY
hp Engine 15L 455hp
Engine

Transmission (improvement factor)
0.096 | 0085 | 0034 | 009 | 0088 | 0037 | 0097 | 0.089 | 0.036

Axle (improvement factor)
0.004 | 0004 | 0004 | 0004 | 0004 | 0004 | 0.004 | 0.004 | 0.014
Stop-Start (adoption rate)

75% | 70% | 70% | 75% | 70% | 70% | 70% | 70% | 70%
Neutral Idle (adoption rate)

25% | 30% | 30% | 25% | 30% | 30% | 30% | 30% | 0%
Steer Tires (CRR kg/metric ton)

64 | 64 | 64 | 64 | 64 | 64 | 64 | 64 | 64
Drive Tires (CRR kg/metric ton)

7o | 70 [ 70 | 70 [ 70 | 70 | 70 | 70 | 70

Weight Reduction (Ib)
0 [ 1200 | 16 [ 1200 | 120 | 14 [ 10 [ 10 [ 12
Note:

2 S| engines were not simulated in GEM, rather a gas/diesel adjustment factor was applied to the results

Table 2-58 and Table 2-59 present EPA’s proposed COz2 standards and NHTSA'’s
proposed fuel consumption standards, respectively, for chassis manufacturers of Class 2b
through Class 8 vocational vehicles for the beginning model year of the program, MY 2021. As
in Phase 1, the standards would be in the form of the mass of emissions, or gallons of fuel,
associated with carrying a ton of cargo over a fixed distance. The EPA standards would be
measured in units of grams CO:2 per ton-mile and the NHTSA standards would be in gallons of
fuel per 1,000 ton-miles. With the mass of freight in the denominator of this term, the program
is designed to measure improved efficiency in terms of freight efficiency. As in Phase 1, the
Phase 2 program would assign a fixed default payload in GEM for each vehicle weight class
group (heavy heavy-duty, medium heavy-duty, and light heavy-duty). Even though this
simplification does not allow individual vehicle freight efficiencies to be recognized, the general
capacity for larger vehicles to carry more payload is represented in the numerical values of the
proposed standards for each weight class group.
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Table 2-58 Proposed EPA CO: Standards for MY2021 Class 2b-8 Vocational Vehicles

EPA Standard for Vehicle with CI Engine Effective MY2021 (gram CO2/ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 296 188 198

Multi-Purpose 305 190 200

Regional 318 186 189

EPA Standard for Vehicle with SI Engine Effective MY2021 (gram CO2/ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 320 203 214

Multi-Purpose 329 205 216

Regional 343 201 204

Table 2-59 Proposed NHTSA Fuel Consumption Standards for MY2021 Class 2b-8 VVocational Vehicles

NHTSA Standard for Vehicle with CI Engine Effective MY 2021 (Fuel Consumption
gallon per 1,000 ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 29.0766 18.4676 19.4499

Multi-Purpose 29.9607 18.6640 19.6464

Regional 31.2377 18.2711 18.5658

NHTSA Standard for Vehicle with SI Engine Effective MY 2021 (Fuel Consumption
gallon per 1,000 ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 36.0077 22.8424 24.0801

Multi-Purpose 37.0204 23.0674 24.3052

Regional 38.5957 22.6173 22.9549

EPA’s proposed vocational vehicle CO2 standards and NHTSA’s proposed fuel
consumption standards for the MY 2024 stage of the program are presented in Table 2-60 and
Table 2-61, respectively. These reflect broader adoption rates of vehicle technologies already
considered in the technology basis for the MY 2021 standards. The standards for vehicles
powered by CI engines also reflect that in MY 2024, the separate engine standard would be more
stringent, so the vehicle standard keeps pace with the engine standard.
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Table 2-60 Proposed EPA CO: Standards for MY2024 Class 2b-8 Vocational Vehicles

EPA Standard for Vehicle with CI Engine Effective MY 2024 (gram CO2/ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 284 179 190

Multi-Purpose 292 181 192

Regional 304 178 182

EPA Standard for Vehicle with SI Engine Effective MY2024 (gram CO2/ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 312 197 208

Multi-Purpose 321 199 210

Regional 334 196 199

Table 2-61 Proposed NHTSA Fuel Consumption Standards for MY2024 Class 2b-8 VVocational Vehicles

NHTSA Standard for Vehicle with CI Engine Effective MY 2024 (Fuel Consumption
gallon per 1,000 ton-mile)

gallon per 1,000 ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 27.8978 17.5835 18.6640

Multi-Purpose 28.6837 17.7800 18.8605

Regional 29.8625 17.4853 17.8782

NHTSA Standard for Vehicle with SI Engine Effective MY 2024 (Fuel Consumption

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 35.1075 22.1672 23.4050

Multi-Purpose 36.1202 22.3923 23.6300

Regional 37.5830 22.0547 22.3923

EPA’s proposed vocational vehicle CO2 standards and NHTSA’s proposed fuel
consumption standards for the full implementation year of MY 2027 are presented in Table 2-62
and Table 2-63, respectively. These reflect even greater adoption rates of the same vehicle
technologies considered in the basis for the previous stages of the Phase 2 standards. The
proposed MY 2027 standards for vocational vehicles powered by CI engines reflect additional
engine technologies consistent with those on which the separate proposed MY 2027 ClI engine
standard is based. The proposed MY 2027 standards for vocational vehicles powered by SI
engines reflect improvements due to additional engine friction reduction technology, which is
not among the technologies on which the separate SI engine standard is based.
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Table 2-62 Proposed EPA CO: Standards for MY2027 Class 2b-8 Vocational Vehicles
EPA Standard for Vehicle With CI Engine Effective MY2027 (gram COz/ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 272 172 182

Multi-Purpose 280 174 183

Regional 292 170 174

EPA Standard for Vehicle with SI Engine Effective MY2027 (gram CO2/ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 299 189 196

Multi-Purpose 308 191 198

Regional 321 187 188

Table 2-63 Proposed NHTSA Fuel Consumption Standards for MY2027 Class 2b-8 VVocational Vehicles

NHTSA Standard For Vehicle With CI Engine Effective MY 2027 (Fuel Consumption
Gallon per 1,000 ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 26.7191 16.8959 17.8782

Multi-Purpose 27.5049 17.0923 17.9764

Regional 28.6837 16.6994 17.0923

NHTSA Standard for Vehicle with SI Engine Effective MY 2027 (Fuel Consumption
gallon per 1,000 ton-mile)

Duty Cycle Light Heavy-Duty | Medium Heavy-Duty | Heavy Heavy-Duty
Class 2b-5 Class 6-7 Class 8

Urban 33.6446 21.2670 22.0547

Multi-Purpose 34.6574 21.4921 22.2797

Regional 36.1202 21.0420 21.1545

2.9.5.3 Summary of Vocational VVehicle Package Costs

The agencies have estimated the costs of the technologies expected to be used to comply
with the proposed standards. Table 2-64 presents estimated incremental costs for MY 2021 for
light, medium and heavy HD vocational vehicles in each duty-cycle-based subcategory — Urban,
Multi-Purpose, and Regional. As shown, in MY 2021 these range from approximately $600 for
MHD and LHD Regional vehicles, up to $3,400 for HHD Regional vehicles. Those two lower-
cost packages reflect zero hybrids, and the higher-cost package reflects significant adoption of
automated transmissions. In the draft RIA Chapter 2.13, the agencies present vocational vehicle
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technology package costs differentiated by MOVES vehicle type. For example, in Table 2-231,
intercity buses are estimated to have an average package cost of $2,900 and gasoline motor
homes are estimated to have an average package cost of $450 in MY 2021. These costs do not
indicate the per-vehicle cost that may be incurred for any individual technology. Chapter 2.12.7
describes why a complex technology such as hybridization is estimated to range between
$15,000 and $40,000 per vehicle for vocational vehicles in MY 2021. The engine costs listed
represent the cost of an average package of diesel engine technologies. Individual technology
adoption rates for engine packages are described above in Chapter 2.7. The details behind these
costs are presented in draft RIA Chapter 2.12, including the markups and learning effects applied
and how the costs shown here are weighted to generate an overall cost for the vocational sector.

Table 2-64 Technology Package Incremental Costs for Vocational Vehicles for MY20212° (2012%)

LIGHT HD MEDIUM HD HEAVY HD
Urban Multi- | Regional | Urban Multi- | Regional | Urban Multi- | Regional
purpose purpose purpose

Engine® $293 $293 $293 | $270 $270 $270 | $270 $270 $270
Tires $7 $7 $7 $7 $7 $7 $7 $7 $7
Transmission $81 $81 $81 $81 $81 $81 $81 $81 $2,852
Axle related $99 $99 $99 $99 $99 $99 [ $148 $148 $219
Weight $27 $27 $48 $27 $27 $41 $27 $27 $34
Reduction
Idle reduction $49 $49 $49 $51 $51 $51 $6 $6 $0
Electrification $547 $547 $0 | $861 $861 $0 | $1,437 $1,437 $0
& hybridization
Air $22 $22 $22 $22 $22 $22 $22 $22 $22
Conditioning
Total $1,125 $1,125 $598 | $1,418 $1,418 $571 | $1,998 $1,998 $3,404
Notes:

2 Costs shown are for the 2021 model year and are incremental to the costs of a vehicle meeting the Phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to draft RIA Chapter 2.12.

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated vehicle subcategories.

¢ Engine costs shown are for a light HD, medium HD or heavy HD diesel engines. For gasoline-powered vocational
vehicles we are projecting no additional engine-based costs beyond Phase 1.

Table 2-65 presents estimated incremental costs for MY 2024 for light, medium and
heavy HD vocational vehicles in each duty-cycle-based subcategory — Urban, Multi-Purpose,
and Regional. As shown, these range from approximately $800 for MHD and LHD Regional
vehicles, up to $4,800 for HHD Regional vehicles. The increased costs above the MY 2021
values reflect increased adoption rates of individual technologies, while the individual
technology costs are generally expected to remain the same or decrease, as explained in the draft
RIA Chapter 2.12. For example, Chapter 2.12.7 presents MY 2024 hybridization costs that
range from $13,000 to $33,000 per vehicle for vocational vehicles.
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Table 2-65 Technology Package Incremental Costs for Vocational Vehicles for MY20242° (2012%)

LIGHT HD MEDIUM HD HEAVY HD
Urban | Multi- | Regional | Urban | Multi- | Regional | Urban | Multi- | Regional

purpose purpose purpose
Engine® $437 $437 $437 | $405 $405 $405| $405 $405 $405
Tires $17 $17 $17 $17 $17 $17 $23 $23 $23
Transmission $123 $123 $123| $123 $123 $123| $123 $123 $3,915
Axle related $90 $90 $90 $90 $90 $90| $136 $136 $224
Weight Reduction $24 $24 $43 $24 $24 $37 $24 $24 $30
Idle reduction $119 $119 $119( $125 $125 $125| $224 $224 $217
Electrification & $906 $906 $0 [ $1,423| $1,423 $0 | $2,377 $2,377 $0
hybridization
Air Conditioning $20 $20 $20 $20 $20 $20 $20 $20 $20
Total $1,737| $1,737 $849 | $2,228 | $2,228 $817 | $3,332 $3,332 $4,834

Notes:

2 Costs shown are for the 2024 model year and are incremental to the costs of a vehicle meeting the Phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to draft RIA Chapter 2.12.

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated vehicle subcategories.

¢ Engine costs shown are for a light HD, medium HD or heavy HD diesel engines. For gasoline-powered vocational
vehicles we are projecting no additional engine-based costs beyond Phase 1.

Table 2-66 presents estimated incremental costs for MY 2027 for light, medium and
heavy HD vocational vehicles in each duty-cycle-based subcategory — Urban, Multi-Purpose,
and Regional. As shown, these range from approximately $1,400 for MHD and LHD Regional
vehicles, up to $7,400 for HHD Urban and Multipurpose vehicles. These two subcategories are
projected to have the higher-cost packages in MY 2027 due to an estimated 18 percent adoption
of HHD hybrids, which are estimated to cost $31,000 per vehicle in MY 2027, as shown in
Chapter 2.12.7 of the draft RIA. The engine costs shown represent the average costs associated
with the proposed MY 2027 vocational diesel engine standard described in Section I1.D. For
gasoline vocational vehicles, the agencies are projecting adoption of Level 2 engine friction
reduction with an estimated $68 added to the average S| vocational vehicle package cost in MY
2027, which represents about 56 percent of those vehicles upgrading beyond Level 1 engine
friction reduction. Further details on how these Sl vocational vehicle costs were estimated are
provided above in Chapter 2.9.1.
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Table 2-66 Technology Package Incremental Costs for Vocational Vehicles for MY20272 (2012%)

LIGHT HD MEDIUM HD HEAVY HD
Urban | Multi- | Regional | Urban | Multi- | Regional | Urban | Multi- | Regional

purpose purpose purpose
Engine® $471 $471 $471( $437 $437 $437 | $437 $437 $437
Tires $20 $20 $20 $20 $20 $20 $29 $29 $29
Transmission $244 $244 $267 | $244 $244 $267 | $244 $244| $2,986
Axle related $86 $86 $86 $86 $86 $86 | $129 $129 $215
Weight Reduction $29 $29 $46 $29 $29 $40 $29 $29 $35
Idle reduction $498 $499 $499( $526 $526 $526 [ $964 $964 $962
Electrification & $2,122 $2,122 $0 | $3,336| $3,336 $0 | $5,571| $5,571 $0
hybridization
Air Conditioning $19 $19 $19 $19 $19 $19 $19 $19 $19
Total $3,489 $3,490 $1,407 | $4,696 | $4,696 $1,395| $7,422| $7,422| $4,682

Notes:

2 Costs shown are for the 2024 model year and are incremental to the costs of a vehicle meeting the Phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to draft RIA Chapter 2.12.

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated vehicle subcategories.

¢ Engine costs shown are for a light HD, medium HD or heavy HD diesel engines. For gasoline-powered vocational
vehicles we are projecting $68 of additional engine-based costs beyond Phase 1.

2.9.6 Technologies and Costs of Alternative 4
2.9.6.1 Derivation of Alternative 4 Standards
29.6.1.1 Adoption Rates

In developing the Alternative 4 standards, the agencies are projecting a set of technology
packages in MY 2024 that is identical to those projected for the final phase-in year of the
preferred alternative. In the package descriptions below, the agencies outline technology-
specific adoption rates in MY 2021 for Alternative 4 and offer insights on what market
conditions could enable reaching adoption rates that would achieve the full implementation
levels of stringency with less lead time.

For transmissions including hybrids, the agencies project for Alternative 4 that 50 percent
of vocational vehicles would have one or more of the transmission technologies identified above
in this Section applied by MY 2021. This includes 25 percent deeply integrated conventional
transmissions that would be recognized over the powertrain test, 10 percent DCT, 11 percent
adding two gears (except zero for HHD Regional), and nine percent hybrids for vehicles certified
in the Multi-Purpose and Urban subcategories, which we estimate would be five percent overall.
In this alternative, the agencies project 21 percent of the vocational vehicles with manual
transmissions in the HHD Regional subcategory would upgrade to either an AMT, DCT, or
automatic transmission. The increased projection of driveline integration would mean that more
manufacturers would need to overcome data-sharing barriers. In this alternative, we project that
manufacturers would need to conduct additional research and development to achieve overall
application of five percent hybrids. In the draft RIA Chapter 7.1, the agencies have estimated
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costs for this additional accelerated research. In the preamble at Section V, the agencies request
comment on the expected costs to accelerate hybrid development to meet the projected adoption
rates of this alternative.

For advanced axle lubricants, the agencies are projecting the same 75 percent adoption
rate in MY 2021 as in the proposed program. For part time or full time 6x2 axles, the agencies
project the HHD Regional vocational vehicles could apply this at the 60 percent adoption rate in
MY 2021, where this level wouldn’t be reached until MY 2024 in the proposed program. One
action that could enable this to be achieved is if information on the reliability of these systems
were to be disseminated to more fleet owners by trustworthy sources.

For lower rolling resistance tires in this alternative, the agencies project the same
adoption rates of LRR tires as in the proposed program for MY 2021, because we don’t expect
tire suppliers would be able to make greater improvements for the models that are fitted on
vocational vehicles in that time frame. The tire research that is being conducted currently is
focused on models for tractors and trailers, and we project further improved LRR tires would not
be commercially available for vocational vehicles in the early implementation years of Phase 2.

For the adoption rate of LRR tires in MY 2024 to reach the level projected for MY 2027
in the proposed program, tire suppliers could promote their most efficient products to vocational
vehicle manufacturers to achieve equivalent improvements with less lead time. Depending on
how tire manufacturers focus their research and product development, it is possible that more of
the LRR tire advancements being applied for tractors and trailers could be applied to vocational
vehicles. To see the specific projected adoption rates of different levels of LRR tires for
Alternative 4, see columns three and five of Table 2-54 above.

For workday idle technologies, the agencies project an adoption rate of 12 percent stop-
start in the six MHD and LHD subcategories for MY 2021 and zero for the HHD vehicles, on the
expectation that manufacturers would have fewer challenges in the short term in bringing this
technology to market for vehicles with lower power demands and lower engine inertia. In this
alternative, the agencies project the overall workday idle adoption rate would approach 100
percent, such that any vehicle without stop-start (except HHD Regional) would apply neutral idle
in MY 2021. These adoption raters consider a more aggressive investment by manufacturers in
developing these technologies. Estimates of research and development costs for this alternative
are presented in the draft RIA Chapter 7.1.

For weight reduction, in this alternative, the agencies project the same adoption rates of a
200-1b lightweighting package as in the proposal for each subcategory in MY 2021, which is four
to seven percent.

2.9.6.1.2 Costs Associated with Alternative 4 Standards

The agencies have estimated the costs of the technologies expected to be used to comply
with the Alternative 4 standards, as shown in Table 2-67 for MY2021. Fleet average costs are
shown for light, medium and heavy HD vocational vehicles in each duty-cycle-based
subcategory — Urban, Multi-Purpose, and Regional. As shown, in MY 2021 these range from
approximately $800 for MHD and LHD Regional vehicles, to $4,300 for HHD Urban and
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Multipurpose vehicles. Those two subcategories are projected to have the higher-cost packages
in MY 2021 due to an estimated 9 percent adoption of HHD hybrids, which are estimated to cost
$40,000 per vehicle in MY 2021, as shown in Chapter 2.12.7 of the draft RIA. The engine costs
listed represent the cost of an average package of diesel engine technologies with Alternative 4
adoption rates described in the preamble at Section 11.D.2(e).

Table 2-67 Vocational Vehicle Technology Incremental Costs for Alternative 4Standards in the 2021 Model

Year?® (2012$)
LIGHT HD MEDIUM HD HEAVY HD
Urban Multi- Regional | Urban Multi- Regional | Urban | Multi- | Regional

purpose purpose purpose
Engine* $372 $372 $372 | $345 $345 $345 | $345 $345 $345
Tires $7 $7 $7 $7 $7 $7 $7 $7 $7
Transmission $148 $148 $148 | $148 $148 $148 | $148 $148 $2,042
Axle related $99 $99 $99 $99 $99 $99 | $148 $148 $243
Weight $27 $27 $48 $27 $27 $41 $27 $27 $34
Reduction
Idle reduction $110 $110 $110 | $116 $116 $116 $8 $8 $0
Electrification | $1,384 $1,384 $0 | $2,175 $2,175 $0 | $3,633 | $3,633 $0
&
hybridization
Air $22 $22 $22 $22 $22 $22 $22 $22 $22
Conditioning
Total $2,169 $2,169 $805 | $2,938 $2,938 $777 | $4,337 | $4,337 $2,693
Notes:

2 Costs shown are for the 2021 model year and are incremental to the costs of a vehicle meeting the Phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to draft RIA Chapter 2.12.

b Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated vehicle classes.

¢ Engine costs are for a light HD, medium HD or heavy HD diesel engine. We are projecting no additional costs
beyond Phase 1 for gasoline vocational engines in MY2021 under this alternative.

The estimated costs of the technologies expected to be used to comply with the
Alternative 4 standards for MY 2024 are shown in Table 2-68. Fleet average costs are shown for
light, medium and heavy HD vocational vehicles in each duty-cycle-based subcategory — Urban,
Multi-Purpose, and Regional. As shown, these range from approximately $1,500 for MHD and
LHD Regional vehicles to $7,900 for HHD Urban and Multipurpose vehicles. These two
subcategories are projected to have the higher-cost packages in MY 2024 due to an estimated 18
percent adoption of HHD hybrids, which are estimated to cost $33,000 per vehicle in MY 2024,
as shown in Chapter 2.12.7 of the draft RIA. The engine costs listed represent the cost of an
average package of diesel engine technologies with Alternative 4 adoption rates described in the
preamble at Section I11.D.2(e). For gasoline vocational vehicles, the agencies are projecting
adoption of Level 2 engine friction reduction with an estimated $74 added to the average Sl
vocational vehicle package cost in MY 2024, which represents about 56 percent of those vehicles
upgrading beyond Level 1 engine friction reduction. Further details on how these Sl vocational
vehicle costs were estimated are provided above in Chapter 2.9.1. The details behind all these
costs are presented in draft RIA Chapter 2.12, including the markups and learning effects applied

2-151




and how the costs shown here are weighted to generate an overall cost for the vocational vehicle
segment.

Table 2-68 Vocational Vehicle Technology Incremental Costs for Alternative 4 Standards in the 2024 Model

Year®? (2012%)
LIGHT HD MEDIUM HD HEAVY HD
Urban Multi- Regional | Urban Multi- Regional | Urban Multi- Regional

purpose purpose purpose
Engine® $493 $493 $493 $457 $457 $457 $457 $457 $457
Tires $26 $26 $26 $26 $26 $26 $40 $40 $40
Transmission $256 $256 $280 | $256 $256 $280 | $256 $256 $3,123
Axle related $90 $90 $90 $90 $90 $90 $136 $136 $224
Weight Reduction $30 $30 $49 $30 $30 $43 $30 $30 $37
Idle reduction $561 $524 $524 $592 $553 $553 | $1,014 $1,014 $1,011
Electrification & $2,264 $2,264 $0 | $3,559 $3,559 $0 | $5,943 $5,943 $0
hybridization
Air Conditioning $20 $20 $20 $20 $20 $20 $20 $20 $20
Total $3,741 $3,704 $1,482 | $5,030 $4,992 $1,469 | $7,895 $7,895 $4,912
Notes:

2 Costs shown are for the 2024 model year and are incremental to the costs of a vehicle meeting the Phase 1
standards. These costs include indirect costs via markups along with learning impacts. For a description of the
markups and learning impacts considered in this analysis and how it impacts technology costs for other years, refer
to draft RIA Chapter 2.12.

® Note that values in this table include adoption rates. Therefore, the technology costs shown reflect the average cost
expected for each of the indicated vehicle subcategories. Estimated technology costs exclusive of adoption rates are
discussed in RIA 2.12.

¢ Engine costs shown are for a light HD, medium HD or heavy HD diesel engines. For gasoline-powered vocational
vehicles we are projecting $74 of additional engine-based costs beyond Phase 1 in MY2024.

2.10 Technology Application and Estimated Costs — Trailers

The agencies are proposing standards for trailers specifically designed to be pulled by
Class 7 and 8 tractors. These proposed standards are expressed as CO2 and fuel consumption
standards, and would apply to each trailer with respect to the emissions and fuel consumption
that would be expected for a specific standard type of tractor pulling such a trailer. EPA and
NHTSA believe it is appropriate to establish standards for trailers separately from tractors
because they are separately manufactured by distinct companies; the agencies are not aware of
any manufacturers that currently assemble both the finished tractor and the trailer. This section
of the draft RIA describes the analyses performed by the agencies as we developed the proposed
trailer program.

2.10.1 Trailer Subcategories Evaluated

The agencies evaluated several trailer subcategories for this proposal. Though many of
the same technologies are available for dry and refrigerated vans, the agencies evaluated these
trailer types separately. The transport refrigeration unit (TRU) commonly located at the front of
refrigerated trailers adds weight, has the potential to impact the aerodynamic characteristics of
the trailer, and may limit the type of aerodynamic devices that can be applied. Additionally,
“long box” trailers in lengths 50 feet or longer and “short box” trailers less than 50 feet in length
were evaluated separately due to differences in both weight and use patterns.
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The agencies identified a list of work-performing devices that are sometimes added to
standard box trailers, which may inhibit the use of some aerodynamic devices. The agencies are
proposing to recognize box trailers that are restricted from using aerodynamic devices in one
location on the trailer as “partial-aero” box trailers. We believe these trailers have the ability to
adopt some aerodynamic technologies, but do not expect them to be able to meet the same
stringencies as the standard box vans.

Additionally, we propose to consider box trailers that have work-performing devices in
two locations such that they inhibit the use of all practical aerodynamic devices to be “non-aero”
box trailers that would be not be expected to adopt aerodynamic technologies at any point in the
program. The agencies are proposing that the non-aero box trailer subcategory include box
trailers with more than three axles, since they are designed to be used in heavy-haul applications
where aerodynamic devices are not generally practical.

The agencies evaluated all non-box highway trailers (e.g., tankers, platforms, and car
haulers) as a single representative trailer assuming a single stringency level for all trailers within
the subcategory. These stringency levels did not include the use of aerodynamic technologies.

In summary, the agencies are proposing ten trailer subcategories:

— Long box (longer than 50 feet) dry vans

— Long box (longer than 50 feet) refrigerated vans

— Short box (50 feet and shorter) dry vans

— Short box (50 feet and shorter) refrigerated vans

— Partial-aero long box dry vans

— Partial-aero long box refrigerated vans

— Partial-aero short box dry vans

— Partial-aero short box refrigerated vans

— Non-aero box vans (all lengths of dry and refrigerated vans)

— Non-box highway (tanker, platform, container chassis, and all other types of highway
trailers that are not box trailers).

The partial-aero box trailers would have similar stringencies as their corresponding full-aero
trailers in the early phase-in years, but would have separate, reduced standards as the program
becomes fully implemented.

The analysis in the following sections describes our evaluation of two alternative
stringencies with similar technologies. In the first analysis we projected adoption rates that were
used to develop the proposed standards in MY 2027. The second analysis considers the same
technologies with less lead time to achieve similar adoption rates.

The agencies did consider an alternative that differentiated tanker trailers, platform
trailers, and container chassis from the other non-box highway trailers to include aerodynamic
technologies on a fraction of these trailer types. However, an evaluation of this alternative is not
included here. As discussed in Section IV of the preamble for this proposal, a majority of the
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non-box trailer manufacturers meet the definition of small business.° EPA convened and the
agencies are proposing to follow the recommendations of the Small Business Advocacy Review
panel required by the Small Business Regulatory Enforcement Fairness Act (SBREFA). This
panel concluded that aerodynamic requirements for non-box trailer manufacturers would
disproportionately burden small manufacturers and they recommended that no aerodynamic
requirements be proposed.

2.10.2 Defining the Proposed Trailer Technology Packages

The impact of a trailer on the overall fuel efficiency and CO2 emissions of a tractor-trailer
vehicle varies depending on three main characteristics of the trailer: aerodynamic drag, rolling
resistance, and weight. In this section, we outline the technologies that the agencies evaluated
for the proposed standards.

2.10.2.1 Aerodynamic Drag Reduction

The rigid, rectangular shape of box trailers creates significant aerodynamic drag and
makes them ideal candidates for aerodynamic technologies that can reduce drag and improve
fuel consumption and CO2 emissions. Current aerodynamic technologies for box trailers have
shown significant drag reductions, as discussed below. These technologies are designed to
create a smooth transition of airflow from the tractor, around the trailer, and beyond the trailer.
Box trailers provide opportunities to address drag at the front, rear, and underside of the trailer,
and the agencies considered several types of aerodynamic devices designed to address drag at all
of these points. Table 2-69 lists general aerodynamic technologies that the EPA SmartWay
program has evaluated for use on box trailers and a description of their intended impact. Several
versions of each of these technologies are commercially available and have seen increased
adoption over the past decade. Performance of these devices varies based on their design, their
location and orientation on the trailer, and the vehicle speed.

Table 2-69 Aerodynamic Technologies for Box Trailers

LOCATION EXAMPLE TECHNOLOGIES INTENDED IMPACT ON AERODYNAMICS

ON TRAILER

Front Front fairings and gap-reducing Reduce cross-flow through gap and smoothly
fairings transition airflow from tractor to the trailer

Rear Rear fairings, boat tails and flow Reduce pressure drag induced by the trailer wake
diffusers

Underside Side fairings and skirts, and Manage flow of air underneath the trailer to reduce
underbody devices turbulence, eddies and wake

2.10.2.1.1 Performance of Aerodynamic Technologies

SmartWay-verified technologies are evaluated on 53-foot dry vans. The verified
technologies are grouped into bins that represent one percent, four percent, or five percent fuel

© The Regulatory Flexibility Act defines small entities as including “small businesses,” “small governments,” and
“small organizations” (5 USC 601) and references the Small Business Act for the definition of “small businesses”
using size standards based on the North American Industry Classification System (NAICS) (13 CFR 121.201).
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savings relative to a typical long-haul tractor-trailer at 65-mph cruise conditions. Use of verified
aerodynamic devices totaling at least five percent fuel savings, along with verified tires, qualifies
a 53-foot dry van trailer for the “SmartWay Trailer” designation. In 2014, EPA expanded the
program to include refrigerated vans and provided a “SmartWay Elite” designation if fleets adopt
verified tires and aerodynamic equipment providing nine percent or greater fuel savings. To-
date, nine aerodynamic technology packages from five manufacturers have received the
SmartWay Elite designation. We may refer to SmartWay verification levels in this analysis,
since the trailer industry is most familiar with these values as a measure of trailer performance.

It is important to note that the cruise speed results presented in SmartWay do not
necessarily represent performance that would be observed in real world operation. Additionally,
EPA’s Greenhouse gas Emissions Model (GEM), which is the tool the agencies are proposing to
use for trailer compliance, uses a weighted average of three drive cycles in its vehicle simulation.
The CO2 and fuel consumption reductions calculated in GEM may differ from those measured in
SmartWay’s performance tests. Figure 2-17 shows a comparison of the CO2 reductions observed
for the three individual drive cycles simulated in GEM and the reductions using a combination of
the three GEM cycles with the cycle weightings assigned to long-haul tractor-trailers in this
proposed rulemaking (i.e., 86 percent 65-mph cruise, 9 percent 55-mph cruise, and 5 percent
transient). These results could be used to estimate the difference in performance when
comparing a constant, 65-mph cruise test similar to SmartWay’s performance tests or the results
from GEM simulations used for compliance to other driving conditions. These results suggest
that the SmartWay Elite target improvement of nine percent would be closer to eight percent
using GEM’s long-haul simulation. It can also be seen that very little benefit is seen for tractor-
trailers driving under highly transient conditions. These results are for illustrative purposes only
and do not provide an exact correlation between test results, real-world results, and results from
GEM.

CO2 Reductions for Simulated Long-Haul Dry Van
(Compare GEM Cycles)
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Figure 2-17 Comparison of Weighted and 65-mph Cruise Results using EPA's GEM for a Long Dry Van
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In this analysis, the aerodynamic performance of a tractor-trailer vehicle is quantified by
the aerodynamic drag area, CdA (coefficient of drag multiplied by frontal area), which is a
function of both tractor and trailer aerodynamic characteristics. EPA’s aerodynamic testing of
Class 8 high roof sleeper cab tractors pulling standard 53-foot dry vans with zero aerodynamic
technologies produced an average CdA value of 6.2 m? in coastdown testing and an average
zero-yaw CdA value of 5.5 m? in wind tunnel testing (see Chapter 3.2.4.1). EPA also performed
wind tunnel tests on a Class 7 high roof day cab pulling several configurations of a solo 28-foot
dry van trailer and two tandem 28-foot dry van trailers. The average zero-yaw CdA value for the
solo 28-foot trailer configuration with zero aerodynamic technologies was 5.4 m? (a two percent
difference compared the corresponding test of the 53-foot trailer).

For this analysis, EPA grouped these common aerodynamic devices into packages of
individual or combined technologies. Front fairings and gap reducers provide the smallest
benefit of the aerodynamic technologies considered. Skirts and boat tails come in ranges of sizes
and vary in effectiveness. For the purpose of this analysis, the agencies grouped these two
technologies into “basic” and “advanced”. Basic boat tails and skirts achieve SmartWay’s
verification threshold of four percent at cruise speeds. Advanced tails and skirts achieve
SmartWay’s five percent verification. These technologies can be used individually, or in
combination. The overall performance of a combination of devices could be nearly additive in
terms of the effectiveness of its individual devices. Some devices may work synergistically to
achieve greater reductions or counteract and provide less reduction. The trailer aerodynamics
industry continues to evolve and the agencies anticipate further optimization of these devices in
the future. In addition to these bolt-on technologies, some manufacturers are experimenting with
physical changes to the trailer design such that the overall construction of the trailer is more
aerodynamic.

EPA collected aerodynamic test data for many of the technologies mentioned previously
on several tractor-trailer configurations, including 53-foot dry vans and 28-foot dry van pup
trailers. As described in Chapter 3, EPA’s aerodynamic testing included four tractor models,
three trailer models, and several aerodynamic technologies. The wind tunnel results shown in
Figure 2-18 indicate there is very little difference in performance between trailer manufacturers
for their basic trailer models.
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Wind Tunnel Tests: Average CdA
(Average of Four Tractors)

HBaseline MTail ®mSkirtl ®Skirt2 Skirt 2 + Tail

6.0

5.0

4.0

CdA (m2)

3.0

2.0

1.0

0.0

Trailer 1 Trailer 2 Trailer 3

Figure 2-18 Variation in Performance of Trailer Devices due to Trailer Manufacturer

However, the results showed some variation in aerodynamic performance depending on
the tractor type, device manufacturer, and test method. Figure 2-19 illustrates these variations
for a single trailer. While there is some variability in the numerical CdA values of the baseline
(zero technology) tractor-trailers tested, there is less variation in the effect of adding devices.

For example, the wind tunnel CdA result for adding a skirt and tail to Tractor 1 (orange bar in the
first column of Figure 2-19) is 4.5 m? and the coastdown CdA result for adding the same skirt
and tail to Tractor 3 (orange bar in the last column of Figure 2-19) is 5.8 m2. However, when we
compare the effect of adding the devices by taking into account the change from the baseline
result, we get a change in CdA (delta CdA) of 0.9 m? for Tractor 1 and 0.8 m? for Tractor 3.

This reduced variation is one of the motivating factors in our decision to use a delta CdA
approach for trailers in lieu of requiring an absolute CdA test.”

P Additional considerations include the fact that an absolute test would require a specific standard tractor for testing
to ensure an apples-to-apples comparison of all trailer test results and a delta CdA approach makes it possible to
allow device manufacturers to perform tests on their devices and have them pre-approved for any trailer
manufacturer to apply on their trailers.
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Effect on Absolute CdA
(Multiple Tractors, Multiple Test Methods, Single Trailer)
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Figure 2-19 Variation in Aerodynamic Performance of Trailer Devices due to Tractor Manufacturer and
Test Method

2.10.2.1.2 Performance Bins for Aerodynamic Technologies

The agencies developed bins based on changes in CdA (or “delta CdA”) to encompass
technologies that are expected to provide similar improvements in drag (e.g., most skirts would
fall into the same bin) and cover the variability due to tractor model, test method, device
manufacturer, and trailer manufacturer. Figure 2-20 summarizes the trailer aerodynamic test
results that were used to establish the trailer certification bins. These results show the average
delta CdA over four tractor types, and two test methods (i.e., wind tunnel and coastdown) using a
single trailer.
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Effect of Aerodynamic Trailer Devices
(Multiple Tractors, Multiple Test Methods, Single Trailer)
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Figure 2-20 Aerodynamic Trailer Testing Results used to Establish Bins for Trailer Certification

As seen in Figure 2-21, results from EPA’s testing of solo 28-foot trailers show that a
basic skirt would fall into Bin Il and the addition of a gap reducer improves the aerodynamic
performance to Bin 111 or Bin IV levels of drag reduction. It should be noted that while the
agencies have chosen to test and regulate 28-foot box trailers individually, they are often pulled
in a tandem configuration, which restricts the type of aerodynamic devices that can be applied on
the rear of the trailers. We expect rear devices such as boat tails would not be practical for 28-
foot box trailers, since those devices are only deployable when the trailer is in the rear position.
However, we recognize that other trailer lengths within the short box trailer subcategory (e.g.,
40-foot and 48-foot) would be able to use rear aerodynamic devices and achieve the
improvements observed in the higher bins.
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Figure 2-21 Aerodynamic Trailer Testing Results for a Solo 28-Foot Dry Van Relative to Proposed Bins

Table 2-70 below illustrates the bin structure that the agencies are proposing as the basis
for compliance. The table summarizes example technology packages that might be included in
each bin for two example trailers.

Table 2-70 Aerodynamic Technology Bins used to Evaluate Trailer Benefits and Costs

BIN DELTA CDA | AVERAGE EXAMPLE TECHNOLOGIES
DELTA CDA 53-FOOT DRY VAN 28-FOOT DRY VAN

Binl | <0.09 0.0 No Aero Devices No Aero Devices

Binll | 0.10-0.19 0.1 Gap Reducer Skirt

Bin 0.20-0.39 0.3 Basic Skirt or Basic Tail Skirt + Gap Reducer

"

Bin 0.40-0.59 0.5 Advanced Skirt or Tail Adv. Skirt + Gap Reducer

v

BinV | 0.60-0.79 0.7 Basic Combinations

Bin 0.80-1.19 1.0 Advanced Combinations

Vi (including SmartWay Elite)

Bin 1.20-1.59 1.4 Optimized Combinations

VII

Bin >1.60 1.8 Changes to Trailer Construction

VIII

Within GEM, the aerodynamic performance of each trailer subcategory is evaluated by
comparing the delta CdA from Table 2-70 to a CdA value representative of a tractor-trailer
vehicle with zero aerodynamic trailer technologies (i.e., Bin I). The agencies chose to model the
zero-technology long box dry van using a CdA value of 6.2 m? (the average CdA from EPA’s
coastdown testing). For long box refrigerated vans, a two percent reduction in CdA was
assumed to account for the aerodynamic benefit of the TRU at the front of those trailers. A short
box dry van also received a two percent lower CdA value compared to its 53-foot counterpart,
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consistent with the reduction observed in EPA’s wind tunnel testing. The CdA value assigned to
a refrigerated short box van was an additional two percent lower than the short box dry van.
Special purpose trailers of all lengths are modeled as a short dry van trailer in GEM and have the
same Bin | CdA value of 6.1 m?. Since there are no aerodynamic requirements for special
purpose trailers, the rest of the bins are unnecessary. Non-box highway trailers, which are
modeled as flatbed trailers, were assigned a drag area of 5.0 m?, as was done in the Phase 1
tractor program for low roof day cabs. Table 2-71 illustrates the absolute drag areas (CdA)
associated with each aerodynamic bin for each trailer subcategory.

Table 2-71 Baseline CdA Values Associated with Aerodynamic Bin | (Zero Trailer Technologies) within

GEM

TRAILER DRY VAN
SUBCATEGORY

Long Dry Van 6.2
Short Dry Van 6.1
Long Ref. Van 6.1
Short Ref. Van 6.0
Special Purpose Box 6.1
Non-Box Highway 4.9

2.10.2.1.3 Effect of Wind-Averaged Drag

The agencies recognize that the benefits of aerodynamic devices for trailers can be better
seen when measured considering multiple yaw angles. To evaluate the effect of wind, we
compared the zero yaw and wind-averaged results from EPA’s wind tunnel tests. The wind-
average results were calculated at 55 mph vehicle speeds, consistent with the procedures in 40
CFR 1037.810. The results for three trailers, each an average of tests performed on four tractors,
are shown in Figure 2-22. The wind-averaged analysis consistently results in a larger
improvement (i.e., delta CdA). The gap reducer technology shows minimal benefit under a zero
yaw analysis, but a measurable benefit when yaw angles are considered.

The performance bins and the resulting proposed standards were developed using zero
yaw drag results. The agencies are not proposing to accept wind averaged drag results, in order
to maintain consistency between test methods, as was shown in Figure 2-19. The use of wind-
averaged drag data would result in larger benefits for trailers tested using a wind tunnel or CFD
compared to same trailers tested using coastdown procedures. The tractor program, which is
proposing to use wind-averaged drag results, has a reference test method and a correction factor
to maintain consistency between methods. The trailer program is not proposing to require a
reference test, in order to reduce the test burden for manufacturers and allow them to choose an
appropriate test method for their needs and resources.
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Comparison of Zero Yaw and Wind-Averaged Drag Results
(Wind Tunnel Results, Trailers Results are Average of Four Tractors)

mTrailer 1, Zero Yaw

1.6 ® Trailer 1, Wind-Averaged
mTrailer 2, Zero Yaw

1.4 Trailer 2, Wind-Averaged
m Trailer 3, Zero Yaw

1.2 Trailer 3, Wind-Averaged
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Figure 2-22 Comparison of Zero Yaw and Wind-Averaged Drag Results

2.10.2.2 Tire Rolling Resistance
2.10.2.2.1 Lower Rolling Resistance Tires

On a typical Class 8 long-haul tractor-trailer, over 40 percent of the total energy loss from
tires is attributed to rolling resistance from the trailer tires.**’ Trailer tire rolling resistance
values collected by the agencies for Phase 1 indicate that the average coefficient of rolling
resistance (CRR) for new trailer tires was 6.0 kg/ton. This value was applied for the standard
trailer used for tractor compliance in the Phase 1 tractor program. For Phase 2, the agencies
consider all trailer tires with CRR values below 6.0 kg/ton to be “lower rolling resistance” (LRR)
tires. For reference, a trailer tire that qualifies as a SmartWay-verified tire must meet a CRR
value of 5.1 kg/ton, a 15 percent CRR reduction from the trailer tire identified in Phase 1. Our
research of rolling resistance indicates an additional CRR reduction of 15 percent or more from
the SmartWay verification threshold is possible with tires that are available in the commercial
market today.

For this proposal, the agencies are proposing to use the same rolling resistance baseline
value of 6.0 kg/ton for all trailer subcategories. In the preamble at Section 1V, the agencies
request comments including information on current adoption rates of and CRR values for models
of LRR tires in use by the various trailer types today.

Similar to the case of tractor tires, LRR tires are available as either dual or as single wide-
based tires for trailers. Single wide-based tires achieve CRR values that are similar to their dual
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counterparts, but have an added benefit of weight reduction, which can be an attractive option for
trailers that frequently maximize cargo weight.

2.10.2.2.2 Performance Levels for LRR Tires

Similar to the proposed Phase 2 tractor and vocational vehicle programs, the agencies are
proposing a tire program based on adoption of lower rolling resistance tires. Feedback from
several box trailer manufacturers indicates that the standard tires offered on their new trailers are
SmartWay-verified tires (i.e., CRR of 5.1 kg/ton or better). An informal survey of members
from the Truck Trailer Manufacturers Association (TTMA) indicates about 35 percent of box
trailers sold today have SmartWay tires.'*® While some trailers continue to be sold with tires of
higher rolling resistances, the agencies believe most box trailer tires currently achieve the Phase
1 trailer tire CRR of 6.0 kg/ton or better.

The agencies evaluated two levels of tire performance for this proposal beyond the
baseline trailer tire with a CRR of 6.0 kg/ton. The first performance level was set at the criteria
for SmartWay-verification for trailer tires, 5.1 kg/ton, which is a 15 percent reduction in CRR
from the baseline. As mentioned previously, several tire models available today achieve rolling
resistance values well below the present SmartWay threshold. Given the multiple year phase-in
of the standards, the agencies expect that tire manufacturers will continue to respond to demand
for more efficient tires and will offer increasing numbers of tire models with rolling resistance
values significantly better than today’s typical LRR tires. In this context, we believe it is
reasonable to expect a large fraction of the trailer industry could adopt tires with rolling
resistances at a second performance level that would achieve an additional eight percent
reduction in rolling resistance (a 22 percent reduction from the Level 1 tire), especially in the
later stages of the program. The agencies project the CRR for this second level of performance
to be a value of 4.7 kg/ton. The agencies evaluated these three tire rolling resistance levels,
summarized in Table 2-72, in the feasibility analysis of the following sections. GEM simulations
that apply Level 1 and 2 tires result in CO2 and fuel consumption reductions of two and three
percent from the Level 1 tire, respectively.

Table 2-72 Summary of Trailer Tire Rolling Resistance Levels Evaluated

ROLLING CRR (KG/TON)
RESISTANCE LEVEL
Baseline 6.0
Level 1 5.1
Level 2 4.7

2.10.2.3 Tire Pressure Systems

The inflation pressure of tires also impacts the rolling resistance. Tractor-trailers
operating with all tires under-inflated by 10 psi have been shown to increase fuel consumed by
up to one percent.’*® Tires can gradually lose pressure from small punctures, leaky valves or
simply diffusion through the tire casing. Changes in ambient temperature can also affect tire
pressure. Trailers that remain unused for long periods of time between hauls may experience any
of these conditions. A 2003 FMCSA report found that nearly one in five trailers had at least one
tire under-inflated by 20 psi or more. If drivers or fleets are not diligent about checking and
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attending to under-inflated tires, the trailer may have much higher rolling resistance and much
higher CO2 emissions and fuel consumption.

2.10.2.3.1  Types of Tire Pressure Monitoring Systems

Tire pressure monitoring (TPM) and automatic tire inflation (ATI) systems are designed
to address under-inflated tires. Both systems alert drivers if a tire’s pressure drops below its set
point. TPM systems simply monitor the tires and require user-interaction to reinflate to the
appropriate pressure. Today’s ATI systems take advantage of trailers’ air brake systems to
supply air back into the tires (continuously or on demand) until a selected pressure is achieved.
In the event of a slow leak, ATI systems have the added benefit of maintaining enough pressure
to allow the driver to get to a safe stopping area.™®® The agencies believe TPM systems cannot
sufficiently guarantee the proper inflation of tires due to the inherent user-interaction required.
Therefore, ATI systems are the only pressure systems the agencies are proposing to recognize in
Phase 2.

2.10.2.3.2 Performance of ATI Systems

Estimates of the benefits of ATI systems vary depending on the base level of
maintenance already performed by the driver or fleet, as well as the number of miles the trailer
travels. Trailers that are well maintained or that travel fewer miles would experience less
benefits from ATI systems compared to trailers that often drive with poorly inflated tires or log
many miles. The agencies believe ATI systems can provide a CO2 and fuel consumption benefit
to most trailers. With ATI use, trailers that have lower annual vehicle miles traveled (VMT) due
to long periods between uses would be less susceptible to low tire pressures when they resume
activity. Trailers with high annual VMT or frequent changes in ambient conditions would
experience the fuel savings associated with consistent tire pressures. Automatic tire inflation
systems could provide a CO2 and fuel consumption savings of 0.5-2.0 percent, depending on the
degree of under-inflation in the trailer system.

Maintaining tire pressure is important to fuel consumption. Tire manufacturers estimate
a tire pressure 10 psi below target results in a 0.9 percent increase in fuel consumption. Two
studies have evaluated truck and trailer tire inflation including FMCSA (2003) and TMC
(2002).1511%2 In the 2003 FMCSA study, tire inflation (psi) was measured in 3,200 tractors and
1,300 trailers. The TMC study measured tire inflation rates in two fleets and found that only 38
percent of sampled trailer tires were within +/- 5 psi of target pressure as prescribed by tire
manufacturers. The study also found that more than 20 percent of tires were 20 psi or more
underinflated and four percent of tires were 50 psi or more underinflated compared to the target.
The FMCSA study found similar results. These figures suggest under inflation of tractor and
trailer tires in the U.S. fleet could result in an increase in fuel consumption of approximately one
to two percent. Most recently, FMCSA (2014) evaluated trailer ATI systems in two test fleets.*>
The study found ATI systems improved fuel consumption 1.4 percent in test trucks as compared
to control trucks in two fleets.

NHTSA and EPA recognize the role of proper tire inflation in maintaining optimum tire

rolling resistance during normal trailer operation. For this proposal, rather than require
performance testing of ATI systems, the agencies are proposing to recognize the benefits of ATI
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systems with a single default reduction for manufacturers that incorporate ATI systems into their
trailer designs. Based on information available today, we believe that there is a narrow range of
performance among technologies available and among systems in typical use. We propose to
assign a 1.5 percent reduction in CO2 and fuel consumption for all trailers that implement ATI
systems, based on information available today.'®* We believe the use of these systems can
consistently ensure that tire pressure and tire rolling resistance are maintained. We selected the
levels of the proposed trailer standards with the expectation that a high rate of adoption of ATI
systems would occur across all on-highway trailers and during all years of the phase-in of the
program. For a target tire pressure of 100 psi, a 1.5 percent reduction could be achieved
assuming 30 percent of trailer tires are at their target pressure, 30 percent are 10 psi below target,
20 percent are 20 psi low, 10 percent are 30 psi low, 5 percent are 40 psi low and 5 percent are
50 psi or more below target pressure.

2.10.2.4 Weight Reduction

Reduction in trailer tare (or empty) weight can lead to fuel consumption reductions in two
ways. For applications where payload is not limited by weight restrictions, the overall weight of
the tractor and trailer would be reduced and would lead to improved fuel efficiency. For
applications where payload is limited by weight restrictions, the lower trailer weight would allow
additional payload to be transported during the truck’s trip, so g/ton-mile emissions would
decrease. Weight reduction opportunities in trailers exist in both the structural components and
in the wheels and tires. Manufacturers commonly replace components such as roof posts, bows,
side posts, cross members, floor joists, and floor sections with lighter weight options.

Major lower-weight options are not offered consistently by all trailer manufacturers
across the industry. For example, some manufacturers have already marketed lower-weight
major components for many years, while others to date have not done so. There is no clear
“baseline” for current trailer weight against which lower-weight designs could be compared for
regulatory purposes. For this reason, the agencies do not believe it would be appropriate or fair
across the industry to apply overall weight reductions toward compliance. However, the
agencies do believe it would be appropriate to allow a manufacturer to account for weight
reductions that involve substituting very specific, traditionally heavier components with lower-
weight options that are not currently widely adopted in the industry.

The agencies recognize that when weight reduction is applied to a trailer, some operators
will replace that saved weight with additional payload. To account for this in EPA’s GEM
vehicle simulation tool, it is assumed that one-third of the weight reduction is applied to the
payload. For tractor-trailers simulated in GEM, it takes a weight reduction of nearly 1,000
pounds before a one percent fuel savings is achieved and about a 2,500 pound reduction to reach
three percent savings. The component substitutions identified by the agencies result in weight
reductions of less than 500 pounds, yet can cost over $1,000. The agencies believe that few
trailer manufacturers would apply weight reduction solely as a means of achieving reduced fuel
consumption and CO2 emissions, and we are proposing standards that can be met without
reducing weight. However, we are proposing to offer weight reduction as an option for box
trailer manufacturers who wish to apply it to some of their trailers as part of their emissions
averaging strategy.
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2.10.2.4.1  Weight Reduction Options Recognized in this Proposal

The agencies are proposing compliance provisions that would limit the weight-reduction
options to the substitution of specified components that can be clearly isolated from the trailer as
a whole. For this proposal, the agencies have identified several conventional components with
available lighter-weight substitutes (e.g., substituting conventional dual tires with steel wheels
with single wide-based tires and aluminum wheels). We are proposing values for the associated
weight-related savings that would be applied with these substitutions for compliance. We
believe that the initial cost of these component substitutions is currently substantial enough that
only a relatively small segment of the industry has adopted these technologies today.

In addition to weight reduction associated with replacing standard steel wheels with
aluminum versions, and adopting single wide-based tires in place of dual tires, the agencies have
identified 11 common trailer components that have lighter weight options available, 15156157158
Some of the references include confidential data that outlined weight savings and costs
associated with these material substitutions. Table 2-73 lists the components, and estimates of
weight savings and costs obtained by the agencies. Manufacturers that adopt these technologies
would sum the associated weight reductions and apply those values in GEM. Steel wheels can
be replaced with aluminum wheels and two dual tires can be replaced with single wide-based
tires on aluminum wheels. Relatively large weight savings are possible by replacing steel upper
coupler assemblies or suspension sub-frames with aluminum versions, but these substitutions are
more expensive and more labor-intensive to install.

Table 2-73 Weight Reduction Options for Trailers

COMPONENT MATERIAL WEIGHT
SUBSTITUTION REDUCTION (LB)
Hub and Drum (per axle) Cast Iron to Aluminum 80
Floor Hardwood to Aluminum 375
Floor Hardwood to Composite 245
Floor Crossmembers Steel to Aluminum 203
Landing Gear Steel to Aluminum 50
Rear Door Steel to Aluminum 187
Rear Door Surround Steel to Aluminum 150
Roof Bows Steel to Aluminum 100
Side Posts Steel to Aluminum 300
Slider Box Steel to Aluminum 150
Structure for Suspension Assembly | Steel to Aluminum 280
Upper Coupler Assembly Steel to Aluminum 430

2.10.2.5 Effectiveness of Technologies

The agencies are proposing to recognize trailer improvements via four performance
parameters: aerodynamic drag reduction, tire rolling resistance reduction, and the adoption of
ATI and weight reduction. Table 2-74 summarizes the performance levels for each of these
parameters based on the technology characteristics outlined in Section 2.10.2.
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Table 2-74 Performance Parameters for the Proposed Trailer Program

AERODYNAMICS (DELTA CDA, M?)

Bin | 0.0

Bin Il 0.1

Bin Il 0.3

Bin IV 0.5

Bin V 0.7

Bin VI 1.0

Bin VII 14

Bin VIlI 1.8

Tire Rolling Resistance (CRR, kg/ton)
Tire Baseline 6.0

Tire Level 1 5.1

Tire Level 2 4.7

Tire Inflation System (% reduction)
ATI System | 15

Weight Reduction (pounds)

Weight 1/3 added to payload, remaining

reduces overall vehicle weight

These performance parameters have different effects on each trailer subcategory due to
differences in the simulated trailer characteristics. Table 2-75 shows the agencies’ estimates of
the effectiveness of each parameter for four box trailer types. Each technology was evaluated in
GEM using the baseline parameter values for the other technology categories. For example, each
aerodynamic bin was evaluated using the Tire Level 1 (6.0 kg/ton) and the Base weight reduction
option (zero pounds). The table shows that aerodynamic improvements offer the largest
potential for CO2 emissions and fuel consumption reductions, making them relatively effective
technologies.
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Table 2-75 Effectiveness (Percent Change in CO2 Emissions and Fuel Consumption) of Technologies for the
Proposed Trailer Program

AERODYNAMICS DELTA CDA (M? | DRY VAN | REFRIGERATED VAN
Long | Short Long Short
Bin | 0.0 0% 0% 0% 0%
Bin I 0.1 1% | -1% -1% -1%
Bin 11l 0.3 2% | -2% -2% -2%
Bin IV 0.5 3% | -4% -3% -3%
Bin V 0.7 5% | -5% -5% -5%
Bin VI 1.0 1% | -7% -71% -71%
Bin VII 1.4 -10% | -10% -9% -10%
Bin VIII 1.8 -13% | -13% -12% -12%
Tire Rolling Resistance CRR (kg/ton) Dry Van Refrigerated Van
Long | Short Long Short
Baseline 6.0 0% 0% 0% 0%
Level 1 5.1 2% | -1% -2% -1%
Level 2 4.7 3% | -2% -3% -2%
Weight Reduction Weight (Ib) Dry Van Refrigerated Van
Long | Short Long Short
Baseline 0.0 0.0% | 0.0% 0.0% 0.0%
Option 1 168 -0.2% | -0.3% -0.2% -0.3%
Option 2 280 -0.3% | -1% -0.3% -1%
Option 3 430 -0.5% | -1% -0.5% -1%
Option 4 556 1% | -1% -1% -1%

2.10.3 Defining the Baseline Trailers
2.10.3.1 Baseline Tractor-Trailer Vehicles within GEM

The regulatory purpose of EPA’s heavy-duty vehicle compliance tool, GEM, is to
combine the effects of trailer technologies through simulation so that they can be expressed as
kg/ton-mile and gal/100 ton-mile and thus avoid the need for direct testing of each trailer model
being certified. The proposed trailer program has separate standards for each trailer subcategory,
and a unique tractor-trailer vehicle was chosen to represent each subcategory for compliance. In
the Phase 2 update to GEM, each trailer subcategory is modeled as a particular trailer being
pulled by a standard tractor depending on the physical characteristics and use pattern of the
trailer. Table 2-76 highlights the relevant vehicle characteristics for the zero-technology baseline
of each subcategory. Level 1 trailer tires are used, and the drag area, which is a function of the
aerodynamic characteristics of both the tractor and trailer, is set to the Bin | values shown
previously in Table 2-71. Weight reduction and ATI systems are not applied in these baselines.
Chapter 2.10 of the draft RIA provides a detailed description of the development of these
baseline tractor-trailers.
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Table 2-76 Characteristics of the Zero-Technology Baseline Tractor-Trailer Vehicles

DRY VAN REFRIGERATED AERO- NON-BOX
VAN EXCLUDED | HIGHWAY
BOX
Trailer Length Long Short Long Short All Lengths All Lengths
Tractor Class Class 8 Class 8 Class 8 Class 8 Class 8 Class 8
Tractor Cab Type Sleeper Day Sleeper Day Day Day
Tractor Roof Height High High High High High Low
Engine 2018 MY | 2018 MY | 2018 MY | 2018 MY 2018 MY 2018 MY
15L, 15L, 15L, 15L, 15L, 15L,
455 HP 455 HP 455 HP 455 HP 455 HP 455 HP
Frontal Area (m?) 10.4 10.4 10.4 10.4 10.4 6.9
Baseline Drag Area, CdA (m?) 6.2 6.1 6.1 6.0 6.1 4.9
Steer Tire RR (kg/ton) 6.54 6.54 6.54 6.54 6.54 6.54
Drive Tire RR (kg/ton) 6.92 6.92 6.92 6.92 6.92 6.92
Trailer Tire RR (kg/ton) 6.00 6.00 6.00 6.00 6.00 6.00
Total Weight (kg) 31978 21028 33778 22828 21028 29710
Payload (tons) 19 10 19 10 10 19
ATI System Use 0 0] 0 0 0 0
Weight Reduction (Ib) 0 0 0 0 0 0
Drive Cycle Weightings
65-MPH Cruise 86% 64% 86% 64% 64% 64%
55-MPH Cruise 9% 17% 9% 17% 17% 17%
Transient Driving 5% 19% 5% 19% 19% 19%

2.10.3.2 Reference Case Tractor-Trailer Vehicles to Evaluate Benefits and Costs

In order to evaluate the benefits and costs of the proposed standards, it is necessary to
establish a reference point for comparison. The technologies described in Section 2.10.2 exist in
the market today, and their adoption is driven by available fuel savings as well as by the
voluntary SmartWay Partnership and California’s Heavy Duty Greenhouse Gas Emission
Reduction Measure tractor-trailer requirements. For this proposal, the agencies identified
reference case tractor-trailers for each trailer subcategory based on the technology adoption rates
we project would exist if this proposed trailer program was not implemented.

The agencies believe research funded and conducted by the federal government, industry,
academia and other organizations is likely to result in the adoption of some technologies beyond
the levels required to comply with existing regulatory and voluntary programs. One example of
such research is the Department of Energy Super Truck program®® which has a goal of
demonstrating cost-effective measures to improve the efficiency of Class 8 long-haul freight
trucks by 50 percent by 2015. For purposes of our reference case, we project that by 2018,
absent further California regulation, EPA’s SmartWay program and these research programs will
result in about 20 percent of 53-foot dry and refrigerated vans adopting basic SmartWay-level
aerodynamic technologies (meeting SmartWay’s four percent verification level and Bin 111 from
Table 2-74),16%161.162 30 percent adopting more advanced aerodynamic technologies at the five
percent SmartWay-verification level (Bin V), and five percent adding combinations of

technologies (Bin V). In addition, we project half of these 53’ box trailers will be equipped with
SmartWay-verified tires (i.e., 5.1 kg/ton) and ATI systems as well. The agencies project market
forces will drive an additional one percent increase in adoption of the advanced SmartWay and
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tire technologies each year through 2027. For analytical purposes, the agencies assumed
manufacturers of the shorter box trailers and other trailer subcategories would not adopt these
technologies in the timeframe considered and a zero-technology baseline is assumed. We are not
assuming any weight reduction for any of the trailer subcategories in the reference cases. Table
2-77 summarizes the reference case trailers for each trailer subcategory.

Table 2-77 Adoption Rates and Average Performance Parameters for the Reference Case Trailers

TECHNOLOGY LONG BOX SHORT BOX,

DRY & REFRIGERATED NON-AERO BOX,
VANS & NON-BOX TRAILERS

Model Year 2018 | 2021 | 2024 | 2027 2018 - 2027

Aerodynamics

Bin | 45% | 41% | 38% | 35% 100%

Bin Il - - - - -

Bin 111 20% | 20% | 20% | 20% -

Bin IV 30% | 34% | 37% | 40% -

BinV 5% 5% 5% 5% -

Bin VI - - - - -

Bin VII - - - -

Bin VIII - - - - -

Average Delta CdA (m?) @ 0.2 0.3 0.3 0.3 0.0

Tire Rolling Resistance

Baseline tires 50% | 47% | 43% | 40% 100%

Level 1 tires 50% | 53% | 57% | 60% -

Level 2 tires - - - - -

Average CRR (kg/ton) @ 555 | 552 | 549 | 546 6.0

Tire Inflation

ATI 50% | 53% | 57% | 60% 0%

Average % Reduction 2 0.8% | 0.8% | 0.9% | 0.9% 0.0%

Weight Reduction (pounds)

Weight ? [ o] o] o] o] 0

Notes:

@ Combines adoption rates with performance levels shown in Table 2-74
b Weight reduction was not projected for the reference case trailers

Also shown in Table 2-77 are average aerodynamic performance (delta CdA), average
tire rolling resistance (CRR), and average reductions due to use of ATI and weight reduction for
each stage of the proposed program. These values indicate the performance of theoretical
average tractor-trailers that the agencies project would be in use if no federal regulations were in
place for trailer CO2 and fuel consumption. The average tractor-trailer vehicles serve as
reference cases for each trailer subcategory.

In addition to the reference case described above, a second reference case was developed
by the agencies. This alternative reflects the possibility that absent a Phase 2 regulation, there
will be continuing adoption of technologies in the trailer market after 2027 that reduce fuel
consumption and CO2z emissions. This alternative assumes that by 2040, 75 percent of new
trailers will be equipped with SmartWay-verified aerodynamic devices and low rolling resistance
tires, and ATI. Table 2-78 shows the adoption rates of technologies in the alternative reference
case.
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Table 2-78 Adoption Rates and Average Performance Parameters for the Alternative Reference Case

TECHNOLOGY LONG BOX SHORT BOX,

DRY & REFRIGERATED VANS NON-AERO BOX,
& NON-BOX TRAILERS

Model Year 2018 | 2021 | 2024 | 2027 | 2040 2018 - 2027

Aerodynamics

Bin | 45% | 41% | 38% | 35% | 20% 100%

Bin Il - - - - - -

Bin Il 20% | 20% | 20% | 20% | 20% -

Bin IV 30% | 34% | 37% | 40% | 55% -

Bin V 5% 5% 5% 5% [ 5% -

Bin VI - - - - - -

Bin VII - - - - -

Bin VIII - - - - - -

Average Delta CdA (m?) 2 0.2 0.3 0.3 03] 04 0.0

Tire Rolling Resistance

Baseline tires 50% | 47% | 43% | 40% | 25% 100%

Level 1 tires 50% | 53% | 57% | 60% | 75% -

Level 2 tires - - - - - -

Average CRR (kg/ton) 2 56| 55| 55| 55| 53 6.0

Tire Inflation

ATI 50% | 53% | 57% | 60% | 75% 0%

Average % Reduction 2 0.8% | 0.8% | 0.9% | 0.9% | 1.1% 0.0%

Weight Reduction (pounds)

Weight ol o] o] of o | 0

The agencies applied the vehicle attributes from Table 2-77 and the average performance
values from Table 2-74 in the proposed Phase 2 GEM vehicle simulation to calculate the CO2
emissions and fuel consumption performance of the reference tractor-trailers. The results of
these simulations are shown in Table 2-79. We used these CO2 and fuel consumption values to
calculate the relative benefits of the proposed standards. Note that the large difference between
the per ton-mile values for long and short trailers is due primarily to the large difference in
assumed payload (19 tons compared to 10 tons) as seen in and discussed further in the Chapter
2.10.3. The alternative baseline in Table 2-78 impacts the long-term projections of benefits
beyond 2027, which are analyzed in Chapters 5 through 7 of this draft RIA. The non-box trailers
and non-aero box vans are not included in this reference case analysis, because we are proposing
design standards for these trailers. As such, these trailers would not have standards to meet.
Instead, they would have minimum tire requirements.

Table 2-79 CO2 Emissions and Fuel Consumption Results for the Reference Case Tractor-Trailers

REFRIGERATED
DRY VAN VAN
Length Long Short Long Short
CO; Emissions
(kg/ton-mile) 85 147 87 151
Fuel Consumption
(qal/100 ton-miles) 8.3497 14.4401 8.5462 14.8330
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2.10.4 Effectiveness and Costs of the Proposed Standards

The agencies evaluated several alternatives for the proposed trailer program. The
analysis below is for the alternative we believe reflects the agencies’ statutory authorities. This
alternative is fully implemented in model year (MY) 2027. The agencies believe that a period of
more than 10 years provides the industry sufficient lead time to meet the stringency requirements
proposed.

2.10.4.1 Projected Technology Adoption Rates for the Proposed Standards

Table 2-80 and Table 2-81 provide a set of adoption rates that a manufacturer could apply
to meet the standards of this proposed rulemaking. These adoption rates begin with 60 percent
of long box trailers achieving current SmartWay level aerodynamics (Bin IV) and progress to 90
percent achieving SmartWay Elite or better over the following nine years. Short box trailers
adopt single aero devices in 2021 MY and combinations of devices by 2027 MY. Both long and
short refrigerated vans have less stringent aerodynamic requirements in the later years to reflect
the reduced number of aerodynamic options they have due to their TRUs. Similarly, we are
proposing that partial-aero trailers of the various sizes would continue to be subject to the
corresponding 2024 MY standards in 2027 and later model years to account for the work-
performing devices that may inhibit the use of some technology combinations. The adoption
rates for the long box trailers include some technologies that meet SmartWay Elite verification
levels. The short box trailers would also include some combinations of devices. The agencies
expect these adoption rates could be feasible in the next decade. The agencies believe trailer
manufacturers and manufacturers of bolt-on aerodynamic devices will have incentive to design
single-components or trailer features that accommodate work-performing devices and achieve
these levels of performance by MY 2027.

The agencies project that nearly all box trailers would adopt tire technologies to comply
with the standards and the agencies projected consistent adoption rates across all lengths of dry
and refrigerated vans. As mentioned previously, the agencies did not include weight reduction in
their technology adoption projections, but manufacturers can use weight reduction as part of their
compliance strategy.

The adoption rates shown in these tables are one set of many possible combinations that
box trailer manufacturers could apply to achieve the same average stringency. If a manufacturer
chose these adoption rates, a variety of technology options exist within the aerodynamic bins,
and several models of LRR tires exist for the levels shown. Alternatively, technologies from
both higher and lower aero bins and tire levels could be used to comply. It should be noted that
manufacturers are not limited to aerodynamic and tire technologies. Certain types of weight
reduction, for example, may be used as a compliance pathway. Similar to the reference cases,
the agencies derived a single set of performance parameters for each subcategory by weighting
the performance levels included in Table 2-74 by the corresponding adoption rates. These
performance parameters represent an average compliant vehicle for each trailer subcategory.
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Table 2-80 Adoption Rates and Average Performance Parameters for the Long Box Trailers

TECHNOLOGY LONG BOX LONG BOX

DRY VANS REFRIGERATED VANS
Model Year 2018 | 2021 | 2024 | 2027 | 2018 | 2021 | 2024 | 2027
Aerodynamic Technologies
Bin | 5% - - - 5% - - -
Bin Il - - - - - - - -
Bin 11l 30% 5% - - 30% 5% - -
Bin IV 60% 55% 25% - 60% 55% 25% -
Bin V 5% 10% 10% 10% 5% 10% 10% 20%
Bin VI - 30% 65% 50% - 30% 65% 60%
Bin VII - - - 40% - - - 20%
Bin VIII - - - - - - - -
Average Delta CdA (m?) 2 0.4 0.7 0.8 1.1 0.4 0.7 0.8 1.0
Trailer Tire Rolling Resistance
Baseline tires 15% 5% 5% 5% 15% 5% 5% 5%
Level 1 tires 85% 95% - - 85% 95% - -
Level 2 tires - 95% 95% - 95% 95%
Average CRR (kg/ton) 2 5.2 5.1 4.8 48 5.2 5.1 4.8 4.8
Tire Inflation System
ATI 85% 95% 95% 95% 85% 95% 95% 95%
Average ATI Reduction (%) @ 1.3% 1.4% 1.4% 1.4% 1.3% 1.4% 1.4% 1.4%
Weight Reduction (pounds)
Weight P | 0| 0| 0| 0| 0| 0 | 0 | 0
Notes:

@ Combines adoption rates with performance levels shown in Table 2-74
b This set of adoption rates did not apply weight reduction to meet the proposed standards for these trailers
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Table 2-81 Adoption Rates and Average Performance Parameters for the Short Box Trailers

TECHNOLOGY SHORT BOX SHORT BOX

DRY VANS REFRIGERATED VANS
Model Year 2018 | 2021 | 2024 | 2027 | 2018 | 2021 | 2024 | 2027
Aerodynamic Technologies 2
Bin | 100% 5% - - | 100% 5% - -
Bin I - 95% 70% 30% - 95% 70% 55%
Bin 11l - - 30% 60% - - 30% 40%
Bin IV - - - 10% - - - 5%
Bin V - - - - - - - -
Bin VI - - - - - - - -
Bin VII - - - - - - - -
Bin VIII - - - - - - - -
Average Delta CdA (m?) ® 0.4 0.7 0.8 1.1 0.4 0.7 0.8 1.0
Trailer Tire Rolling Resistance
Baseline tires 15% 5% 5% 5% 15% 5% 5% 5%
Level 1 tires 85% 95% - - 85% 95% - -
Level 2 tires - 95% 95% - 95% 95%
Average CRR (kg/ton) 5.2 5.1 438 438 5.2 5.1 438 48
Tire Inflation System
ATI 85% 95% 95% 95% 85% 95% 95% 95%
Average ATI Reduction (%) © 1.3% 1.4% 1.4% 1.4% 1.3% 1.4% 1.4% 1.4%
Weight Reduction (pounds)
Weight | 0| 0| 0| 0| 0| 0 | 0] 0
Notes:

@ The majority of short box trailers are 28 feet in length. We recognize that they are often operated in tandem, which limits the
technologies that can be applied (for example, boat tails). We established standards assuming these shorter trailers were run solo,

but projected reduced aerodynamic improvements compared to the longer trailers with similar technologies to reflect their

frequent tandem operation.

b Combines adoption rates with performance levels shown in Table 2-74
¢ This set of adoption rates did not apply weight reduction to meet the proposed standards for these trailers

Non-box and non-aero box trailers, with two or more work-related special components,
are not shown in the tables above. These trailers are projected to adopt tire technologies with

zero adoption of aerodynamic technologies. As shown in Table 2-82, we are projecting 100

percent adoption rates of these technologies at each stage of the program, which would
significantly reduce the compliance burden for manufacturers by reducing the amount of tracking
and eliminating the need to run GEM. The agencies are proposing these tire-only requirements

in two stages. In 2018 MY, manufacturers would be required to use tires meeting a rolling

resistance of Level 2 or better and apply ATI systems on all non-box and non-aero box trailers.

In 2024 MY, ATl and LRR tires at a Level 3 or better would be required. The agencies are

proposing ATI at all stages of the program.
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Table 2-82 Adoption Rates and Average Performance Parameters for the Non-Aero Box and Non-Box
Trailers

TECHNOLOGY NON-AERO BOX

& NON-BOX TRAILERS
Model Year 2018 | 2021 | 2024+
Aerodynamic Technologies
Bin | 100% | 100% 100%
Bin Il - - -
Bin Il - - -
Bin IV - - -
Bin V - - -
Bin VI - - -
Bin VII - - -
Bin VIII - - -
Average Delta CdA (m?) @ 0.0 0.0 0.0
Trailer Tire Rolling Resistance
Baseline tires - -
Level 1 tires 100% | 100% -
Level 2 tires - - 100%
Average CRR (kg/ton) @ 5.1 5.1 4.7
Tire Inflation System
ATI 100% | 100% 100%
Average ATI Reduction (%) @ 15% | 1.5% 1.5%
Weight Reduction (pounds)

Weight | 0| 0| 0

Notes:

@ Combines adoption rates with performance levels shown in Table 2-74

b This set of adoption rates did not apply weight reduction to meet the proposed standards
for these trailers

2.10.4.2 Derivation of the Proposed Standards

The average performance parameters from Table 2-80 and Table 2-81 were applied as
input values to the GEM vehicle simulation to derive the proposed HD Phase 2 fuel consumption
and CO2 emissions standards for each subcategory of box trailers.

The proposed standards are shown in Table 2-83. Over the four phases of the proposed
rules, box trailers longer than 50 feet would, on average, reduce their CO2 emissions and fuel
consumption by three percent, five percent and seven percent compared to their reference cases
for each year in Table 2-79. Box trailers 50-foot and shorter would achieve reductions of two
percent, four percent and five percent compared to their reference cases. The tire technologies
used on non-box and special purpose box trailers would provide reductions of three percent in
the first two stages and achieve four percent by 2027.
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Table 2-83 CO2 Emissions and Fuel Consumption Based on Projected Technology Adoption Rates for
Proposed Standards

MODEL SUBCATEGORY DRY VAN REFRIGERATED
YEAR VAN
Length Long Short Long Short

EPA Standard

(CO, Grams per Ton-Mile) 83 144 84 147
2018 - 2020 Voluntary NHTSA Standard

(Gallons per 1,000 Ton-Mile) 8.1532 | 14.1454 | 8.2515 | 14.4401

EPA Standard

(CO, Grams per Ton-Mile) 81 142 82 146
2021-2023 "NHTSA Standard

(Gallons per 1,000 Ton-Mile) 7.9568 | 13.9489 | 8.0550 | 14.3418

EPA Standard

(CO, Grams per Ton-Mile) ° 141 81 144
2024-2026 "\HTSA Standard

(Gallons per 1,000 Ton-Mile) 7.7603 | 13.8507 | 7.9568 | 14.1454

EPA Standard

(CO, Grams per Ton-Mile) 7 140 80 144
2027+ NHTSA Standard

(Gallons per 1,000 Ton-Mile) 7.5639 | 13.7525 | 7.8585 | 14.1454

2.10.4.3 Projected Cost of Proposed Trailer Standards

The agencies evaluated technology costs for 53-foot dry and refrigerated vans and 28-
foot dry vans, which we believe are representative of the majority of trailers in the long and short
box trailer categories, respectively. Similar tire technology costs were assumed for the non-box
trailer subcategory. We identified costs for each technology package evaluated and projected out
the costs for each year of the program. A summary of the technology costs is included in Table
2-84 through Table 2-86 for model years 2018, 2021 and 2024, respectively, with additional
details available in Chapter 2.12. Costs shown in the following tables are for the specific model
year indicated and are incremental to the average reference case costs, which includes some level
of adoption of these technologies as shown in Table 2-77. Therefore, the technology costs in the
following tables reflect the average cost expected for each of the indicated trailer subcategories.
Note that these costs do not represent actual costs for the individual components, because some
fraction of the component costs has been subtracted to reflect some use of these components in
the reference case. These costs include indirect costs via markups along with learning impacts
and also reflect estimated costs of the compliance process. For more on the estimated
technology costs exclusive of adoption rates, refer to Chapter 2.12.

Table 2-84 Trailer Technology Incremental Costs in the 2018 Model Year for the Proposed Alternative
(2012 $)

53-FOOT 53-FOOT 28-FOOT NON-BOX
DRY VAN | REF.VAN | DRY VAN [ HIGHWAY

Aerodynamics $285 $285 $0 $0
Tires $65 $65 $78 $185
Tire inflation system $239 $239 $435 $683
Total $588 $588 $514 $868
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Table 2-85

Trailer Technology Incremental Costs in the 2021 Model Year for the Proposed Alternative

(2012 $)
53-FOOT 53-FOOT 28-FOOT NON-BOX
DRY VAN REF. VAN DRY VAN | HIGHWAY
Aerodynamics $602 $602 $468 $0
Tires $65 $65 $79 $175
Tire inflation system $234 $234 $426 $632
Total $901 $901 $974 $807

Table 2-86 Trailer Technology Incremental Costs in the 2024 Model Year for the Proposed Alternative
(2012 $)
53-FOOT 53-FOOT 28-FOOT NON-BOX
DRY VAN | REF.VAN | DRY VAN | HIGHWAY
Aerodynamics $836 $836 $608 $0
Tires $61 $61 $76 $160
Tire inflation system $220 $220 $412 $578
Total $1,116 $1,116 $1,097 $739

Table 2-87 Trailer Technology Incremental Costs in the 2024 Model Year for the Proposed Alternative
(2012 $)
53-FOOT 53-FOOT 28-FOOT NON-BOX
DRY VAN | REF.VAN | DRY VAN | HIGHWAY
Aerodynamics $1,163 $1,034 $788 $0
Tires $54 $54 $74 $155
Tire inflation system $192 $192 $391 $549
Total $1,409 $1,280 $1,253 $704

2.10.5 Effectiveness and Costs of a More Stringent Trailer Alternative

The agencies also evaluated a more stringent alternative that considered the same
technologies with less lead time. The reference cases from Section 2.10.3.2 apply for this
alternative. Additionally, the projected adoption rates for the non-aero box and non-box trailer
subcategories remain unchanged in this alternative, so their results are not repeated in this
section.

2.10.5.1 Projected Adoption Rates for More Stringent Alternative

From Table 2-88 and Table 2-89, it can be seen that the 2018 MY aerodynamic
technology adoption rates and the tire technology adoption rates for all model years are identical
to those presented previously for the proposed standards. The aerodynamic projections for 2021
MY and 2024 MY in this more stringent alternative are the same as those projected for 2024 MY
and 2027 MY of the proposed standards, but are applied three years earlier. In this alternative,
the 2021 MY adoption rates would continue to apply for the partial-aero box trailers in 2024 and
later model years.
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Table 2-88 Adoption Rates and Average Performance Parameters for the Long Box Trailers in the More
Stringent Alternative

TECHNOLOGY LONG BOX LONG BOX
DRY VANS REFRIGERATED VANS
Model Year 2018 | 2021 | 2024 | 2018 | 2021 | 2024
Aerodynamic Technologies 2
Bin | 5% - - 5% - -
Bin Il - - - - - -
Bin 111 30% - - 30% - -
Bin IV 60% 25% - 60% 25% -
Bin V 5% 10% 10% 5% 10% 20%
Bin VI - 65% 50% - 65% 60%
Bin VII - - 40% - - 20%
Bin VIII - - - - - -
Average Delta CdA (m?) @ 0.4 0.8 1.1 0.4 0.8 1.0
Trailer Tire Rolling Resistance
Baseline tires 15% 5% 5% 15% 5% 5%
Level 1 tires 85% 95% - 85% 95% -
Level 2 tires - - 95% - - 95%
Average CRR (kg/ton) 5.2 5.1 48 5.2 5.1 438
Tire Inflation System
ATI 85% 95% 95% 85% 95% 95%
Average ATI Reduction (%) @ 1.3% 1.4% 1.4% 1.3% 1.4% 1.4%
Weight Reduction (pounds)
Weight | 0| 0| 0| 0 | 0] 0
Notes:

@ Combines adoption rates with performance levels shown in Table 2-74
b This set of adoption rates did not apply weight reduction to meet the proposed standards for these trailers
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Table 2-89 Adoption Rates and Average Performance Parameters for the Short Box Trailers in the More
Stringent Alternative

TECHNOLOGY SHORT BOX SHORT BOX
DRY VANS REFRIGERATED VANS
Model Year 2018 | 2021 | 2024 | 2018 | 2021 | 2024
Aerodynamic Technologies 2
Bin | 100% - - | 100% - -
Bin Il - 70% 30% - 70% 55%
Bin 111 - 30% 60% - 30% 40%
Bin IV - - 10% - - 5%
Bin V - - - - - -
Bin VI - - - - - -
Bin VII - - - - - -
Bin VIII - - - - - -
Average Delta CdA (m?) ® 0.4 0.8 1.1 0.4 0.8 1.0
Trailer Tire Rolling Resistance
Baseline tires 15% 5% 5% 15% 5% 5%
Level 1 tires 85% 95% - 85% 95% -
Level 2 tires - - 95% - - 95%
Average CRR (kg/ton) 5.2 5.1 48 5.2 5.1 438
Tire Inflation System
ATI 85% 95% 95% 85% 95% 95%
Average ATI Reduction (%) ° 1.3% 1.4% 1.4% 1.3% 1.4% 1.4%
Weight Reduction (pounds)
Weight © | 0| 0| 0| 0 | 0] 0
Notes:

@ The majority of short box trailers are 28 feet in length. We recognize that they are often operated in tandem, which
limits the technologies that can be applied (for example, boat tails). We established standards assuming these shorter
trailers were run solo, but projected reduced aerodynamic improvements compared to the longer trailers with similar
technologies to reflect their frequent tandem operation.

b Combines adoption rates with performance levels shown in Table 2-74

¢ This set of adoption rates did not apply weight reduction to meet the proposed standards for these trailers

2.10.5.2 Derivation of the More Stringent Alternative Standards

Similar to the proposed standards of Section 2.10.4.2, the agencies applied the technology
performance values from Table 2-88 and Table 2-89 as GEM inputs to derive the proposed
standards for each subcategory.

Table 2-90 shows the resulting standards for the more stringent alternative. Over the
three phases of the alternative, box trailers longer than 50 feet would, on average, reduce their
CO2 emissions and fuel consumption by four percent, six percent and eight percent. Box trailers
50-foot and shorter would achieve reductions of two percent, four percent, and five percent
compared to the reference case. Partial-aero box trailers would continue to be subject to the
2021 MY standards for MY 2024 and later. The non-aero box and non-box trailers would meet
the same standards and achieve the same three and four percent benefits as shown in the
proposed alternative.
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Table 2-90 Trailer COz and Fuel Consumption Standards for Box Trailers in the More Stringent Alternative

MODEL SUBCATEGORY DRY VAN REFRIGERATED
YEAR VAN
Length Long Short Long Short

EPA Standard

(CO, Grams per Ton-Mile) 83 144 84 147
2018 - 2020 Voluntary NHTSA Standard

(Gallons per 1,000 Ton-Mile) 8.1532 | 14.1454 | 8.2515 | 14.4401

EPA Standard

(CO, Grams per Ton-Mile) 80 142 81 145
2021-2023  FNHTSA Standard

(Gallons per 1,000 Ton-Mile) 7.8585 | 13.9489 | 7.9568 | 14.2436

EPA Standard

(CO, Grams per Ton-Mile) 7 140 80 144
2024+ NHTSA Standard

(Gallons per 1,000 Ton-Mile) 7.5639 | 13.7525 | 7.8585 | 14.1454

2.10.5.3 Projected Cost of the More Stringent Trailer Alternative

A summary of the technology costs is included in Table 2-91 to Table 2-93 for MYs
2018, 2021 and 2024, with additional details available in Chapter 2.12. Costs shown in the
following tables are for the specific model year indicated and are incremental to the average
reference case costs, which includes some level of adoption of these technologies as shown in
Table 2-77. Therefore, the technology costs in the following tables reflect the average cost
expected for each of the indicated trailer classes. Note that these costs do not represent actual
costs for the individual components because some fraction of the component costs has been
subtracted to reflect some use of these components in the reference case. For more on the
estimated technology costs exclusive of adoption rates, refer to Chapter 2.12 of this draft RIA.
These costs include indirect costs via markups along with learning impacts. It can be seen that,
despite the similar stringencies for MY 2024 of this more stringent alternative and MY 2027 of
the proposed alternative, the costs shown below are slightly higher. The lower cost in the
proposed MY 2027 can be partially attributed to the reduced costs due to three years of
additional learning. For a description of the markups and learning impacts considered in this
analysis and how it impacts technology costs for other years, refer to the draft RIA Chapter 2.12.

Table 2-91 Trailer Technology Incremental Costs in the 2018 Model Year for the More Stringent Alternative
(2012%)

>50-FOOT >50-FOOT <35-FOOT NON-BOX
DRY VAN REF. VAN DRY VAN HIGHWAY

Aerodynamics $285 $285 $0 $0
Tires $65 $65 $78 $185
Tire inflation system $239 $239 $435 $683
Total $588 $588 $514 $868
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Table 2-92 Trailer Technology Incremental Costs in the 2021 Model Year for the More Stringent Alternative

(2012%)
>50-FOOT | >50-FOOT [ <35-FOOT | NON-BOX
DRY VAN | REF. VAN | DRY VAN | HIGHWAY
Aerodynamics $908 $908 $641 $0
Tires $65 $65 $79 $175
Tire inflation system $234 $234 $426 $632
Total $1,207 $1,207 $1,146 $807

Table 2-93 Trailer Technology Incremental Costs in the 2024 Model Year for the More Stringent Alternative

(2012$)
>50-FOOT | >50-FOOT | <35-FOOT | NON-BOX
DRY VAN | REF. VAN | DRY VAN | HIGHWAY
Aerodynamics $1,223 $1,090 $816 $0
Tires $61 $61 $76 $160
Tire inflation system $220 $220 $412 $578
Total $1,504 $1,371 $1,304 $739

2.10.6 Evaluation of Compliance Option using GEM-Based Equation

EPA created the Greenhouse gas Emissions Model (GEM) as a compliance tool for
heavy-duty vehicles. Users provide specific performance parameters to the model and GEM
calculates CO2 emissions and fuel consumption results. As described previously, the proposed
Phase 2 GEM is designed to accept four performance variables as trailer inputs: change in drag
area (delta CpA), tire rolling resistance level (TRRL), automatic tire inflation (ATI) and weight
reduction (WR). The reduction applied when using an automatic tire inflation system is
accounted for after the vehicle simulation is complete. The other performance parameters
directly impact the results of the vehicle simulation, by changing the drag, rolling resistance and
weight of the simulated vehicle.

We performed a sensitivity analysis for delta CoA, TRRL and WR to evaluate their effect
on the model’s results. In the analysis to follow, all of the calculations are shown in terms of
CO2 emissions; use a conversion of 10,180 grams CO2 per gallon of diesel fuel to calculate the
corresponding fuel consumption values. Figure 2-23 through Figure 2-26 show GEM’s CO2
results for a parameter sweep of a simulated Class 8 tractor pulling each of the four box van
trailers. It can be seen that each of the three parameters has a linear impact on CO2 emissions. A
curve fit was applied to each data set and the equation is displayed on each plot. The intercept in
each parameter sweep data set is the baseline COz2 result considering a zero-technology trailer,
and this value is consistent for all parameters for a given trailer. The coefficients indicate the
relationship between the assessed parameter and the model’s COz2 result.
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Figure 2-23 Impact of (a) Delta CoA, (b) Delta Crr, and (c) Weight Reduction on CO: Results of a GEM-
Simulated Long Dry Van
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Impact of ACoA Parameter on a Long Reefer Van
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Figure 2-24 Impact of (a) Delta CpA, (b) Delta Crr, and (c) Weight Reduction on CO: Results of a GEM-
Simulated Long Refrigerated Van
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Impact of ACoA Parameter on a Short Dry Van
(TRRL = 6.0 kg/ton, WR = 0 Ib)
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Figure 2-25 Impact of (a) Delta CpA, (b) Delta Crr, and (c) Weight Reduction on CO: Results of a GEM-
Simulated Short Dry Van
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Impact of ACoA Parameter on a Short Reefer Van
(TRRL = 6.0 kg/ton, WR = 0 Ib)

155 -
= .
E 150 T
S —
£ 145 - L S
2 - y =-10.3x + 150.7
Q 140 | e
135 - R
130 -
00 02 04 06 08 10 12 14 16
Delta CdA (m2)
@

Impact of ATRRL Parameter on Short Reefer Van
(ACDA=0m?, WR=0Ib)

155 .
£ 150 - ""‘Ho-_.__
c -
e * o
:@ 145
o y =-2.4x + 150.8
g 140 |
135 -
130
-2 -1 0] 1 2 3
Delta Crr (kg/ton)
(b)
Impact of WR Parameter on a Short Reefer Van
(ACpA = 0 m2, TRRL = 6.0 kg/ton)
155 4
T 508
£ 150 ”
o T =
£ ->— =-0.003x + 150.7
5 145 - YK
S 140 -
135
130 -

0 500 1000 1500 2000 2500 3000 3500
Weight Reduction (Ib)

(©

Figure 2-26 Impact of (a) Delta CpA, (b) Delta Crr, and (c) Weight Reduction on CO: Results of a GEM-
Simulated Short Refrigerated Van
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Additional GEM simulations were performed for each of the four box trailer
subcategories to assess the combined effect of these parameters. As seen in Figure 2-27 and
Figure 2-28 for the long dry van simulation, the coefficients of the curve fit equations did not
change, indicating that the combined impacts of these parameters on GEM’s COz results were
additive. Similar trends were seen with the simulations for the other trailer subcategories, though

the results are not shown here.
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Figure 2-27 Combined Impact of Drag Area and Tire Rolling Resistance Level on CO2 Results of a GEM-
Simulated Long Dry Van with No Weight Reduction
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Figure 2-28 Combined Impact of Drag Area and Weight Reduction on CO2 Results of a GEM-Simulated
Long Dry Van at a Tire Rolling Resistance Level of 5.1 kg/ton

The results presented Figure 2-27 and Figure 2-28 suggest that these parameters could be
combined into a single equation to calculate CO2 emissions. Equation 1 is the result of
combining the curve fit equations for long box dry vans.
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y = 87.6 — 6.1(ACpA) — 1.7(ATRRL) — 0.001(WR) (1)

Our proposed regulations specify that TRRL be an absolute measure of a tire’s
coefficient of rolling resistance (not a change in rolling resistance). As a result, Equation 1 was
modified such that the variables of the equation matched the trailer inputs required by GEM.
Equation 2 is the resulting equation.

y = 77.4 — 6.1(ACyA) + 1.7(TRRL) — 0.001(WR) ()

Each of the trailer subcategories follows the same general format and a generic equation
is shown in Equation 3. Table 2-94 summarizes the corresponding constants for each of the
trailer subcategories.

Table 2-94 Constants for GEM-Based CO: Equation for Trailer Subcategories (See Equation 3)

TRAILER SUBCATEGORY C, C, Cs Cs

Long Dry Van 77.4 -6.1 1.7 -0.001
Long Refrigerated Van 78.3 -6.0 1.8 -0.001
Short Dry Van 134.0 -10.5 2.2 -0.003
Short Refrigerated Van 136.3 -10.3 2.4 -0.003

Over 100 GEM vehicle simulations were performed for a range of delta CoA, TRRL and
weight reduction values. The results of these simulations were compared to COz2 results
calculated using Equation 3 for each trailer subcategory. The following figures show the
equation and GEM have nearly identical COz2 results.
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Figure 2-29 Comparison of GEM and Calculated CO: Results for a Long Dry Van
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Figure 2-30 Comparison of GEM and Calculated CO: Results for a Long Refrigerated Van
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The comparisons shown in Figure 2-29 through Figure 2-32 suggest that an equation may
offer a simplified approach for trailer manufacturers to calculate CO2 without the use of GEM.
Equation 4 below is a slight modification to Equation 3. The constants shown in Table 2-94 and
used in Equation 3 were rearranged slightly to place the tire rolling resistance effect at the
beginning of the equation, since we anticipate most trailers would adopt LRR tires. Equation 4
and the corresponding Table 2-95 illustrate the rearrangement. As mentioned previously, the
proposed trailer program is also offering the use of automatic tire inflation (ATI) systems as a
means achieving the proposed standards. This parameter is not considered in Equation 3.
Equation 4 includes a constant, Cs, to address the use of ATI. Constant Cs is equal to unity for
trailers that do not have ATI systems installed and equal to 0.985 (accounting for the 1.5%
reduction assigned to AT]I) for trailers that do include ATI systems. As mentioned previously,
one can use a conversion factor of 10,180 grams CO2 per gallon of diesel fuel to calculate the
corresponding fuel consumption values.

ecoz = [C4 + C, - (TRRL) + C5 - (ACLA) + C, - (WR)] - Cs 4)

Table 2-95 Constants for GEM-Based CO: Equation for Trailer Subcategories (See Equation 4)

TRAILER SUBCATEGORY C. Cy Cs Cy

Long Dry Van 77.4 1.7 -6.1 -0.001
Long Refrigerated Van 78.3 1.8 -6.0 -0.001
Short Dry Van 134.0 2.2 -10.5 -0.003
Short Refrigerated Van 136.3 2.4 -10.3 -0.003

2.11 Natural Gas
2.11.1 Sealed Crankcase

EPA regulations allow venting to the atmosphere crankcase emissions from compression-
ignition engines, provided these vented crankcase emissions are measured and accounted for as
part of an engine’s tailpipe emissions. This allowance has historically been in place to address
the technical limitations related to recirculating diesel-fueled engines’ crankcase emissions,
which have high PM emissions, back into the engine’s air intake. High PM emissions vented
into the intake of an engine can foul turbocharger compressors and after-cooler heat exchangers.
In contrast, historically EPA has mandated closed crankcase technology on all gasoline-fueled
engines and all natural gas engines certified as spark-ignition. The inherently low PM emissions
from these engines posed no technical barrier to a closed crankcase mandate. Because natural
gas-fueled compression ignition engines also have inherently low PM emissions, there is no
technological limitation that would prevent manufacturers from closing the crankcase and
recirculating all crankcase gases into a natural gas-fueled compression ignition engine’s air
intake. It is expected that costs for this requirement would be negligible.
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2.11.2 Require 5 Day Hold Time

Boil-off emissions from LNG vehicles were not addressed in the Phase 1 rulemaking.
However, it is our understanding that the majority or all of the NG vehicles are already
compliant with National Fire Protection Association standard NFPA 52 and the similar SAE
standard SAE J2343, which are recommended practices for 3 and 5 day hold times, respectively.
These are very similar to one another, but the SAE standards calls for more rigorous control.
Although these standards were developed largely to address fire safety issues (boil-off emissions
can lead to explosive mixtures in enclosed spaces), it is clear that following the industry
recommended practice spelled out in SAE J2343 for five day hold time would substantially limit
boil-off emissions from LNG vehicles. Therefore, EPA is proposing to require compliance with
SAE J2343 as part of certification for LNG vehicles. Since the majority or all of the NG
vehicles are already compliant with these requirements, there would be negligible costs
associated with the requirement for 5 day hold time based on the SAE standard practice.

2.12 Technology Costs

2.12.1 Overview of Technology Cost Methodology Learning Effects on
Technology Costs

Section 2.12.1.2 presents the methods used to address indirect costs in this analysis.
Section 2.12.1.3 presents the learning effects applied throughout this analysis. In Section 2.12.2
through 2.12.10 we present individual technology costs including: the direct manufacturing costs
(DMC), their indirect costs (IC) and their total costs (TC, TC=DMC+IC). Note that we also
present technology adoption rates for most technologies and the resultant total cost as applied to
a technology package (which we have denoted as TCp, where TCp=TC x Adoption Rate). The
tables presented show the adoption rate for, generally, alternatives 1a and 3 where 1a represents
the reference case (or the “no action” case) and 3 represents the preferred policy case. For TCp
values under alternative 4, one would replace the alternative 3 adoption rates with the
appropriate alternative 4 adoption rates to arrive at the TCp costs under alternative 4. Note also
that some TCp values appear as negative values in some tables (notably the lower rolling
resistance (LRR) tire tables). This is because certain LRR tires are expected in the reference
case but are then expected to be removed in the policy case and replaced by more aggressive
LRR tires. Insuch cases, the reference case tires show negative TCp costs since they are being
removed and replaced.

2.12.1.1 Direct Manufacturing Costs

The direct manufacturing costs (DMCs) used throughout this analysis are derived from
several sources. Many of the tractor, vocational and trailer DMCs can be sourced to the Phase 1
rules which, in turn, were sourced largely from a contracted study by ICF International for
EPA.% There was no serious disagreement regarding these estimated costs in the public
comments to the Phase 1 rules. We have updated those costs by converting them to 2012 dollars,
as described in Section IX.B.1.e of the Preamble, and by continuing the learning effects
described in the Phase 1 rules and in Section IX. B.1.c of the Preamble. The new tractor,
vocational and trailer costs can be sourced to a more recent study conducted by Southwest
Research Institute (SWRI) under contract to NHTSA.1%* The cost methodology used by SwRI in
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that study was to estimate retail costs then work backward from there to derive a DMC for each
technology. The agencies did not agree with the approach used by Tetra Tech to move from
retail cost to DMC. As such, the agencies have used an approach consistent with past
GHG/CAFE/fuel consumption rules by dividing estimated retail prices by our estimated retail
price equivalent markups to derive an appropriate DMC for each technology. We describe our
RPEs in Section 2.12.1.2.

For HD pickups and vans, we have relied primarily on the Phase 1 rules and the light-
duty 2017-2025 model year rule since most technologies expected on these vehicles are, in
effect, the same as those used on light-duty pickups. Many of those technology DMCs are based
on cost teardown studies which the agencies consider to be the most robust method of cost
estimation. However, many of the HD versions of those technologies would be expected to be
more costly than their light-duty counterparts because of the heavier HD vehicles and/or the
higher power and torque characteristics of their engines. Therefore, we have scaled upward
where appropriate many of the light-duty DMCs for this analysis. We have also used some costs
developed under contract to NHTSA by SwRI (the study mentioned above).!6°

Importantly, in our methodology, all technologies are treated as being sourced from a
supplier rather than being developed and produced in-house. As such, some portion of the total
indirect costs of making a technology or system—those costs incurred by the supplier for
research, development, transportation, marketing etc.—are contained in the sales price to the
engine and/or vehicle/trailer manufacturer (i.e., the original equipment manufacturer (OEM)).
That sale price paid by the OEM to the supplier is the DMC we estimate.

2.12.1.2 Indirect Costs

To produce a unit of output, engine and truck manufacturers incur direct and indirect
costs. Direct costs include cost of materials and labor costs. Indirect costs are all the costs
associated with producing the unit of output that are not direct costs — for example, they may be
related to production (such as research and development [R&D]), corporate operations (such as
salaries, pensions, and health care costs for corporate staff), or selling (such as transportation,
dealer support, and marketing). Indirect costs are generally recovered by allocating a share of
the costs to each unit of good sold. Although it is possible to account for direct costs allocated to
each unit of good sold, it is more challenging to account for indirect costs allocated to a unit of
goods sold. To make a cost analysis process more feasible, markup factors, which relate total
indirect costs to total direct costs, have been developed. These factors are often referred to as
retail price equivalent (RPE) multipliers.

Cost analysts and regulatory agencies (including both EPA and NHTSA) have frequently
used these multipliers to predict the resultant impact on costs associated with manufacturers’
responses to regulatory requirements. The best approach, if it were possible, to determining the
impact of changes in direct manufacturing costs on a manufacturer’s indirect costs would be to
actually estimate the cost impact on each indirect cost element. However, doing this within the
constraints of an agency’s time or budget is not always feasible, or the technical, financial, and
accounting information to carry out such an analysis may simply be unavailable.
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RPE multipliers provide, at an aggregate level, the relative shares of revenues (Revenue =
Direct Costs + Indirect Costs + Net Income) to direct manufacturing costs. Using RPE
multipliers implicitly assumes that incremental changes in direct manufacturing costs produce
common incremental changes in all indirect cost contributors as well as net income. However, a
concern in using the RPE multiplier in cost analysis for new technologies added in response to
regulatory requirements is that the indirect costs of vehicle modifications are not likely to be the
same for different technologies. For example, less complex technologies could require fewer
R&D efforts or less warranty coverage than more complex technologies. In addition, some
simple technological adjustments may, for example, have no effect on the number of corporate
personnel and the indirect costs attributable to those personnel. The use of RPEs, with their
assumption that all technologies have the same proportion of indirect costs, is likely to
overestimate the costs of less complex technologies and underestimate the costs of more
complex technologies. Table 2-96 shows the RPE factors used in developing indirect costs in
past, and this, agency analyses.

Table 2-96 Industry Retail Price Equivalent (RPE) Factors

INDUSTRY RPE
Heavy engine manufacturers 1.28
Heavy truck manufacturers 1.36
Light-duty vehicle manufacturers | 1.50

To address this concern, modified multipliers have been developed by EPA, working
with a contractor, for use in rulemakings. These multipliers are referred to as indirect cost
multipliers (or ICMs). In contrast to RPE multipliers, ICMs assign unique incremental changes
to each indirect cost contributor as well as net income.

ICM = (direct cost + adjusted indirect cost)/(direct cost)

Developing the ICMs from the RPE multipliers requires developing adjustment factors
based on the complexity of the technology and the time frame under consideration: the less
complex a technology, the lower its ICM, and the longer the time frame for applying the
technology, the lower the ICM. This methodology was used in the cost estimation for the recent
light-duty MYs 2012-2016 and MY's 2017-2025 rulemaking and for the heavy-duty MY's 2014-
2018 rulemaking. There was no serious disagreement with this approach in the public comments
to any of these rulemakings. The ICMs for the light-duty context were developed in a peer-
reviewed report from RTI International and were subsequently discussed in a peer-reviewed
journal article.*®® Importantly, since publication of that peer-reviewed journal article, the
agencies have revised the methodology to include a return on capital (i.e., profits) based on the
assumption implicit in ICMs (and RPES) that capital costs are proportional to direct costs, and
businesses need to be able to earn returns on their investments.

For the heavy-duty pickup truck and van cost projections in this proposal, the agencies
have used ICM adjustment factors developed for light-duty vehicles, inclusive of a return on
capital, primarily because the manufacturers involved in this segment of the heavy-duty market
are the same manufacturers that build light-duty trucks.
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For the combination tractors, vocational vehicles, and heavy-duty engine cost projections
in this proposal, the agencies are again using the ICMs used in the HD Phase 1 rules. Those
ICMs were developed by RTI International under EPA contract to update EPA’s methodology
for accounting for indirect costs associated with changes in direct manufacturing costs for heavy-
duty engine and truck manufacturers.®” In addition to the indirect cost contributors varying by
complexity and time frame, there is no reason to expect that the contributors would be the same
for engine manufacturers as for truck manufacturers. The resulting report from RTI provides a
description of the methodology, as well as calculations of the indirect cost multipliers that are
being used as the basis for the markups used in this proposal. These indirect cost multipliers
were used, along with calculations of direct manufacturing costs, to provide estimates of the full
additional costs associated with new technologies.

As explained in the Phase 1 final rules, and entirely consistent with the analysis
supporting that program, the agencies have made some changes to both the ICMs factors and to
the method of applying those factors relative to the factors developed by RTI and presented in
their reports. The first of these changes was done in response to continued thinking among the
agencies about how past ICMs have been developed and what are the most appropriate data
sources to rely upon in determining the appropriate ICMs. The second change was done in
response to both staff concerns and public feedback suggesting that the agencies were
inappropriately applying learning effects to indirect costs via the multiplicative approach to
applying the ICMs.

Regarding the first change — to the ICM factors themselves — a little background must
first be provided. In the original work done under contract to EPA by RTI International, %8 EPA
experts had undergone a consensus approach to determining the impact of specific technology
changes on the indirect costs of a company. Subsequent to that effort, EPA experts underwent a
blind survey to make this determination on a different set of technology changes. This
subsequent effort, referred to by EPA as a modified-Delphi approach, resulted in different ICM
determinations. This effort is detailed in a memorandum contained in the docket for this
rulemaking.®® Upon completing this effort, EPA determined that the original RTI values should
be averaged with the modified-Delphi values to arrive at the final ICMs for low and medium
complexity technologies and that the original RTI values would be used for high complexity
level 1 while the modified-Delphi values would be used for high complexity level 2. These final
ICMs were used in the 2012-2016 light-duty GHG/CAFE rulemaking. Subsequent to that, EPA
contracted RTI to update their light-duty report with an eye to the heavy-duty industry. In that
effort, RTI determined the RPE of both the heavy-duty engine and heavy truck industries, then
applied the light-duty indirect cost factors—those resulting from the averaging of the values
from their original report with the modified-Delphi values—to the heavy-duty RPEs to arrive at
heavy-duty specific ICMs. That effort is described in their final heavy-duty ICM report
mentioned above.'"°

During development of the Phase 1 heavy-duty final rules, the agencies decided that the
original light-duty RTI values, given the technologies considered for low and medium
complexity, should no longer be used and that we should rely solely on the modified-Delphi
values for these complexity levels. The original light-duty RTI study used low rolling resistance
tires as a low complexity technology example and a dual clutch transmission as a medium
complexity technology. Upon further thought, the technologies considered for the modified
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Delphi values (passive aerodynamic improvements for low complexity and turbocharging with
downsizing for medium complexity were considered to better represent the example
technologies). As a result, the modified-Delphi values were to become the working ICMs for
low and medium complexity rather than averaging those values with the original RTI report
values. The agencies have also re-examined the technology complexity categories that were
assigned to each light-duty technology and modified these assignments to better reflect the
technologies that are now used as proxies for each category. This decision impacted the low and
medium complexity heavy-duty ICMs too because the modified-Delphi values alone were to be
applied to the heavy-duty RPEs to arrive at heavy-duty ICMs rather than using the averaged
values developed for the light-duty 2012-2016 rulemaking.

A secondary-level change was also made as part of this ICM recalculation to the light-
duty ICMs and, therefore, to the ICMs used in the Phase 1 HD final rules and again in this
proposed analysis for HD pickups and vans. That change was to revise upward the RPE level
reported in the original RTI report from an original value of 1.46 to 1.5 to reflect the long term
average RPE. The original RTI study was based on 2008 data. However, an analysis of
historical RPE data indicates that, although there is year to year variation, the average RPE has
remained roughly 1.5. ICMs are applied to future year’s data and therefore the agencies believed
and continue to believe that it is most appropriate to base ICMs on the historical average rather
than a single year’s result. Therefore, ICMs were adjusted to reflect this average level. As a
result, the High 1 and High 2 ICMs used for HD pickups and vans were changed for the Phase 1
final rules and we continue to use those changed values here.

Table 2-97 shows the ICM values used in this proposal. Near term values are used in
early years, depending on the technology, and account for differences in the levels of R&D,
tooling, and other indirect costs that would be incurred. Once the program has been fully
implemented, some of the indirect costs would no longer be attributable to the standards and, as
such, a lower ICM factor is applied to direct costs in later years.

Table 2-97 Indirect Cost Multipliers Used in this Analysis?

CLASS COMPLEXITY NEAR LONG

TERM TERM
HD Pickup Trucks and Vans Low 1.24 1.19
Medium 1.39 1.29
Highl 1.56 1.35
High2 1.77 1.50
Loose diesel engines Low 1.15 1.13
Medium 1.24 1.18
Highl 1.28 1.19
High2 1.44 1.29
Loose gasoline engines Low 1.24 1.19
Medium 1.39 1.29
Highl 1.56 1.35
High2 1.77 1.50
Vocational Vehicles, Low 1.18 1.14
Combination Tractors and Medium 1.30 1.23
Trailers Highl 1.43 127
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|| | High?2 | 157 | 137 |

Note:

@ Rogozhin, A., et. al., “Using indirect cost multipliers to estimate the total cost of adding
new technology in the automobile industry,” International Journal of Production
Economics (2009); “Documentation of the Development of Indirect Cost Multipliers for
Three Automotive Technologies,” Helfand, G., and Sherwood, T., Memorandum dated
August 2009; “Heavy Duty Truck Retail Price Equivalent and Indirect Cost Multipliers,”
Draft Report prepared by RTI International and Transportation Research Institute,
University of Michigan, July 2010.

The second change made to the ICMs during development of the Phase 1 final rules had
to do with the way in which the ICMs were applied. Until that time, we had applied the ICMs,
as done in any analysis that relied on RPEs, as a pure multiplicative factor. This way, a direct
manufacturing cost of, say, $100 would have been multiplied by an ICM of 1.24 to arrive at a
marked up technology cost of $124. However, as learning effects (discussed below) are applied
to the direct manufacturing cost, the indirect costs are also reduced accordingly. Therefore, in
year 2 the $100 direct manufacturing cost might reduce to $97 and the marked up cost would
become $120 ($97 x 1.24). As a result, indirect costs have been reduced from $24 to $23. Given
that indirect costs cover many things such as facility-related costs, electricity, etc., it is perhaps
not appropriate to apply the ICM to the learned direct costs, at least not for those indirect cost
elements unlikely to change with learning. The agencies decided that it was more appropriate
only to allow warranty costs to decrease with learning since warranty costs are tied to direct
manufacturing costs (since warranty typically involves replacement of actual parts which should
be less costly with learning).? However, the remaining elements of the indirect costs should
remain constant year-over-year, at least until some of those indirect costs are no longer
attributable to the rulemaking effort that imposed them (such as R&D).

As a result, the ICM calculation became more complex with the analysis supporting the
Phase 1 final rules, and we continue to use that more complex calculation here. We first
establish the year in which the direct manufacturing costs are considered “valid.” For example, a
cost estimate might be considered valid today, or perhaps not until high volume production is
reached in some future model year. That year is considered the base year for the estimated cost.
That cost is the cost used to determine the “non-warranty” portion of the indirect costs. For
example, the near term non-warranty portion of the loose diesel engine low complexity ICM is
0.149 (the warranty versus non-warranty portions of the ICMs are shown in Table 2-98). For the
improved water pump technology we have estimated a direct manufacturing cost of $82.66
(2012%) in MY 2014. So the non-warranty portion of the indirect costs would be $12.32 ($82.66
x 0.149). This value would be added to the learned direct manufacturing cost for each year
through 2022 since the near term markup is considered appropriate for that technology through
2022. Beginning in 2023, when long-term indirect costs begin, the additive factor would become
$10.08 ($82.66 x 0.122). Additionally, the $82.66 cost in 2014 would become $80.18 in MY
2015 due to learning ($82.66 x (1-3 percent)). So, while the warranty portion of the indirect
costs would be $0.49 ($82.66 x 0.006) in 2014, they would decrease to $0.48 ($80.18 x 0.006) in
2015 as warranty costs decrease with learning. The resultant indirect costs for the water pump

Q We note that the labor portion of warranty repairs does not decrease due to learning. However, we do not have
data to separate this portion and so we apply learning to the entire warranty cost. Because warranty costs are a small
portion of overall indirect costs, this has only a minor impact on the analysis.
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would be $12.81 ($12.32+$0.49) in MY 2014 and $12.80 ($12.32+$0.48) in MY 2015, and so on
for subsequent years.

Importantly, since the bulk of the indirect costs calculated using this methodology are the
non-warranty costs, and since those costs do not change over with learning, one cannot look at
the ICMs shown in Table 2-97 and assume that our HD pickup and van total costs are, in general,
1.24 or 1.39 times the direct costs (since most technologies considered for application in HD
pickups and vans are low and medium technologies). This can be illustrated by building on the
example presented above for a water pump on a heavy diesel engine. We already calculated the
MY 2014 total cost as $95.46 (2012$, $82.66+$12.32+$0.49). This is an effective markup of
1.155 ($95.46/$82.66). This is expected since the cost is based in 2014 and the near term ICM is
1.155. In MY 2022, the final year of near term markups for this technology, the total cost would
be $80.21 since the learned direct cost has reduced to $67.50, the non-warranty indirect costs
(calculated above) remain $12.32, and the warranty indirect costs have become $0.39
($67.50%0.006). So, in MY2022, we now have an effective markup of 1.19 ($80.21/$67.50).

Table 2-98 Warranty and Non-Warranty Portions of ICMs

SHORT-TERM LONG-TERM
CLASS COMPLEXITY WARRANTY NON- WARRANTY NON-
WARRANTY WARRANTY

HD Pickup and Low 0.012 0.230 0.005 0.187

Vans Medium 0.045 0.343 0.031 0.259

Highl 0.065 0.499 0.032 0.314

High2 0.074 0.696 0.049 0.448

Loose diesel Low 0.006 0.149 0.003 0.122

engines Medium 0.022 0.213 0.016 0.165

Highl 0.032 0.249 0.016 0.176

High2 0.037 0.398 0.025 0.265

Loose gasoline Low 0.012 0.230 0.005 0.187

engines Medium 0.045 0.343 0.031 0.259

Highl 0.065 0.499 0.032 0.314

High2 0.074 0.696 0.049 0.448

Vocational Low 0.013 0.165 0.006 0.134

Vehicles, Medium 0.051 0.252 0.035 0.190

Combination Highl 0.073 0.352 0.037 0.233

Tractors and High2 0.084 0.486 0.056 0.312
Trailers

The complexity levels and subsequent ICMs applied throughout this analysis for each
technology are shown in Table 2-99.

Table 2-99 Indirect Cost Markups and Near Term/Long Term Cutoffs Used in this Analysis

TECHNOLOGY APPLIED TO ICM NEAR TERM

COMPLEXITY THRU
Cylinder head improvements 1 LH/MH/HH Engines Low 2022
Cylinder head improvements 2 LH/MH/HH Engines Low 2027
Turbo efficiency improvements 1 LH/MH/HH, HD Pickup & Low 2022

Van Engines

Turbo efficiency improvements 2 LH/MH/HH Engines Low 2027
EGR cooler efficiency improvements 1 LH/MH/HH Engines Low 2022
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EGR cooler efficiency improvements 2 LH/MH/HH Engines Low 2027
Water pump improvements 1 LH/MH/HH Engines Low 2022
Water pump improvements 2 LH/MH/HH Engines Low 2027
Oil pump improvements 1 LH/MH/HH Engines Low 2022
Oil pump improvements 2 LH/MH/HH Engines Low 2027
Fuel pump improvements 1 LH/MH/HH Engines Low 2022
Fuel pump improvements 2 LH/MH/HH Engines Low 2027
Fuel rail improvements 1 LH/MH/HH Engines Low 2022
Fuel rail improvements 2 LH/MH/HH Engines Low 2027
Fuel injector improvements 1 LH/MH/HH Engines Low 2022
Fuel injector improvements 2 LH/MH/HH Engines Low 2027
Piston improvements 1 LH/MH/HH Engines Low 2022
Piston improvements 2 LH/MH/HH Engines Low 2027
Valve train friction reductions 1 LH/MH/HH Engines Low 2022
Valve train friction reductions 2 LH/MH/HH Engines Low 2027
Turbo compounding 1 LH/MH/HH Engines Low 2022
Turbo compounding 2 LH/MH/HH Engines Low 2027
Aftertreatment improvements 1 LH/MH/HH Engines Low 2022
Aftertreatment improvements 2 LH/MH/HH Engines Low 2024
Model based control LH/MH/HH Engines Low 2022
Waste heat recovery HH Engines Medium 2025
Engine friction reduction 1 HD Pickup & Van Engines Low 2018
Engine friction reduction 2 HD Pickup & Van Engines Low 2024
Engine changes to accommodate low friction HD Pickup & Van Engines Low 2018
lubes
Variable valve timing — coupled HD Pickup & Van Engines Low 2018
Variable valve timing — dual HD Pickup & Van Engines Medium 2018
Stoichiometric gasoline direct injection HD Pickup & Van Engines Medium 2018
Cylinder deactivation HD Pickup & Van Engines Medium 2018
Cooled EGR HD Pickup & Van Engines Medium 2024
Turbocharging & downsizing HD Pickup & Van Engines Medium 2018
“Right sized” diesel engine HD Pickup & Van vehicles, Low 2022
Tractors
6 speed transmission HD Pickup & Van vehicles Medium 2018
8 speed transmission HD Pickup & Van vehicles, Medium 2018
Vocational
Automated manual transmission (AMT) Vocational, Tractors Medium 2022
Auto transmission, power-shift Tractors Medium 2022
Conversion from manual to auto trans Vocational Medium 2018
Dual clutch transmission Vocational, Tractors Medium 2022
Improved transmission Vocational Low 2022
Lower RR tires 1 HD Pickup & Van vehicles Low 2018
Lower RR tires 2 HD Pickup & Van vehicles Low 2024
Low drag brakes HD Pickup & Van vehicles Low 2018
Electric power steering HD Pickup & Van vehicles Low 2018
High efficiency transmission HD Pickup & Van vehicles Low 2024
Driveline friction reduction HD Pickup & Van vehicles Low 2022
Improved accessories (electrification) HD Pickup & Van vehicles Low 2018
Improved accessories (electrification) Tractors Low 2022
Improved fan Tractors Low 2022
Lower RR tires 1 Vocational , Tractors, Low 2022
Trailers
Lower RR tires 2 Vocational , Tractors, Low 2022
Trailers
Lower RR tires 3 Vocational , Tractors, Medium 2025
Trailers s
Lower RR tires 4 Vocational , Tractors, Medium 2028

Trailers
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Automated Tire Inflation System (ATIS) Tractors, Trailers Low 2022
Aero 1 HD Pickup & Van vehicles Low 2018
Aero 2 HD Pickup & Van vehicles Medium 2024
Aero Bins 1 thru 4 Tractors Low 2022
Aero Bin 5thru 7 Tractors Medium 2025
Aero Bins 1 thru 8 Trailers Low 2018
Weight reduction (via single wide tires and/or | Tractors Low 2022
aluminum wheels)

Weight reduction via material changes HD Pickup & Van vehicles Low 2018
Weight reduction via material changes — 200 Vocational Low 2022
Ibs, 400 Ibs

Weight reduction via material changes — 1000 | Vocational Medium 2022
Ibs

Weight reduction via material changes Tractors Low 2022
Auxiliary power unit Tractors Low 2022
Air conditioning leakage Vocational, Tractors Low 2022
Air conditioning efficiency Tractors Low 2022
Neutral idle Vocational Low 2022
Stop-start (no regeneration) HD Pickup & Van vehicles Medium 2018
Stop-start (no regeneration) Vocational Medium 2022
Mild hybrid HD Pickup & Van vehicles Highl 2024
Mild hybrid Tractors Highl 2025
Strong hybrid HD Pickup & Van vehicles Highl 2024
Strong hybrid Vocational Highl 2022
Full electric Vocational, Tractors Highl 2028

There is some level of uncertainty surrounding both the ICM and RPE markup factors.
The ICM estimates used in this proposal group all technologies into three broad categories and
treat them as if individual technologies within each of the three categories (low, medium, and
high complexity) would have the same ratio of indirect costs to direct costs. This simplification
means it is likely that the direct cost for some technologies within a category will be higher and
some lower than the estimate for the category in general. More importantly, the ICM estimates
have not been validated through a direct accounting of actual indirect costs for individual
technologies. RPEs themselves are inherently difficult to estimate because the accounting
statements of manufacturers do not neatly categorize all cost elements as either direct or indirect
costs. Hence, each researcher developing an RPE estimate must apply a certain amount of
judgment to the allocation of the costs. Moreover, RPEs for heavy- and medium-duty trucks and
for engine manufacturers are not as well studied as they are for the light-duty automobile
industry. Since empirical estimates of ICMs are ultimately derived from the same data used to
measure RPEs, this affects both measures. However, the value of RPE has not been measured
for specific technologies, or for groups of specific technologies. Thus, even if we assume that
the examined technology accurately represents the average impact on all technologies in its
representative category, applying a single average RPE to any given technology by definition
overstates costs for very simple technologies, or understates them for more advanced
technologies in that group.

2.12.1.3 Learning Effects on Technology Costs
For some of the technologies considered in this analysis, manufacturer learning effects

would be expected to play a role in the actual end costs. The “learning curve” or “experience
curve” describes the reduction in unit production costs as a function of accumulated production
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volume. In theory, the cost behavior it describes applies to cumulative production volume
measured at the level of an individual manufacturer, although it is often assumed—as both
agencies have done in past regulatory analyses—to apply at the industry-wide level, particularly
in industries that utilize many common technologies and component supply sources. Both
agencies believe there are indeed many factors that cause costs to decrease over time. Research
in the costs of manufacturing has consistently shown that, as manufacturers gain experience in
production, they are able to apply innovations to simplify machining and assembly operations,
use lower cost materials, and reduce the number or complexity of component parts. All of these
factors allow manufacturers to lower the per-unit cost of production (i.e., the manufacturing
learning curve).1’

The agencies have a detailed description of the learning effect in the light-duty 2012-
2016 rulemaking. Most studies of the effect of experience or learning on production costs appear
to assume that cost reductions begin only after some initial volume threshold has been reached,
but not all of these studies specify this threshold volume. The rate at which costs decline beyond
the initial threshold is usually expressed as the percent reduction in average unit cost that results
from each successive doubling of cumulative production volume, sometimes referred to as the
learning rate. Many estimates of experience curves do not specify a cumulative production
volume beyond which cost reductions would no longer occur, instead depending on the
asymptotic behavior of the effect for learning rates below 100 percent to establish a floor on
costs.

In past rulemaking analyses, as noted above, both agencies have used a learning curve
algorithm that applied a learning factor of 20 percent for each doubling of production volume.
NHTSA has used this approach in analyses supporting recent CAFE rules. In its analyses, EPA
has simplified the approach by using an “every two years” based learning progression rather than
a pure production volume progression (i.e., after two years of production it was assumed that
production volumes would have doubled and, therefore, costs would be reduced by 20 percent).

In the light-duty 2012-2016 rulemaking, the agencies employed an additional learning
algorithm to reflect the volume-based learning cost reductions that occur further along on the
learning curve. This additional learning algorithm was termed “time-based” learning simply as a
means of distinguishing this algorithm from the volume-based algorithm mentioned above,
although both of the algorithms reflect the volume-based learning curve supported in the
literature.!> To avoid confusion, we now refer to this learning algorithm as the “flat-portion” of
the learning curve. This way, we maintain the clarity that all learning is, in fact, volume-based
learning, and the level of cost reductions depend only on where on the learning curve a
technology’s learning progression is. We distinguish the flat-portion of the curve from the steep-
portion of the curve to indicate the level of learning taking place in the years following
implementation of the technology. The agencies have applied the steep-portion learning
algorithm for those technologies considered to be newer technologies likely to experience rapid
cost reductions through manufacturer learning and the flat-portion learning algorithm for those
technologies considered to be mature technologies likely to experience minor cost reductions
through manufacturer learning. As noted above, the steep-portion learning algorithm results in
20 percent lower costs after two full years of implementation (i.e., the 2016 MY costs are 20
percent lower than the 2014 and 2015 model year costs). Once the steep-portion learning steps
have occurred (for technologies having the steep-portion learning algorithm applied), flat-portion
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learning at 3 percent per year becomes effective for 5 years. For technologies having the flat-
portion learning algorithm applied), flat-portion learning at 3 percent per year begins in year 2
and remains effective for 5 years. Beyond 5 years of learning at 3 percent per year, 5 years of
learning at 2 percent per year, then 5 at 1 percent per year become effective. There was no
serious disagreement with this approach in the public comments to any of the GHG/fuel
economy/consumption rulemakings.

Learning effects are applied to most but not all technologies because some of the
expected technologies are already used rather widely in the industry and, presumably, learning

impacts have already occurred. The steep-portion learning algorithm was applied for only a
handful of technologies that are considered to be new or emerging technologies. Most
technologies have been considered to be more established given their current use in the fleet and,
hence, the lower flat-portion learning algorithm has been applied. The learning algorithms
applied to each technology are summarized in Table 2-100.

Table 2-100 Learning Effect Algorithms Applied to Technologies Used in this Analysis

TECHNOLOGY APPLIED TO LEARNING LEARNING
ALGORITHM FACTOR
“CURVE” A
Cylinder head improvements 1 LH/MH/HH Engines Flat 2
Cylinder head improvements 2 LH/MH/HH Engines Flat 13
Turbo efficiency improvements 1 LH/MH/HH, HD Pickup Flat 2
& Van Engines
Turbo efficiency improvements 2 LH/MH/HH Engines Flat 13
EGR cooler efficiency improvements 1 LH/MH/HH Engines Flat 2
EGR cooler efficiency improvements 2 LH/MH/HH Engines Flat 13
Water pump improvements 1 LH/MH/HH Engines Flat 2
Water pump improvements 2 LH/MH/HH Engines Flat 13
Oil pump improvements 1 LH/MH/HH Engines Flat 2
Oil pump improvements 2 LH/MH/HH Engines Flat 13
Fuel pump improvements 1 LH/MH/HH Engines Flat 2
Fuel pump improvements 2 LH/MH/HH Engines Flat 13
Fuel rail improvements 1 LH/MH/HH Engines Flat 2
Fuel rail improvements 2 LH/MH/HH Engines Flat 13
Fuel injector improvements 1 LH/MH/HH Engines Flat 2
Fuel injector improvements 2 LH/MH/HH Engines Flat 13
Piston improvements 1 LH/MH/HH Engines Flat 2
Piston improvements 2 LH/MH/HH Engines Flat 13
Valve train friction reductions 1 LH/MH/HH Engines Flat 2
Valve train friction reductions 2 LH/MH/HH Engines Flat 13
Turbo compounding 1 LH/MH/HH Engines Flat 2
Turbo compounding 2 LH/MH/HH Engines Flat 13
Aftertreatment improvements 1 & 2 LH/MH/HH Engines Flat 2
Model based control LH/MH/HH Engines Flat 13
Waste heat recovery HH Engines Flat 12
Engine friction reduction 1 & 2 HD Pickup & Van None 1
Engines

Engine changes to accommaodate low HD Pickup & Van None 1
friction lubes Engines

Variable valve timing HD Pickup & Van Flat 8
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Engines

Stoichiometric gasoline direct injection HD Pickup & Van Flat 7
Engines

Cylinder deactivation HD Pickup & Van Flat 8
Engines

Cooled EGR HD Pickup & Van Flat 7
Engines

Turbocharging & downsizing HD Pickup & Van Flat 7
Engines

“Right sized” diesel engine HD Pickup & Van None 1
vehicles, Tractors

6 speed transmission HD Pickup & Van Flat 7
vehicles

8 speed transmission HD Pickup & Van Flat 7
vehicles, Vocational

Automated manual transmission (AMT) Vocational, Tractors Flat 12

Auto transmission, power-shift Tractors Flat 12

Conversion from manual to auto trans Vocational Flat 7

Dual clutch transmission Vocational, Tractors Flat 12

Improved transmission Vocational Flat 13

Lower RR tires 1 HD Pickup & Van None 1
vehicles

Lower RR tires 2 HD Pickup & Van Steep 11
vehicles

Low drag brakes HD Pickup & Van None 1
vehicles

Electric power steering HD Pickup & Van Flat 8
vehicles

High efficiency transmission HD Pickup & Van Flat 6
vehicles

Driveline friction reduction HD Pickup & Van Flat 3
vehicles

Improved accessories (electrification) HD Pickup & Van Flat 8
vehicles

Improved accessories Tractors Flat 12

Improved fan Tractors Flat 12

Lower RR tires 1 Vocational , Tractors, Flat 2
Trailers

Lower RR tires 2 Vocational , Tractors, Flat 2
Trailers

Lower RR tires 3 Vocational , Tractors, Flat 12
Trailers

Lower RR tires 4 Vocational , Tractors, Flat 13
Trailers

Automated Tire Inflation System (ATIS) | Tractors, Trailers Flat 12

Aerol1 &2 HD Pickup & Van Flat 8
vehicles

Aero Bins 1 & 2 Tractors None 1

Aero Bin 3 Tractors Flat 2

Aero Bins 4 thru 7 Tractors Steep 4

Aero Bins 1 thru 8 Trailers Flat 2

Weight reduction (via single wide tires Tractors Flat 2

and/or aluminum wheels)
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Weight reduction via material changes HD Pickup & Van Flat 6
vehicles

Weight reduction via material changes Vocational, Tractors Flat 13

Auxiliary power unit Tractors Flat 2

Air conditioning leakage Vocational, Tractors Flat 2

Air conditioning efficiency Tractors Flat 12

Neutral idle Vocational None 1

Stop-start (no regeneration) HD Pickup & Van Steep 9
vehicles

Stop-start (no regeneration) Vocational Flat 13

Mild hybrid HD Pickup & Van Flat 6
vehicles

Mild hybrid Tractors Flat 12

Strong hybrid HD Pickup & Van Steep 11
vehicles, Vocational

Full electric Vocational, Tractors Steep 4

Note:

2 See table and figure below.

The actual year-by-year factors for the numbered curves shown in Table 2-100 are shown
in Table 2-101 and are shown graphically in Figure 2-33.

Table 2-101 Year-by-year Learning Curve Factors for the Learning Curves Used in this Analysis

CURVEA | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
1 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
2 1.000 | 0.970 | 0.941 | 0.913 | 0.885 | 0.868 | 0.850 | 0.833 | 0.817 | 0.800 | 0.784 | 0.769
3 1.031 | 1.000 | 0.970 | 0.941 | 0.913 | 0.894 | 0.877 | 0.859 | 0.842 | 0.825 | 0.808 | 0.792
4 1.000 | 1.000 | 0.800 | 0.800 | 0.640 | 0.621 | 0.602 | 0.584 | 0.567 | 0.550 | 0.533 | 0.517
6 1.096 | 1.063 | 1.031 | 1.000 | 0.970 | 0.941 | 0.913 | 0.885 | 0.859 | 0.842 | 0.825 | 0.808
7 0.941 ] 0.913 | 0.885 | 0.868 | 0.850 | 0.833 | 0.817 | 0.800 | 0.784 | 0.769 | 0.753 | 0.738
8 1.031 | 1.000 | 0.970 | 0.951 | 0.932 | 0.913 | 0.895 | 0.877 | 0.859 | 0.842 | 0.825 | 0.809
9 1.250 | 1.000 | 1.000 | 0.970 | 0.941 | 0.913 | 0.885 | 0.859 | 0.833 | 0.808 | 0.784 | 0.760

11 1563 | 1.563 | 1.563 | 1.563 | 1.563 | 1.250 | 1.250 | 1.000 | 0.970 | 0.941 | 0.913 | 0.885
12 1.130 | 1.096 | 1.063 | 1.031 | 1.000 | 0.970 | 0.941 | 0.913 | 0.894 | 0.877 | 0.859 | 0.842
13 1238 | 1.201 | 1.165 | 1.130 | 1.096 | 1.063 | 1.031 | 1.000 | 0.970 | 0.941 | 0.913 | 0.894
Note:

2 Curves 5 and 10 were generated but subsequently not used so are not included in the table.
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Figure 2-33 Year-by-year Learning Curve Factors for the Learning Curves used in this Analysis

Importantly, where the factors shown in Table 2-101 and, therefore, the curves shown in
Figure 2-33 equal “1.00” represents the year for which any particular technology’s cost is based.
In other words, for example, the cost estimate that we have for cylinder head improvements 2 is
“based” in 2021 (curve 13). Therefore, its learning factor equals 1.00 in 2021 and then decreases
going forward to represent lower costs due to learning effects. Its learning factors are greater
than 1.00 in years before 2021 to represent “reverse” learning, i.e., higher costs than our 2021
estimate since production volumes have, presumably, not yet reached the point where our cost
estimate can be considered valid.

2.12.1.4 Technology Adoption Rates and Package Costs

Determining the stringency of the proposed standards involves a balancing of relevant
factors — chiefly technology feasibility and effectiveness, costs, and lead time. For vocational
vehicles, tractors and trailers, the agencies have projected a technology path to achieve the
proposed standards reflecting an application rate of those technologies the agencies consider to
be available at reasonable cost in the lead times provided. The agencies do not expect each of
the technologies for which costs have been developed to be employed by all engines and vehicles
across the board. Further, many of today’s vehicles are already equipped with some of the
technologies and/or are expected to adopt them by MY2018 to comply with the HD Phase 1
standards. Estimated adoption rates in both the reference and control cases are necessary for
each vehicle/trailer category. The adoption rates for many technologies are zero in the reference
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case; however, for some technologies—notably aero and tire technologies—the adoption rate is
not always zero in the reference case. These reference and control case adoption rates are then
applied to the technology costs with the result being a package cost for each vehicle/trailer
category. As such, package costs are rarely if ever a simple sum of all the technology costs since
each technology would be expected to be adopted at different rates.

For HD pickups and vans, the CAFE model determines the technology adoption rates that
most cost effectively meet the standards being proposed. Similar to vocational vehicles, tractors
and trailers, package costs are rarely if ever a simple sum of all the technology costs since each
technology would be expected to be adopted at different rates. The methods for estimating
technology adoption rates and resultant costs (and other impacts) for HD pickups and vans are
discussed in Chapter 10 of this draft RIA.

2.12.1.5 Conversion of Technology Costs to 2012 U.S. Dollars

As noted above in Section 1X.C.1, the agencies are using technology costs from many
different sources. These sources, having been published in different years, present costs in
different year dollars (i.e., 2009 dollars or 2010 dollars). For this analysis, the agencies sought to
have all costs in terms of 2012 dollars to be consistent with the dollars used by AEO in its 2014
Annual Energy Outlook.}”® While the factors used to convert from 2009 dollars (or other) to
2012 dollars are small, the agencies prefer to be overly diligent in this regard to ensure
consistency across our benefit-cost analysis. The agencies have used the GDP Implicit Price
Deflator for Gross Domestic Product as the converter, with the actual factors used as shown in
Table 2-102.17

Table 2-102 Implicit Price Deflators and Conversion Factors for Conversion to 2012$

CALENDAR YEAR 2005 2006 2007 2008 | 2009 2010 2011 2012 2013

Price index for GDP 91.991 | 94.818 | 97.335 | 99.236 100 | 101.211 | 103.199 | 105.002 | 106.588

Factor applied for 2012$ | 1.141 1.107 | 1.079 | 1.058 | 1.050 1.037 1.017 1.000 0.985

The sections above describe the technologies expected to be used to enable compliance
with the proposed standards and the adoption rates we estimate to be possible. Here we present
the cost of each technology, the markups used for each, the learning effect applied, etc. The
tables here present the direct manufacturing cost (DMC) we have estimated for each technology,
the indirect costs (IC) associated with that technology, and the resultant total cost (TC) of each
(where TC=DMC+IC). Each table also presents, where appropriate, the expected adoption rate
of each technology in both the reference case (i.e., alternative 1a or the “no new controls” case)
and the policy case (the proposed standards). For most technologies, the reference case adoption
rate will be shown as 0 percent (or blanks in the tables) since the Phase 2 technologies are
expected to be in limited or no use in the regulatory timeframe. However, for some
technologies—notably tire and aero technologies—there is expected to considerably adoption of
Phase 2 technologies in the reference case. The final row(s) of the tables shown here include the
adoption rates applied to the technology costs to arrive at a total cost of each technology as it is
applied to the ultimate package (noted as TCp). In Chapter 2.13 of this draft RIA, we sum these
costs (the TCp costs) into total cost applied to the packages presented later in Chapter 7 of this
draft RIA. We also describe how we moved from the total cost applied to the packages
developed for the regulatory classes (i.e., Class 8 Sleeper cab, LH vocational medium-speed,
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etc.) to the MOVES sourcetypes (i.e., transit bus, refuse truck, combination long haul, etc.) in
order to develop program costs. This final step—moving from regulatory classes to MOVES
sourcetypes, was necessary because MOVES populations, sales, inventory calculations, etc., are
based on sourcetypes, not regulatory classes, and to allow for a more granular look at payback as
presented in Chapter 7.4 of this draft RIA.

Note that the text surrounding the tables presented here refer to low/medium/high
complexity ICMs and to learning curves used. We discuss both the ICMs and the learning
effects used in this analysis in Chapter 2.12.1.2 and 2.12.1.3 of this draft RIA, respectively.

2.12.2 Costs of Engine Technologies
2.12.2.1 Aftertreatment improvements

We have estimated the cost of aftertreatment improvements based on the aftertreatment
improvements technology discussed in the Phase 1 rules. That technology was estimated at $25
(DMC, 2008$, in 2014) for each percentage improvement in fuel consumption, or $100 (DMC,
20088, in 2014) for the 4 percent improvement expected as a result of that program. In Phase 2,
we are expecting only a 0.6 percent improvement in fuel consumption resulting from
aftertreatment improvements. Therefore, the cost in Phase 2 including updates to 2012$ is $16
(DMC, 2012$, in 2014). We consider this technology to be on the flat portion of the learning
curve (curve 2) and have applied a low complexity ICM with short term markups through 2024.
The resultant technology costs, adoption rates and total cost applied to the package are shown in
Table 2-103 for vocational engines and in Table 2-104 for tractor engines.

Table 2-103 Costs of Aftertreatment Improvements — Level 2
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 [ 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027

Aftertreatment improvements | DMC | $14 | $14 | $13 | $13 | $13| $13 | $12 | $12 | $12 | $12
— level 2

Aftertreatment improvements IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
—level 2

Aftertreatment improvements TC $17 | $16 | $16 | $16 | $15| $15| $15| $14 | $14| %14
— level 2

Aftertreatment improvements Alt

— level 2 la
Aftertreatment improvements | Alt3 50% | 50% | 50% | 90% | 90% | 90% | 100%
— level 2

Aftertreatment improvements | TCp $0 $0 $0 $8 $8 $8 | $13 | $13| $13| $14
— level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption
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Table 2-104 Costs of Aftertreatment Improvements — Level 2
HDD Tractor Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027

Aftertreatment improvements | DMC | $14 | $14 | $13 | $13 | $13 | $13 | $12 | $12| $12 $12
—level 2

Aftertreatment improvements IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
— level 2

Aftertreatment improvements TC $17 | $16 | $16 | $16 | $15| $15| $15| $14 | $14 $14
— level 2

Aftertreatment improvements Alt

—level 2 la
Aftertreatment improvements | Alt3 45% | 45% | 45% | 95% | 95% | 95% | 100%
—level 2

Aftertreatment improvements | TCp $0 $0 $0 $7 $7 $7 | $14 | $13| 3$13| $14
— level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.2 Cylinder head improvements

We have estimated the cost of cylinder head improvements based on the cylinder head
improvements technology discussed in the Phase 1 rules. That technology was estimated at $9
(DMC, 2008$, in 2014) for light HDD engines and at $5 (DMC, 20088$, in 2014) for medium and
heavy HDD engines. In Phase 2, we are estimating equivalent costs for an additional level of
cylinder head improvements. With updates to 2012$, we estimate the costs at $10 (DMC,
20128, in 2021) for light HDD engines and at $6 (DMC, 20123, in 2021) for medium and heavy
HDD engines. We consider this technology to be on the flat portion of the learning curve (curve
13) and have applied a low complexity ICM with short term markups through 2027. The
resultant technology costs, adoption rates and total cost applied to the package are shown in
Table 2-105 through Table 2-107.

Table 2-105 Costs for Cylinder Head Improvements — Level 2
Light HDD Vocational Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027

Cylinder head improvements | DMC | $11 | $11 | $10| $10 | $10 $9 $9 $9 $9 $9
— level 2

Cylinder head improvements IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
—level 2

Cylinder head improvements TC $12 | $12 | $12| $11| $11 | $11| $11 | $10| $10| 10
—level 2

Cylinder head improvements Alt

—level 2 la
Cylinder head improvements Alt 3 50% | 50% | 50% | 90% | 90% | 90% | 100%
—level 2

Cylinder head improvements TCp $0 $0 $0 $6 $6 $5 | $10 $9 | $10 $10
— level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption
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Table 2-106 Costs for Cylinder Head Improvements — Level 2
Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Cylinder head improvements | DMC $6 $6 $6 $6 $6 $5 $5 $5 $5 $5
—level 2
Cylinder head improvements IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
— level 2
Cylinder head improvements TC $7 $7 $7 $7 $7 $6 $6 $6 $6 $6
— level 2
Cylinder head improvements Alt
— level 2 la
Cylinder head improvements | Alt3 50% | 50% | 50% | 90% | 90% | 90% | 100%
— level 2
Cylinder head improvements TCp $0 $0 $0 $3 $3 $3 $6 $5 $5 $6
— level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-107 Costs for Cylinder Head Improvements — Level 2
HDD Tractor Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Cylinder head improvements | DMC $6 $6 $6 $6 $6 $5 $5 $5 $5 $5
—level 2
Cylinder head improvements IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
— level 2
Cylinder head improvements TC $7 $7 $7 $7 $7 $6 $6 $6 $6 $6
— level 2
Cylinder head improvements Alt
— level 2 la
Cylinder head improvements Alt 3 45% | 45% | 45% | 95% | 95% | 95% | 100%
— level 2
Cylinder head improvements TCp $0 $0 $0 $3 $3 $3 $6 $6 $6 $6
— level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.3 Turbocharger efficiency improvements

We have estimated the cost of turbo efficiency improvements based on the turbo
efficiency improvements technology discussed in the Phase 1 rules. That technology was

estimated at $16 (DMC, 2008$, in 2014) for all HDD engines. In Phase 2, we are estimating
equivalent costs for an additional level of turbo efficiency improvements. With updates to
20123, we estimate the costs at $17 (DMC, 2012$, in 2021) for all HDD engines. We consider
this technology to be on the flat portion of the learning curve (curve 13) and have applied a low
complexity ICM with short term markups through 2027. The resultant technology costs,
adoption rates and total cost applied to the package are shown in Table 2-108 and Table 2-109
for vocational and tractor engines.
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Table 2-108 Costs for Turbocharger Efficiency Improvements — Level 2
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Turbo efficiency DMC | $18 | $18 | $17 | $17 | %16 | $16 | $15| $15| $14 $14
improvements — level 2
Turbo efficiency IC $3 $3 $3 $3 $3 $3 $3 $3 $3 $3
improvements — level 2
Turbo efficiency TC $21| $20 | $20 | $19| $19| $18 | $18 | $17 | $17 $17
improvements — level 2
Turbo efficiency Alt
improvements — level 2 la
Turbo efficiency Alt3 50% [ 50% | 50% | 90% | 90% | 90% | 100%
improvements — level 2
Turbo efficiency TCp $0 $0 $0 | $10 $9 $9 | $16 | $16 | $15| 317
improvements — level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-109 Costs for Turbocharger Efficiency Improvements — Level 2
HDD Tractor Engines (20123)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Turbo efficiency DMC | $18 | $18 | $17 | $17 | $16 | $16 | $15| $15| $14| 914
improvements — level 2
Turbo efficiency IC $3 $3 $3 $3 $3 $3 $3 $3 $3 $3
improvements — level 2
Turbo efficiency TC $21 | $20 | $20 | $19 | $19 | $18 | $18 | $17 | $17 $17
improvements — level 2
Turbo efficiency Alt
improvements — level 2 la
Turbo efficiency Alt 3 45% | 45% | 45% | 95% | 95% | 95% | 100%
improvements — level 2
Turbo efficiency TCp $0 $0 $0 $9 $8 $8 | $17 | $16 | %16 | 317
improvements — level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

For HD diesel pickups and vans, we are estimating use of the Phase 1 level of turbo
efficiency improvements, or $17 (DMC, 201283, in 2014). We consider this technology to be on

the flat portion of the learning curve (curve 2) and have applied a low complexity ICM with
short term markups through 2022. The resultant technology costs are shown in Table 2-110.

Table 2-110 Costs for Turbocharger Efficiency Improvements — Level 1
HD Pickups & Vans (2012$)

TECHNOLOGY 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Turbo efficiency improvements —level 1 | DMC | $14 | $14 | $13| $13 | $13 | $13| $13
Turbo efficiency improvements —level 1 | IC $3 $3 $2 $2 $2 $2 $2
Turbo efficiency improvements —level 1 | TC $16 | $16 | $15| $15| $15| $15| $15

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost
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2.12.2.4 Turbo compounding

We have estimated the cost of turbo compounding based on the turbo compounding
technology discussed in the Phase 1 rules. That technology was estimated at $813 (DMC,
2008$, in 2014) for all HDD tractor engines. In Phase 2, we are estimating equivalent costs for
an additional level of turbo compounding improvements. With updates to 2012$, we estimate
the costs at $860 (DMC, 201283, in 2021) for all HDD tractor engines. We consider this
technology to be on the flat portion of the learning curve (curve 13) and have applied a low
complexity ICM with short term markups through 2027. The resultant technology costs,
adoption rates and total cost applied to the package are shown in Table 2-111.

Table 2-111 Costs for Turbocharger Compounding — Level 2
HDD Tractor Engines (2012%)

TECHNOLOGY 2018 2019 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Turbo compounding — DMC | $942 | $914 | $886 | $860 | $834 | $809 | $785 | $769 | $754 | $738
level 2
Turbo compounding — IC $134 | $133 | $133 | $133 | $133 | $133 | $133 | $133 | $132 | $132
level 2
Turbo compounding — TC | $1,076 | $1,047 | $1,020 | $993 | $967 | $942 | $917 | $902 | $886 | $871
level 2
Turbo compounding — Alt
level 2 la
Turbo compounding — Alt3 5% | 5% | 5% | 10% | 10% | 10% | 10%
level 2
Turbo compounding — TCp $0 $0 $O | $50 | $48 | $47 | $92 | $90 | $89 | $87
level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.5 Valve actuation

We have estimated the cost of valve actuation based on the dual cam phasing cost
estimate used in the 2017-2025 light-duty rule. In that analysis, we estimated costs at $151
(DMC, 2010%, in 2015) for a large V8 engine. In this HD Phase 2 program, we are estimating
equivalent costs for this technology. With updates to 2012$, we estimate the costs at $157
(DMC, 2012$, in 2015) for all HDD engines. We consider this technology to be on the flat
portion of the learning curve (curve 8) and have applied a medium complexity ICM with short
term markups through 2018. The resultant technology costs, adoption rates and total cost applied
to the package are shown in Table 2-112 for vocational engines and in Table 2-113 for tractor
engines.
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Table 2-112 Costs for Valve Actuation
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 2019 2020 2021 2022 2023 | 2024 | 2025 | 2026 | 2027
Valve actuation | DMC $146 $143 $141 $138 $135 $132 | $130 | $127 | $126 | $125
Valve actuation IC $60 $45 $45 $45 $45 $45 $45 | $45 | $45 $44

Valve actuation TC $207 $188 $186 $183 $180 $177 | $174 | $172 | $170 | $169

Valve actuation Alt

la
Valve actuation Alt 3 50% 50% 50% 90% | 90% | 90% | 100%
Valve actuation All $0 $0 $0 $91 $90 $89 | $157 | $154 | $153 | $169

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-113 Costs for Valve Actuation
HDD Tractor Engines (2012%)

TECHNOLOGY 2018 2019 2020 2021 2022 2023 2024 | 2025 | 2026 | 2027
Valve actuation DMC $146 $143 $141 $138 $135 $132 $130 | $127 | $126 | $125
Valve actuation IC $60 $45 $45 $45 $45 $45 $45 | $45 | $45 $44

Valve actuation TC $207 $188 $186 $183 $180 $177 | $174 | $172 | $170 | $169

Valve actuation Alt

la
Valve actuation Alt 3 45% 45% 45% 95% | 95% | 95% | 100%
Valve actuation All $0 $0 $0 $82 $81 $80 | $166 | $163 | $162 | $169

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

For HD pickups and vans, we have estimated the costs of dual cam phasing based on the
DMC, IC and TC presented above in Table 2-112.

For discrete variable valve lift (DVVL), we have again used the 2017-2025 light-duty
FRM values updated to 2012$ to arrive at a cost of $259 (DMC, 2012$, in 2015). We consider
this technology to be on the flat portion of the learning curve (curve 8) and have applied medium
complexity markups with short term markups through 2024. The resultant costs are presented in
Table 2-114.

Table 2-114 Costs for Discrete Variable Valve Lift (DVVL)
Gasoline HD Pickups and Vans (20123)

ITEM 2021 2022 2023 2024 2025 2026 2027
Discrete variable valve lift DMC $227 $223 $218 $214 $210 $207 $205
(DVVL)
Discrete variable valve lift IC $74 $74 $74 $74 $74 $73 $73
(DVVL)
Discrete variable valve lift TC $301 $297 $292 $288 $283 $281 $279
(DVVL)

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

2.12.2.6 EGR

We have estimated the cost of EGR cooler improvements based on the EGR cooler
improvements technology discussed in the Phase 1 rules. That technology was estimated at $3

2-211




(DMC, 2008$, in 2014) for all HDD engines. In Phase 2, we are estimating equivalent costs for
an additional level of EGR cooler improvements. With updates to 2012$, we estimate the costs
at $3 (DMC, 2012$, in 2021) for all HDD engines. We consider this technology to be on the flat
portion of the learning curve (curve 13) and have applied a low complexity ICM with short term
markups through 2027. The resultant technology costs, adoption rates and total cost applied to
the package are shown in Table 2-115 for vocational engines and in Table 2-116 for tractor
engines.

Table 2-115 Costs for EGR Cooler Improvements — Level 2
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
EGR cooler — level 2 | DMC $4 $4 $3 $3 $3 $3 $3 $3 $3 $3
EGR cooler — level 2 IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
EGR cooler —level 2 | TC $4 $4 $4 $4 $4 $4 $4 $3 $3 $3
EGR cooler —level 2 | Alt 1a
EGR cooler —level 2 | Alt3 50% | 50% | 50% | 90% | 90% | 90% | 100%
EGR cooler —level 2 | TCp $0 $0 $0 $2 $2 $2 $3 $3 $3 $3

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-116 Costs for EGR Cooler Improvements — Level 2
HDD Tractor Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
EGR cooler —level 2 | DMC $4 $4 $3 $3 $3 $3 $3 $3 $3 $3
EGR cooler—level 2 | IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
EGR cooler—level2 | TC $4 $4 $4 $4 $4 $4 $4 $3 $3 $3
EGR cooler —level 2 | Alt la
EGR cooler —level 2 | Alt3 45% | 45% [ 45% | 95% | 95% | 95% | 100%
EGR cooler —level 2 | TCp $0 $0 $0 $2 $2 $2 $3 $3 $3 $3
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

For HD pickups and vans, we have estimated the costs of adding cooled EGR to a
gasoline engine based on the values used in the 2017-2025 light-duty FRM. We have scaled
upward the light-duty value by 25 percent and converted to 2012$ to arrive at a cost of $317
(DMC, 2012%, in 2012). We consider this technology to be on the flat portion of the learning
curve (curve 7) and have applied medium complexity markups with near term markups through
2024. The resultant costs are presented in Table 2-117.

Table 2-117 Costs for Cooled EGR
Gasoline HD Pickups and Vans (2012$)

ITEM 2021 2022 2023 2024 2025 2026 2027
Cooled EGR | DMC $253 $248 $243 $239 $234 $231 $229
Cooled EGR | IC $120 $120 $119 $119 $89 $89 $89
Cooled EGR | TC $373 $368 $363 $358 $323 $321 $318

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost
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2.12.2.7 Water pump improvements

We have estimated the cost of water pump improvements based on the water pump
improvements technology discussed in the Phase 1 rules. That technology was estimated at $78
(DMC, 2008$, in 2014) for all HDD engines. In Phase 2, we are estimating equivalent costs for
an additional level of water pump improvements. With updates to 2012$, we estimate the costs
at $83 (DMC, 20128, in 2021) for all HDD engines. We consider this technology to be on the
flat portion of the learning curve (curve 13) and have applied a low complexity ICM with short
term markups through 2027. The resultant technology costs, adoption rates and total cost applied
to the package are shown in Table 2-118 for vocational engines and in Table 2-119 for tractor
engines.

Table 2-118 Costs for Water Pump Improvements — Level 2
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Water pump—level2 | DMC | $91 | $88 | $85| $83 | $80 | $78 | $75| $74 | $72 $71
Water pump — level 2 IC $13 | $13 | $13| $13| $13| $13| $13| $13| $13 $13
Water pump—level2 | TC |[$103 | $101 | $98 | $95| $93 [ $91 | $88 | $87 | $85 $84
Water pump —level 2 | Alt 1a
Water pump —level 2 | Alt3 60% | 60% | 60% | 90% | 90% | 90% | 100%
Water pump —level 2 | TCp $0 $0 $O0 | $57 | $56 | $54 | $79 | $78 | $77 $84

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-119 Costs for Water Pump Improvements — Level 2
HDD Tractor Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Water pump—level2 | DMC | $91 | $88 | $85 | $83 | $80 | $78 | $75| $74 | $72 | 971
Water pump —level 2 | IC $13 | $13 | $13 | $13 | $13 | $13 | $13 | $13| $13| 13
Water pump—level2 | TC | $103 | $101 | $98 | $95 | $93 | $91 | $88 | $87 | $85 | $84
Water pump — level 2 | Alt 1a
Water pump — level 2 | Alt3 45% | 45% | 45% | 95% | 95% | 95% | 100%
Water pump —level 2 | TCp $0 $0 $0 | $43 | $42 | $41 | $84 | $82 | $81 | $84

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.8 Oil pump improvements

We have estimated the cost of oil pump improvements based on the oil pump
improvements technology discussed in the Phase 1 rules. That technology was estimated at just
under $4 (DMC, 200883, in 2014) for all HDD engines. In Phase 2, we are estimating equivalent
costs for an additional level of oil pump improvements. With updates to 2012$, we estimate the
costs at just over $4 (DMC, 2012$, in 2021) for all HDD engines. We consider this technology
to be on the flat portion of the learning curve (curve 13) and have applied a low complexity ICM
with short term markups through 2027. The resultant technology costs, adoption rates and total
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cost applied to the package are shown in Table 2-120 for vocational engines and in Table 2-121
for tractor engines.

Table 2-120 Costs for Oil Pump Improvements — Level 2
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Oil pump —level 2 | DMC $5 $4 $4 $4 $4 $4 $4 $4 $4 $4
Oil pump - level 2 IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Oil pump—level 2 | TC $5 $5 $5 $5 $5 $5 $4 $4 $4 $4
Oil pump —level 2 | Alt la
Oil pump —level 2 | Alt3 60% | 60% | 60% | 90% [ 90% [ 90% | 100%
Oil pump —level 2 | TCp $0 $0 $0 $3 $3 $3 $4 $4 $4 $4
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-121 Costs for Oil Pump Improvements — Level 2
HDD Tractor Engines (20123)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Oil pump — level 2 | DMC $5 $4 $4 $4 $4 $4 $4 $4 $4 $4
Oil pump - level 2 IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Oil pump—level2 | TC $5 $5 $5 $5 $5 $5 $4 $4 $4 $4
Oil pump —level 2 | Alt 1a
Oil pump —level 2 | Alt3 45% | 45% | 45% | 95% | 95% | 95% | 100%
Oil pump —level 2 | TCp $0 $0 $0 $2 $2 $2 $4 $4 $4 $4
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.9 Fuel pump improvements

We have estimated the cost of fuel pump improvements based on the fuel pump
improvements technology discussed in the Phase 1 rules. That technology was estimated at just
under $4 (DMC, 2008$, in 2014) for all HDD engines. In Phase 2, we are estimating equivalent
costs for an additional level of fuel pump improvements. With updates to 20123, we estimate the
costs at just over $4 (DMC, 2012$, in 2021) for all HDD engines. We consider this technology
to be on the flat portion of the learning curve (curve 13) and have applied a low complexity ICM
with short term markups through 2027. The resultant technology costs, adoption rates and total
cost applied to the package are shown in Table 2-122 for vocational engines and in Table 2-123
for tractor engines.
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Table 2-122 Costs for Fuel Pump Improvements — Level 2
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel pump —level 2 | DMC $5 $4 $4 $4 $4 $4 $4 $4 $4 $4
Fuel pump — level 2 IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Fuel pump—level2 | TC $5 $5 $5 $5 $5 $5 $4 $4 $4 $4
Fuel pump —level 2 | Alt la
Fuel pump —level 2 | Alt3 60% | 60% | 60% | 90% | 90% | 90% | 100%
Fuel pump —level 2 | TCp $0 $0 $0 $3 $3 $3 $4 $4 $4 $4
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-123 Costs for Fuel Pump Improvements — Level 2
HDD Tractor Engines (20123)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel pump — level 2 | DMC $5 $4 $4 $4 $4 $4 $4 $4 $4 $4
Fuel pump —level 2 | IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Fuel pump—level2 | TC $5 $5 $5 $5 $5 $5 $4 $4 $4 $4
Fuel pump —level 2 | Altla
Fuel pump —level 2 | Alt3 45% | 45% | 45% | 95% | 95% | 95% | 100%
Fuel pump —level 2 | TCp $0 $0 $0 $2 $2 $2 $4 $4 $4 $4
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.10 Fuel rail improvements

We have estimated the cost of fuel rail improvements based on the fuel rail improvements
technology discussed in the Phase 1 rules. That technology was estimated at $10 (DMC, 2008$,
in 2014) for LHDD engines and just under $9 (DMC, 2008$, in 2014) for MHDD and HHDD
engines. In Phase 2, we are estimating equivalent costs for an additional level of fuel rail
improvements. With updates to 2012$, we estimate the costs at $11 (DMC, 201283, in 2021) for
LHDD and at just over $9 (DMC, 2012$, in 2021) for MHDD and HHDD engines. We consider
this technology to be on the flat portion of the learning curve (curve 13) and have applied a low
complexity ICM with short term markups through 2027. The resultant technology costs,

adoption rates and total cost applied to the package are shown in Table 2-124 through Table
2-126.
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Table 2-124 Costs for Fuel Rail Improvements — Level 2
Light HDD Vocational Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel rail —level2 | DMC | $12 | $11 | $11 | $11| $10| $10| $10| $10 $9 $9
Fuel rail —level 2 | IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
Fuel rail —level 2 | TC $13 | $13 | $13 | $12 | $12 | $12 | $11 | $11 | $11| $11
Fuel rail —level 2 | Alt 1a
Fuel rail —level 2 | Alt3 60% | 60% | 60% | 90% | 90% [ 90% | 100%
Fuel rail —level 2 | TCp $0 $0 $0 $7 $7 $7| $10| $10| $10| $11
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-125 Costs for Fuel Rail Improvements — Level 2
Medium/Heavy HDD Vocational Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel rail —level 2 | DMC | $10 [ $10 $9 $9 $9 $9 $8 $8 $8 $8
Fuel rail — level 2 IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Fuel rail —level 2 | TC $11 ] $11 | $11| $11| $10| $10| $10( %10 $9 $9
Fuel rail —level 2 | Alt 1a
Fuel rail —level 2 | Alt3 60% | 60% [ 60% | 90% | 90% | 90% | 100%
Fuel rail —level 2 | TCp $0 $0 $0 $6 $6 $6 $9 $9 $8 $9
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-126 Costs for Fuel Rail Improvements — Level 2
HDD Tractor Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel rail —level 2 | DMC | $10 [ $10 $9 $9 $9 $9 $8 $8 $8 $8
Fuel rail — level 2 IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Fuel rail —level 2 | TC $11 | $11 | $11 | $11| $10| $10| $10| $10 $9 $9
Fuel rail —level 2 | Altla
Fuel rail —level 2 [ Alt3 45% | 45% | 45% | 95% | 95% | 95% | 100%
Fuel rail —level 2 | TCp $0 $0 $0 $5 $5 $4 $9 $9 $9 $9
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.11 Fuel injector improvements

We have estimated the cost of fuel injector improvements based on the fuel injector

improvements technology discussed in the Phase 1 rules. That technology was estimated at $13
(DMC, 2008$, in 2014) for LHDD engines and $9 (DMC, 2008$, in 2014) for MHDD and
HHDD engines. In Phase 2, we are estimating equivalent costs for an additional level of fuel
injector improvements. With updates to 2012$, we estimate the costs at $13 (DMC, 20128, in
2021) for LHDD and at $10 (DMC, 2012$, in 2021) for MHDD and HHDD engines. We
consider this technology to be on the flat portion of the learning curve (curve 13) and have
applied a low complexity ICM with short term markups through 2027. The resultant technology
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costs, adoption rates and total cost applied to the package are shown in Table 2-127 through
Table 2-129.

Table 2-127 Costs for Fuel Injector Improvements — Level 2
Light HDD Vocational Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel injectors—level2 | DMC | $14 | $14 | $14 | $13 | $13 | $12 | $12 | $12 | $12 $11
Fuel injectors — level 2 IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
Fuel injectors—level 2 | TC $17 | $16 | $16 | $15| $15| $14 | $14 | $14| $14 $13
Fuel injectors — level 2 | Alt 1a
Fuel injectors — level 2 | Alt3 50% | 50% | 50% | 90% | 90% [ 90% | 100%
Fuel injectors —level 2 | TCp $0 $0 $0 $8 $7 $7 | $13| $12| $12 | $13
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative package; alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-128 Costs for Fuel Injector Improvements — Level 2
Medium/Heavy HDD Vocational Engines (20123)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel injectors—level2 | DMC | $11 | $11 | $10| $10| $10 $9 $9 $9 $9 $9
Fuel injectors —level 2 | IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
Fuel injectors—level 2 [ TC $12 | $12 | $12| $11| $11| $11| $11| s$10| $10 $10
Fuel injectors — level 2 | Alt 1a
Fuel injectors — level 2 | Alt3 50% | 50% | 50% | 90% | 90% [ 90% | 100%
Fuel injectors —level 2 | TCp $0 $0 $0 $6 $6 $5 | $10 $9 $9 | $10
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-129 Costs for Fuel Injector Improvements — Level 2
HDD Tractor Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Fuel injectors—level2 | DMC | $11| $11 | $10| $10 | $10 $9 $9 $9 $9 $9
Fuel injectors — level 2 IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
Fuel injectors —level 2 [ TC $12 | $12 | $12 | $11| $11 | $11| $11 | $10| $10| 810
Fuel injectors — level 2 | Alt 1a
Fuel injectors — level 2 [ Alt3 45% | 45% [ 45% | 95% | 95% | 95% | 100%
Fuel injectors —level 2 | TCp $0 $0 $0 $5 $5 $5| $10| $10] $10| $10
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.12 Piston improvements

We have estimated the cost of piston improvements based on the piston improvements
technology discussed in the Phase 1 rules. That technology was estimated at just over $2 (DMC,
2008$, in 2014) for all HDD engines. In Phase 2, we are estimating equivalent costs for an
additional level of fuel pump improvements. With updates to 2012$, we estimate the costs at
over $2 (DMC, 2012$, in 2021) for all HDD engines. We consider this technology to be on the
flat portion of the learning curve (curve 13) and have applied a low complexity ICM with short
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term markups through 2027. The resultant technology costs, adoption rates and total cost applied
to the package are shown in Table 2-130 for vocational engines and in Table 2-131 for tractor
engines.

Table 2-130 Costs for Fuel Pump Improvements — Level 2
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027

Piston improvements — level DMC $3 $3 $3 $2 $2 $2 $2 $2 $2 $2
2

Piston improvements — level IC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2

Piston improvements — level TC $3 $3 $3 $3 $3 $3 $3 $3 $3 $3
2

Piston improvements — level | Alt 1a
2

Piston improvements — level Alt3 50% | 50% | 50% | 90% | 90% | 90% | 100%
2

Piston improvements — level TCp $0 $0 $0 $1 $1 $1 $2 $2 $2 $3
2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-131 Costs for Fuel Pump Improvements — Level 2
HDD Tractor Engines (20123)

TECHNOLOGY 2018 | 2019 [ 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027

Piston improvements — level DMC $3 $3 $3 $2 $2 $2 $2 $2 $2 $2
2

Piston improvements — level IC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2

Piston improvements — level TC $3 $3 $3 $3 $3 $3 $3 $3 $3 $3
2

Piston improvements — level | Alt 1a
2

Piston improvements — level Alt3 45% | 45% | 45% | 95% | 95% | 95% | 100%
2

Piston improvements — level TCp $0 $0 $0 $1 $1 $1 $3 $2 $2 $3
2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.13 Valvetrain friction reduction

We have estimated the cost of valvetrain friction reduction based on the valvetrain
friction reduction technology discussed in the Phase 1 rules. That technology was estimated at
$94 (DMC, 20088$, in 2014) for LHDD engines and $70 (DMC, 2008$, in 2014) for MHDD and
HHDD engines. In Phase 2, we are estimating equivalent costs for an additional level of fuel
injector improvements. With updates to 2012$, we estimate the costs at $99 (DMC, 2012$, in
2021) for LHDD and at $74 (DMC, 2012$, in 2021) for MHDD and HHDD engines. We

2-218




consider this technology to be on the flat portion of the learning curve (curve 13) and have

applied a low complexity ICM with short term markups through 2027. The resultant technology
costs, adoption rates and total cost applied to the package are shown in Table 2-132 and Table
2-133 for vocational engines and in Table 2-134 for tractor engines.

Table 2-132 Costs for Valvetrain Friction Improvements — Level 2
Light HDD Vocational Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Valvetrain friction reduction DMC | $109 | $105 | $102 | $99 | $96 | $93 | $91 | $89 | $87 $85
—level 2
Valvetrain friction reduction IC $15| $15| $15| $15| $15| $15| $15| $15| 915 $15
—level 2
Valvetrain friction reduction TC | $124 | $121 | $118 | $115 | $112 | $109 | $106 | $104 | $102 | $100
—level 2
Valvetrain friction reduction Alt
—level 2 la
Valvetrain friction reduction Alt 3 60% | 60% | 60% | 90% | 90% | 90% | 100%
—level 2
Valvetrain friction reduction TCp $0 $0 $0| $69 | $67 | $65| $95( $94 | $92 | $100

—level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-133 Costs for Valvetrain Friction Improvements — Level 2

Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Valvetrain friction reduction DMC | $82 | $79 | $77 | $74 | $72| $70| $68 | $67 | 3$65 $64
—level 2
Valvetrain friction reduction IC $12 | $12 | $12| $12 | $12| $11 | $11| $11| 911 $11
—level 2
Valvetrain friction reduction TC $93 | $91 | $88 | $86 | $84 | $81 | $79 | $78 | $77 $75
—level 2
Valvetrain friction reduction Alt
—level 2 la
Valvetrain friction reduction Alt 3 60% | 60% | 60% | 90% | 90% | 90% | 100%
—level 2
Valvetrain friction reduction TCp $0 $0 $0 | $52 | $50 | $49 | $71| $70| $69 | %75

—level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption
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Table 2-134 Costs for Valvetrain Friction Improvements — Level 2
HDD Tractor Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027

Valvetrain friction reduction DMC | $82 | $79 | $77 | $74 | $72| $70| $68 | $67 | 3$65 $64
—level 2

Valvetrain friction reduction IC $12 | $12 | $12| $12 | $12 | $11 | $11 | $11 | 311 $11
—level 2

Valvetrain friction reduction TC $93 | $91 | $88 | $86 | $84 | $81 | $79 | $78 | $77 $75
—level 2

Valvetrain friction reduction Alt

—level 2 la

Valvetrain friction reduction Alt 3 45% | 45% | 45% | 95% | 95% | 95% | 100%
—level 2

Valvetrain friction reduction TCp $0 $0 $0 | $39 | $38 | $37 | $75| $74| $73| %75
— level 2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.14 “Right-sized” diesel engine

We have estimated the cost of a slightly smaller diesel engine at a $500 savings (DMC,
2013$, in any year) for all HDD tractor engines. We believe this represents an opportunity for
lower costs because smaller diesel engines contain less materials and are, generally, less costly to
produce than a larger diesel engine. In 2012$, we estimate the costs at $493 (DMC, 20128, in
any year) for all HDD tractor engines. As this cost is considered applicable in any year, we have
applied not learning effects (curve 1). We have applied a low complexity ICM with short term
markups through 2022. The resultant technology costs, adoption rates and total cost applied to
the package are shown in Table 2-135 for tractor engines. For HD pickups and vans, we
estimated the right-sized diesel engine cost as cost neutral to any reference case diesel engine
and limited the technology to diesel vans. We have not included any costs associated with lost
utility of the smaller diesel engine. We believe that the smaller engine would be attractive to
some buyers, but not all, and that those buyers would not be concerned by any possible lost
utility. For that reason, we have used a limited application rate for this technology since, as
noted, not all buyers would be interested in this option due to the potential for lost utility. Note
that, for HD pickups and vans, we have considered this technology to be cost neutral.

2-220




Table 2-135 Costs for “Right-sized” HDD Tractor Engines (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Right-sized DMC | -$493 | -$493 | -$493 | -$493 | -$493 | -$493 | -$493 | -$493 | -$493 | -$493
diesel engine

Right-sized IC $88 $88 $88 $88 $88 $69 $69 $69 $69 $69
diesel engine

Right-sized TC -$405 | -$405 | -$405 | -$405 | -$405 | -$424 | -$424 | -$424 | -$424 | -$424
diesel engine

Right-sized Alt 1a

diesel engine

Right-sized Alt3 10% | 10% [ 10% | 20% | 20% | 20% | 30%
diesel engine

Right-sized TCp $0 $0 $0| -$40 (| -$40 | -$42| -$85| -$85| -$85 | -$127
diesel engine

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.15 Waste heat recovery

We have estimated the cost of waste heat recovery based on the estimate from Tetra Tech
showing it at $12,000 (retail, 2013$). Using that $12,000 estimate and dividing by a 1.36 RPE
(see Chapter 2.12.1.2 of this draft RIA) and converting to 2012$, we arrive at our estimated
DMC of $8,692 (DMC, 2012$, in 2018). We consider this technology to be on the flat portion of
the learning curve (curve 12) because although waste heat recovery is a new technology and in
the 2015 to 2017 timeframe remains, perhaps, on the steeper portion of the learning curve,
applying such rapid learning effects to the cost estimate we have would result in costs too low in
the MY 2024 to 2027 timeframe. We have applied a medium complexity ICM with short term
markups through 2025. The resultant technology costs, adoption rates and total cost applied to
the package are shown in Table 2-136 for tractor engines.
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Table 2-136 Costs for Waste Heat Recovery
HDD Tractor Engines (2012$)

ITEM 2018 2019 2020 2021 2022 2023 2024 2025 | 2026 | 2027

Waste DMC | $8,692 | $8,431 | $8,179 | $7,933 | $7,775| $7,619 | $7,467 | $7,317 | $7,171 | $7,028
heat
recovery

Waste IC $2,628 | $2,615| $2,602 | $2,589 | $2,581 | $2,574 | $2,566 | $2,558 | $1,908 | $1,903
heat
recovery

Waste TC | $11,320 | $11,046 | $10,780 | $10,523 | $10,356 | $10,193 | $10,032 | $9,876 | $9,079 | $8,931
heat
recovery

Waste Alt
heat la
recovery

Waste Alt 3 1% 1% 1% 5% 5% 5% 15%
heat
recovery

Waste TCp $0 $0 $0 $105 $104 $102 $502 $494 $454 | $1,340
heat
recovery

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.16 Model-based control

We have estimated the cost of model-based controls at $100 (DMC, 2013$). Using that
estimate and converting to 2012$, we arrive at our estimated DMC of $99 (DMC, 2012$, in
2021). We consider this technology to be on the flat portion of the learning curve (curve 13) and
have applied a low complexity ICM with short term markups through 2022. The resultant
technology costs, adoption rates and total cost applied to the package are shown in Table 2-137
for vocational engines.

Table 2-137 Costs for Model Based Controls
Light/Medium/Heavy HDD Vocational Engines (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Model-based control | DMC | $108 | $105 | $102 | $99 | $96 | $93 | $90 | $88 | $86 | $85
Model-based control IC $15| $15) $15| $15| $15| %12 | $12| 12| $12| 912
Model-based control | TC | $123 | $120 | $117 | $114 | $111 | $105 | $102 | $100 | $99 | $97
Model-based control | Alt 1a
Model-based control | Alt3 25% | 25% | 25% | 30% | 30% | 30% | 40%
Model-based control | TCp $0 $0 $O | $28 | $28 | $26 | $31 | $30 | $30 | $39
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.2.17 Engine friction reduction and accommodating low friction lubes
We have based the costs for accommodating low friction lubes (LUB) on the costs used

in the light-duty 2017-2025 FRM but have scaled upward that cost by 50 percent to account for
the larger HD engines. Using that cost ($3 DMC, 2006$, in any year) and converting to 2012$
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results in a cost of $5 (DMC, 201283, in any year). We consider this technology to be beyond
learning (curve 1) and have applied low complexity markups with near term markups through
2018. The resultant costs for HD pickups and vans are shown in are shown in Table 2-138.

Table 2-138 Costs for Accommodating Low Friction Lubes
Gasoline & Diesel HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Engine friction reduction - level | DMC $5 $5 $5 $5 $5 $5 $5
1
Engine friction reduction - level IC $1 $1 $1 $1 $1 $1 $1
1
Engine friction reduction - level | TC $6 $6 $6 $6 $6 $6 $6
1

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

We have based the costs for engine friction reduction level 1 (EFR1) on the costs used in
the light-duty 2017-2025 FRM. That cost is based on an original estimate of $11/cylinder
(DMC, 2006$%, in any year). Using that cost for an 8 cylinder engine and converting to 2012$
results in a cost of $97 (DMC, 2012$, in any year). We consider this technology to be beyond
learning (curve 1) and have applied low complexity markups with near term markups through
2018. The resultant costs for HD pickups and vans are shown in are shown in Table 2-139.

Table 2-139 Costs for Engine Friction Reduction — Level 1
Gasoline & Diesel HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Engine friction reduction - level | DMC $97 $97 $97 $97 $97 $97 $97
1
Engine friction reduction - level IC $19 $19 $19 $19 $19 $19 $19
1
Engine friction reduction - level | TC $116 $116 $116 $116 $116 $116 $116
1

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

For engine friction reduction level 2 (EFR2, which includes costs for accommodating low
friction lubes) we have used the same approach as used in the light-duty 2017-2025 rule in that
we have doubled the DMC associated with LUB and EFR1. As with those technologies, we
consider EFR2 to be beyond learning (curve 1) and have applied low complexity markups but
have applied near term markups through 2024. The resultant costs for gasoline HD pickups and
vans are shown in Table 2-140.
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Table 2-140 Costs for Engine Friction Reduction — Level 2
Gasoline HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027

Engine friction reduction - level | DMC $205 $205 $205 $205 $205 $205 $205
2

Engine friction reduction - level IC $50 $50 $50 $50 $39 $39 $39
2
Engine friction reduction - level | TC $254 $254 $254 $254 $244 $244 $244
2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

For diesel HD pickups and vans, we have used the above costs for EFR level 2 and added
to that costs associated with improvements to other parasitic loads on the engine. For that latter
portion of the cost, we have used the light HDD engine DMCs for improved water pump level 1,
improved oil pump level 1, improved fuel pump level 1, improved fuel injectors level 1 and
valvetrain friction reduction level 1, which together result in a cost of $193 (DMC, 2012$, in and
year). We consider this combined set of technologies to be beyond the effects of learning (curve
1) and have applied low complexity markups with near term markups through 2022. The
resultant costs for diesel HD pickups and vans are shown in Table 2-141.

Table 2-141 Costs for Engine Friction Reduction & Improvements to Other Parasitics
Diesel HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Engine friction reduction - DMC $397 $397 $397 $397 $397 $397 $397
diesel
Engine friction reduction - IC $96 $96 $87 $87 $77 $77 $77
diesel
Engine friction reduction - TC $494 $494 $484 $484 $474 $474 $474
diesel

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

2.12.2.18 Cylinder deactivation

For cylinder deactivation on HD pickups and vans, we have based the costs on values
presented in the light-duty 2017-2025 FRM with updates to 2012$ to arrive at a cost of $169
(DMC, 2012%, in 2015). We consider this technology to be on the flat portion of the learning
curve (curve 8) and have applied medium complexity markups with near term markups through
2018. The resultant costs are presented in Table 2-142.

Table 2-142 Costs for Cylinder Deactivation
Gasoline HD Pickups and Vans (20123)

ITEM 2021 2022 2023 2024 2025 2026 2027
Cylinder DMC $148 $145 $142 $139 $137 $135 $134
deactivation
Cylinder IC $48 $48 $48 $48 $48 $48 $48
deactivation
Cylinder TC $196 $193 $190 $187 $185 $183 $182
deactivation

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost
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2.12.2.19 Stoichiometric gasoline direct injection (SGDI)

For gasoline direct injection on HD pickups and vans, we have based the costs on values
presented in the light-duty 2017-2025 FRM with updates to 2012$ to arrive at a cost of $417
(DMC, 2012$, in 2012). We consider this technology to be on the flat portion of the learning
curve (curve 7) and have applied medium complexity markups with near term markups through
2018. The resultant costs are presented in Table 2-143.

Table 2-143 Costs for Direct Injection
Gasoline HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Gasoline direct DMC $333 $327 $320 $314 $307 $304 $301
injection
Gasoline direct IC $118 $118 $118 $117 $117 $117 $117
injection
Gasoline direct TC $451 $445 $438 $431 $425 $422 $418
injection

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost.
2.12.2.20 Turbocharging & downsizing

For turbocharging and downsizing (TDS) on HD pickups and vans, we have based the
costs on values presented in the light-duty 2017-2025 FRM with updates to 2012$. For the twin
turbo configuration expected on a V6 engine (downsized from a V8), we estimate the cost at
$735 (DMC, 2012$, in 2012). We consider this technology to be on the flat portion of the
learning curve (curve 7) and have applied medium complexity markups with near term markups
through 2018. For downsizing from an overhead valve (OHV) V8 to an overhead cam (OHC)
V6 valvetrain, we have estimated the cost at $340 (DMC, 2012$, in 2017). We consider this
technology to be on the flat portion of the learning curve (curve 6) and have applied medium
complexity markups with near term markups through 2018. For downsizing from an OHC V8 to
an OHC V6, we have estimated the cost at -$295 (DMC, 20128$, in 2012). We consider this
technology to be on the flat portion of the learning curve to arrive at a cost of $417 (DMC,
20128, in 2012). We consider this technology to be on the flat portion of the learning curve
(curve 7) and have applied medium complexity markups with near term markups through 2024.
The resultant costs for the turbocharging system are shown in Table 2-144, for downsizing from
an OHV V8 to an OHC V6 in Table 2-145, and downsizing from an OHC V8 to an OHC V6 in
Table 2-146.

Table 2-144 Costs for Adding Twin Turbos
Gasoline HD Pickups and Vans (20123)

ITEM 2021 2022 2023 2024 2025 2026 2027
Adding DMC $588 $576 $565 $553 $542 $537 $531
twin turbos
Adding IC $208 $208 $208 $207 $207 $207 $207
twin turbos
Adding TC $796 $784 $772 $761 $749 $744 $738
twin turbos

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost
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Table 2-145 Costs for Downsizing from an OHV V8 to an OHC V6
Gasoline HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Downsizing from OHV DMC $301 $292 $286 $280 $275 $269 $264
V8 to OHC V6
Downsizing from OHV IC $97 $97 $97 $97 $96 $96 $96
V8 to OHC V6
Downsizing from OHV TC $398 $389 $383 $377 $371 $365 $360
V8 to OHC V6

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

Table 2-146 Costs for Downsizing from an OHC V8 to an OHC V6
Gasoline HD Pickups and Vans (2012$)

ITEM 2021 2022 2023 2024 2025 2026 2027
Downsizing from OHC DMC -$236 -$232 -$227 -$223 -$218 -$216 -$214
V8 to OHC V6
Downsizing from OHC IC $112 $112 $111 $111 $83 $83 $83
V8 to OHC V6
Downsizing from OHC TC -$125 -$120 -$116 -$111 -$135 -$133 -$131
V8 to OHC V6

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost
2.12.3 Transmissions
2.12.3.1 Adding additional gears (vocational)

We have estimated the cost of adding 2 additional gears for vocational vehicles
(light/medium HD, heavy HD urban/multipurpose) based on the light-duty cost for an 8 speed
automatic transmission relative to a 6 speed automatic of $78 (DMC, 2010$, in 2012).R We have
scaled that value by typical torque values of 2000 foot-pounds for vocational and 332 for a light-
duty truck. With updates to 2012$, this DMC for vocational vehicles becomes $486 (DMC,
2012$, in 2012). We consider this technology to be on the flat portion of the learning curve
(curve 7) and have applied a medium complexity ICM with short term markups through 2018.
The resultant technology costs, adoption rates and total cost applied to the package are shown in
Table 2-147 and Table 2-148 for vocational vehicles.

R This cost was updated by FEV in early 2013. We are using the updated cost here, not the value used in the light-
duty 2017-2025 final rule.
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Table 2-147 Costs for Adding 2 Gears to an Automatic Transmission
Vocational Light/Medium/Heavy HD Urban/Multipurpose Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Adding additional gears | DMC | $413 | $405 | $397 | $389 | $381 | $374 | $366 | $359 | $355 | $352
Adding additional gears IC | $143 | $107 | $107 | $106 | $106 | $106 | $105 | $105 | $105 | $105
Adding additional gears | TC | $557 | $512 | $504 | $495 | $487 | $479 | $472 | $464 | $460 | $457
Adding additional gears | Alt 1a
Adding additional gears | Alt3 5% | 5% | 5% | 5% | 5% | 5% | 5%
Adding additional gears | TCp $0 $0 $0 | $25| $24 | $24 | $24 | $23 | $23 | $23

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-148 Costs for Adding 2 Gears to an Automatic Transmission
Vocational Light/Medium HD Regional Vehicles (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Adding additional gears | DMC | $413 | $405 | $397 | $389 | $381 | $374 | $366 | $359 | $355 | $352
Adding additional gears | IC | $143 | $107 | $107 | $106 | $106 | $106 | $105 | $105 | $105 | $105
Adding additional gears | TC | $557 | $512 | $504 | $495 | $487 | $479 | $472 | $464 | $460 | $457
Adding additional gears | Alt 1a
Adding additional gears | Alt3 5% | 5% | 5% | 5% | 5% | 5% | 10%
Adding additional gears | TCp $0 $0 $0 | $25| $24 | $24 | $24 | $23 | $23 | $46
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.3.2 Automated manual transmissions (AMT)

We have estimated the cost of an AMT transmission, relative to a manual transmission,
based on an estimate by Tetra Tech of $5,100 (retail, 20133%). Using that estimate, we divided by
an RPE of 1.36 and converted to 2012$ to arrive at an estimated cost of $3694 (DMC, 20128, in
2018). We consider this technology to be on the flat portion of the learning curve (curve 12) and
have applied a medium complexity ICM with short term markups through 2022. The resultant
technology costs, adoption rates and total cost applied to the package are shown in Table 2-149
for vocational vehicles and in Table 2-150 for tractors.
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Table 2-149 Costs for an AMT Transmission

Vocational Heavy HD Regional Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Manual to AMT | DMC | $3,694 | $3,583 | $3,476 | $3,372 | $3,304 | $3,238 | $3,173 | $3,110 | $3,048 | $2,987
Manual to AMT IC [$1,117 [ $1,111 | $1,106 | $1,101 | $1,097 | $818 | $815| $813 | $811 | $809
Manual to AMT | TC | $4,811 | $4,695 | $4,582 | $4,472 | $4,401 | $4,056 | $3,989 | $3,923 | $3,859 | $3,795
Manual to AMT | Alt

la
Manual to AMT | Alt3 22% 22% 22% 33% 33% 33% 25%
Manual to AMT | TCp $0 $0 $0 | $984 | $968 | $892 | $1,316 | $1,295 | $1,273 | $949

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption
Table 2-150 Costs for an AMT Transmission
Tractors (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Manual to AMT | DMC | $3,694 | $3,583 | $3,476 | $3,372 | $3,304 | $3,238 | $3,173 | $3,110 | $3,048 | $2,987
Manual to AMT IC [ $1,117 [ $1,111 | $1,106 | $1,101 | $1,097 | $818 | $815| $813 | $811 | $809
Manual to AMT | TC | $4,811 | $4,695 | $4,582 | $4,472 | $4,401 | $4,056 | $3,989 | $3,923 | $3,859 [ $3,795
Manual to AMT Alt

la
Manual to AMT | Alt3 40% 40% 40% 50% 50% 50% 50%
Manual to AMT | TCp $0 $0 $0 | $1,789 | $1,761 | $1,622 | $1,994 | $1,961 | $1,929 | $1,898

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.3.3 Automatic Transmission Powershift

We have estimated the cost of a powershift automatic transmission, relative to a manual
transmission, based on an estimate by Tetra Tech of $15000 (retail, 2013$). Using that estimate,
we divided by an RPE of 1.36 and converted to 2012$ to arrive at an estimated cost of $11670

(DMC, 2012%, in 2018). We consider this technology to be on the flat portion of the learning

curve (curve 12) and have applied a medium complexity ICM with short term markups through

2022. The resultant technology costs, adoption rates and total cost applied to the package are

shown in Table 2-151 for tractors.
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Table 2-151

Costs for a Powershift Automatic Transmission

Tractors (2012%$)

TECHNOLOGY 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Manual to AT DMC | $11,670 | $11,320 | $10,981 | $10,651 | $10,438 | $10,229 | $10,025 | $9,824 | $9,628 [ $9,435
powershift

Manual to AT IC $3,528 | $3,511 | $3,493 | $3,477 | $3,466 | $2,583 | $2,576 | $2,569 | $2,562 | $2,555
powershift

Manual to AT TC | $15,199 | $14,831 | $14,474 | $14,128 | $13,904 | $12,812 | $12,601 | $12,393 | $12,190 | $11,990
powershift

Manual to AT Alt

powershift la

Manual to AT Alt 3 10% 10% 10% 20% 20% 20% 30%
powershift

Manual to AT TCp $0 $0 $0 | $1,413 | $1,390 | $1,281 | $2,520 | $2,479 | $2,438 | $3,597
powershift

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.3.4 Dual-clutch transmissions (DCT)

For vocational light/medium HD vehicles and for heavy HD urban and multipurpose
vehicles, we estimate the cost of a move to a DCT from an automatic transmission to be cost
neutral. For vocational heavy HD regional vehicles, we have estimated the cost of a DCT,
relative to a manual transmission, as being equal to the move from a manual transmission to an
AMT or $3694 (DMC, 2012$, in 2018, see 2.12.3.2 above). We consider this technology to be
on the flat portion of the learning curve (curve 12) and have applied a medium complexity ICM
with short term markups through 2022. The resultant technology costs, adoption rates and total
cost applied to the package are shown in Table 2-154.

Table 2-152 Costs for a Dual Clutch Transmission (DCT)

Vocational Light/Medium/Heavy HD Urban/Multipurpose Vehicles (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Auto trans to DCT | DMC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Auto trans to DCT IC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Autotrans to DCT | TC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Auto trans to DCT | Alt 1a
Auto trans to DCT | Alt3 5% 5% 5% | 15% | 15% | 15% 5%
Auto trans to DCT | TCp $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;

alt=alternative; empty cells for adoption rates denote 0% adoption
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Table 2-153 Costs for a Dual Clutch Transmission (DCT)
Vocational Light/Medium HD Regional Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Auto trans to DCT | DMC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Auto trans to DCT IC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Auto trans to DCT | TC $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Auto trans to DCT | Alt 1a
Auto trans to DCT | Alt3 5% 5% 5% | 15% | 15% | 15% | 10%
Auto trans to DCT | TCp $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;

alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-154 Costs for a Dual Clutch Transmission (DCT)
Vocational Heavy HD Regional Vehicles (2012$)

TECHNOLOGY 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Manual to DCT | DMC | $3,694 | $3,583 | $3,476 | $3,372 | $3,304 | $3,238 | $3,173 | $3,110 | $3,048 | $2,987
Manual to DCT IC |[$1,117 | $1,111 | $1,106 | $1,101 | $1,097 $818 $815 $813 $811 $809
Manual to DCT TC | $4,811 | $4,695 | $4,582 | $4,472 | $4,401 | $4,056 | $3,989 | $3,923 | $3,859 | $3,795
Manual to DCT Alt

la
Manual to DCT | Alt3 22% 22% 22% 33% 33% 33% 25%
Manual to DCT | TCp $0 $0 $0 $984 $968 $892 | $1,316 | $1,295 | $1,273 $949

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

For tractors, we have based our estimated cost of a DCT relative to a manual transmission
on a Tetra Tech estimate of $17,500 (retail, 2013$). Using that estimate, we divided by an RPE
of 1.36 and converted to 2012$ to arrive at an estimated cost of $12676 (DMC, 2012$, in 2018).
We consider this technology to be on the flat portion of the learning curve (curve 12) and have
applied a medium complexity ICM with short term markups through 2022. The resultant
technology costs, adoption rates and total cost applied to the package are shown in Table 2-155
for tractors.

Table 2-155 Costs for a Dual Clutch Transmission (DCT)

Tractors (2012%)

TECHNOLOGY 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Manual to DCT DMC | $12,676 | $12,296 | $11,927 | $11,569 | $11,338 | $11,111 | $10,889 | $10,671 | $10,458 | $10,248
Manual to DCT IC $3,832 | $3,813 | $3,794 | $3,776 | $3,765 | $2,806 | $2,798 | $2,790 | $2,783 | $2,775
Manual to DCT TC | $16,509 | $16,109 | $15,721 | $15,346 | $15,102 | $13,917 | $13,687 | $13,461 | $13,240 | $13,024
Manual to DCT Alt

la
Manual to DCT Alt 3 5% 5% 5% 10% 10% 10% 10%
Manual to DCT TCp $0 30 $0 $767 $755 $696 | $1,369 | $1,346 | $1,324 | $1,302

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption
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2.12.3.5 Improved transmissions — vocational vehicles

For this technology, we have relied on our light-duty technologies referred to as high
efficiency gearbox (HEG), aggressive shift logic (ASL1) and early torque converter lockup
(TORQ). Each of those technologies was estimated at $202, $27 and $25 (all are DMC, in
20108%, in 2015 or 2017 (HEG)). For this analysis, we have used those estimates for ASL1 and
TORQ, but have scaled upward the cost of HEG by 25 percent to account for differences
between light-duty and HD. Converting to 2012$ results in costs for this technology of $316
(DMC, 2012$, in 2021). We consider this technology to be on the flat portion of the learning
curve (curve 13) and have applied a low complexity ICM with short term markups through 2022.
The resultant technology costs, adoption rates and total cost applied to the package are shown in
Table 2-156 for vocational vehicles.

Table 2-156 Costs of Improved Transmissions
All Vocational HD Vehicles (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Improved trans DMC | $346 | $336 | $326 | $316 | $307 | $297 | $288 | $283 | $277 | $271
Improved trans IC $57 | $57 | $57 | $56 | $56 | $44 | $44 | 44| $44 | $44

Improved trans TC | $403 | $393 | $382 | $372 | $363 | $342 | $333 | $327 | $321 | $315
Improved trans | Alt 1a
Improved trans Alt 3 15% | 15% | 15% | 30% | 30% | 30% | 70%
Improved trans TCp $0 $0 $0 | $56 | $54 | $51 | $100 | $98 | $96 | $221
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.3.6 Manual to automatic transmission, vocational heavy HD regional vehicles

For this technology, we have estimated the cost as equal to the cost for moving from a
manual transmission to an AMT, as presented above, but have considered that cost to be
applicable to MY2012, or $3694 (DMC, 2012$, in 2012). We consider this technology to be on
the flat portion of the learning curve (curve 7) and have applied a medium complexity ICM with
short term markups through 2018. The resultant technology costs, adoption rates and total cost
applied to the package are shown in Table 2-157.
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Table 2-157 Cost for an Automatic Transmission
Vocational Heavy HD Regional Vehicles (20129%)

TECHNOLOGY 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Manual to auto DMC | $3,141 | $3,078 | $3,017 | $2,956 | $2,897 | $2,839 | $2,782 | $2,727 | $2,699 | $2,672
trans

Manual to auto IC | $1,089 $812 $810 $808 $806 $804 $802 $800 $799 $798
trans

Manual to auto TC | $4,230 | $3,890 | $3,826 | $3,764 | $3,703 | $3,643 | $3,584 | $3,526 | $3,498 | $3,470
trans

Manual to auto Alt

trans la

Manual to auto Alt 3 22% 22% 22% 33% 33% 33% 25%
trans

Manual to auto TCp $0 $0 $0 | $828 | $815| $801 | $1,183 | $1,164 | $1,154 | $868
trans

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.3.7 8 speed transmission relative to a 6 speed, HD pickups & vans

We have based the cost of this technology on several values used in the light-duty 2017-

2025 final rule. In that rule, we presented costs for 6 to 8 speed automatic transmission, high

efficiency gearbox (HEG) and aggressive shift logic (ASL1) as separate technologies. Here we
are treating these technologies as separate for costing (since some metrics differ for each) but
considering them as being applied together as a complete group. As such, the cost for moving to
an 8 speed transmission from the base 6 would always be the summation within any given year
of the total costs shown in the tables that follow. For adding 2 gears, we have estimated the cost

at $121 (DMC, 2012$, in 2012). We consider that technology to be on the flat portion of the

learning curve (curve 7) and have applied medium complexity markups with near term markups
through 2018. For HEG, we have estimated the cost at $263 (DMC, 2012$, in 2017). We
consider this technology to be on the flat portion of the learning curve (curve 6) and have applied
low complexity markups with near term markups through 2024. For shift logic, we have
estimated the cost at $28 (DMC, 20128, in 2015). We consider this technology to be on the flat
portion of the learning curve (curve 8) and have applied low complexity markups with near term
markups through 2018. The resultant costs for adding 2 gears are shown in Table 2-158, for

HEG in Table 2-159 and for ASL1 in Table 2-160.

Table 2-158 Costs to Add 2 Transmission Gears
HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Move from | DMC $97 $95 $93 $91 $89 $88 $88
6 to 8 gears
Move from IC $34 $34 $34 $34 $34 $34 $34
6 to 8 gears
Move from TC $131 $129 $127 $125 $123 $123 $122
6 to 8 gears

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost
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Table 2-159 Costs for High Efficiency Gearbox (HEG)
HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
High DMC $232 $225 $221 $217 $212 $208 $204
efficiency
gearbox
High IC $63 $63 $63 $63 $50 $50 $50
efficiency
gearbox
High TC $296 $288 $284 $279 $262 $258 $254
efficiency
gearbox
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

Table 2-160 Costs for Aggressive Shift Logic Level 1
HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Aggressive | DMC $25 $24 $24 $23 $23 $22 $22
shift logic 1
Aggressive IC $5 $5 $5 $5 $5 $5 $5
shift logic 1
Aggressive TC $30 $30 $29 $29 $28 $28 $28
shift logic 1
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

Table 2-161 Complete Cost of Moving from the Base 6 Speed to 8 Speed Transmission
2 GearstHEG+ASL1
HD Pickups and Vans (2012$)
ITEM 2021 2022 2023 2024 2025 2026 2027
Move from 6speed to TC $457 $447 $440 $414 $409 $403

8speed Transmission

Notes: TC=total cost.

2.12.4 Air Conditioning

2.12.4.1 Direct AC controls — vocational (all)

We have estimated the cost of this technology based on an estimate from TetraTech of
$30 (retail, 20133%). Using that estimate we divided by a 1.36 RPE and converted to 2012$ to
arrive at a cost of $22 (DMC, 2012$, in 2014). We consider this technology to be on the flat
portion of the learning curve (curve 2) and have applied a low complexity ICM with short term
markups through 2022. The resultant technology costs, adoption rates and total cost applied to
the package are shown in Table 2-162.
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Table 2-162 Costs for Direct Air Conditioning Controls
All Vocational HD Vehicles (2012%)

TECHNOLOGY

2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
AJC direct DMC | $19 | $19| %18 $18 $18 $17 $17 $17 $17 $16
AJC direct IC $4 $4 $4 $4 $4 $3 $3 $3 $3 $3
AJC direct TC $23 | $23 | $22 $22 $22 $20 $20 $20 $20 $19
A/C direct Alt 1a
AJC direct Alt 3 100% | 100% | 100% | 100% | 100% | 100% | 100%
AJC direct TCp $0 $0 $0 $22 $22 $20 $20 $20 $20 $19

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.4.2 Indirect AC controls — tractors (all)

We have estimated the cost of this technology based on an estimate from TetraTech of
$218 (retail, 2013%). Using that estimate we divided by a 1.36 RPE and converted to 2012$ to
arrive at a cost of $158 (DMC, 2012$, in 2018). We consider this technology to be on the flat
portion of the learning curve (curve 12) and have applied a low complexity ICM with short term
markups through 2022. The resultant technology costs, adoption rates and total cost applied to

the package are shown in Table 2-163.

Table 2-163 Costs for Indirect AC Controls

Tractors (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
A/C indirect DMC | $158 | $153 | $148 | $144 | $141 | $138 | $135 | $133 | $130 | $127
A/C indirect IC $28 | $28 | $28 | $28 | $28 | $22 | $22 | 22| $22 | $22
A/C indirect TC | $186 | $181 | $176 | $172 | $169 | $160 | $157 | $155 | $152 | $149
AJC indirect Alt 1la

AJ/C indirect Alt 3 10% [ 10% | 10% | 20% | 20% | 20% | 30%
AJC indirect TCp $0 $0 $O | $17 | $17 | $16 | $31 | $31 | $30 | $45

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.5 Axles

2.12.5.1 6x2 Axle

We have estimated the cost of this technology based on an estimate from TetraTech of
$250 (retail, 2013$). Using that estimate we divided by a 1.36 RPE and converted to 2012$ to
arrive at a cost of $181 (DMC, 2012$, in 2018). We consider this technology to be on the flat
portion of the learning curve (curve 12) and have applied a low complexity ICM with short term
markups through 2022. The resultant technology costs, adoption rates and total cost applied to
the package are shown in Table 2-164 for vocational heavy HD regional vehicles, in Table 2-165
for Class 8 tractors (day and sleeper cab) with low and mid roofs, and in Table 2-166 for Class 8

tractors (day and sleeper cab) with high roofs.
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Table 2-164 Costs for 6x2 Axles
Vocational Heavy HD Regional Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle 6x2 DMC | $181 | $176 | $170 | $165 | $162 | $159 | $156 | $152 | $149 | $146
Axle 6x2 IC $32 | $32 | $32 | $32| $32 | $25| $25 | $25| $25| $25
Axle 6x2 TC | $213 | $208 | $203 | $197 | $194 | $184 | $181 | $178 | $175 | $172
Axle 6x2 Alt la

Axle 6x2 Alt 3 23% | 23% | 23% | 30% | 30% | 30% | 30%
Axle 6x2 TCp 3$0 $0 $O| $44 | $44 | $41| 54| $53 | $52 | $51

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

Class 8 Day Cab Low and Sleeper Cab Low/Mid Roof Tractors (2012$)

Table 2-165 Costs for 6x2 Axles

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle 6x2 DMC | $181 | $176 | $170 | $165 | $162 | $159 | $156 | $152 | $149 | $146
Axle 6x2 IC $32 | $32 | $32 | $32 | $32| 25| $25 | $25| $25| $25
Axle 6x2 TC | $213 | $208 | $203 | $197 | $194 | $184 | $181 | $178 | $175 | $172
Axle 6x2 Alt 1a

Axle 6x2 Alt 3 10% | 10% | 10% | 20% | 20% | 20% | 20%
Axle 6x2 TCp $0 $0 $0| $20 | $19 | $18 | $36 | $36| $35| $34

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-166 Costs for 6x2 Axles
Class 8 Day Cab and Sleeper Cab High Roof Tractors (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle 6x2 DMC | $181 | $176 | $170 | $165 | $162 | $159 | $156 | $152 | $149 | $146
Axle 6x2 IC $32 | $32 | $32 | $32| $32 | $25| $25 | $25| $25| $25
Axle 6x2 TC | $213 | $208 | $203 | $197 | $194 | $184 | $181 | $178 | $175 | $172
Axle 6x2 Alt 1a

Axle 6x2 Alt 3 20% | 20% | 20% | 60% | 60% | 60% | 60%
Axle 6x2 TCp $0 $0 $0| $39 | $39 | $37 [ $108 | $107 | $105 | $103

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.5.2 Axle disconnect

We have estimated the cost of this technology based on an estimate from TetraTech of

$140 (retail, 20133). Using that estimate we divided by a 1.36 RPE and converted to 2012$ to
arrive at a cost of $101 (DMC, 2012$, in all years). We consider this technology to be on the flat

portion of the learning curve with no additional learning to occur (curve 1) and have applied a
low complexity ICM with short term markups through 2022. The resultant technology costs,
adoption rates and total cost applied to the package are shown in Table 2-167.
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Table 2-167 Costs for Axle Disconnect
Vocational Heavy HD Regional Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle disconnect | DMC | $101 | $101 | $101 | $101 | $101 | $101 | $101 | $101 | $101 | $101
Axle disconnect IC $18 | $18 | $18 | $18 | $18 | $14 | $14 | $14 | $14| $14
Axle disconnect TC | $120 | $120 | $120 | $120 | $120 | $116 | $116 | $116 | $116 | $116
Axle disconnect | Alt 1a
Axle disconnect | Alt3 46% | 46% | 46% | 61% | 30% | 30% | 30%
Axle disconnect | TCp $0 $0 $0 | $55 | $55| $53 | $71 | $35| $35| $35
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.5.3 Axle downspeed

We have estimated the cost of this technology based on engineering judgment at $50
(DMC, 2013$, in 2018). This DMC is expected to cover development and some testing and
integration work since there is no real hardware required for this technology. Converting this
DMC to 2012$ results in a $49 cost (DMC, 2012$, in 2018). We consider this technology to be
on the flat portion of the learning curve (curve 12) and have applied a low complexity ICM with
short term markups through 2022. The resultant technology costs, adoption rates and total cost
applied to the package are shown in Table 2-168.

Table 2-168 Costs for Axle Downspeeding
Tractors (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle downspeed | DMC | $49 | $48 | $46 | $45| $44 | $43 | $42 | $41 | $41 | 40
Axle downspeed IC $9 $9 $9 $9 $9 $7 $7 $7 $7 $7
Axle downspeed | TC $58 | $57 | $55 | $54 | $53 | $50 | $49 | 48| $47 | %47
Axle downspeed | Alt 1la
Axle downspeed | Alt3 20% | 20% | 20% | 40% | 40% | 40% | 60%
Axle downspeed | TCp $0 $0 $0 | $11| $11| $10| $20 | $19 | $19 | $28
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.5.4 Low friction axle lubes

We have estimated the cost of this technology based on an estimate from TetraTech of
$250 (retail, 20133), an estimate applicable to tractors having 3 axles. Using that estimate we
divided by a 1.36 RPE and converted to 2012$ to arrive at a cost of $181 (DMC, 20128, in
2018). We consider this estimate to be applicable also to vocational HH vehicles since these
generally have 3 axles. For vocational light/medium HD vehicles, which generally have 2 axles,
we have estimated the DMC at 2/3 the vocational heavy HD/tractor cost, or $121 (DMC, 20128,
in 2018). We consider this technology to be on the flat portion of the learning curve (curve 12)
and have applied a low complexity ICM with short term markups through 2022. The resultant
technology costs, adoption rates and total cost applied to the package are shown in Table 2-169
for vocational light and medium HD vehicles and in Table 2-170 for vocational heavy HD
vehicles, and in Table 2-171 for tractors.
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Table 2-169 Costs for Low Friction Axle Lubes
Vocational Light/Medium HD Urban/Multipurpose/Regional Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle low friction lubes | DMC | $121 | $117 | $114 | $110 | $108 | $106 | $104 | $102 | $100 | $98
Axle low friction lubes | IC $22 | $22 | $21 | $21 | $21 | $17 | $17 | $17 | $17 | $17
Axle low friction lubes | TC | $142 | $139 | $135 | $132 | $129 | $123 | $121 | $118 | $116 | $114
Axle low friction lubes | Alt 1a
Axle low friction lubes | Alt3 75% | 75% | 75% | 75% | 75% [ 75% | 75%
Axle low friction lubes | TCp $0 $0 $0| $99 | $97 | $92 | $90 | $89 | $87 | $86
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-170 Costs for Low Friction Axle Lubes
Vocational Heavy HD Urban/Multipurpose/Regional Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle low friction lubes | DMC | $181 | $176 | $170 | $165 | $162 | $159 | $156 | $152 | $149 | $146
Axle low friction lubes IC $32 | $32 | $32 | $32| $32 | $25| $25| $25 | $25| $25
Axle low friction lubes | TC | $213 | $208 | $203 | $197 | $194 | $184 | $181 | $178 | $175 | $172
Axle low friction lubes | Alt 1a
Axle low friction lubes | Alt3 75% | 75% | 75% | 75% | 75% | 75% | 75%
Axle low friction lubes | TCp $0 $0 $0 | $148 | $146 | $138 | $136 | $133 | $131 | $129
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-171 Costs for Low Friction Axle Lubes
Tractors (2012%$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Axle low friction lubes | DMC | $181 | $176 | $170 | $165 | $162 | $159 | $156 | $152 | $149 | $146
Axle low friction lubes | IC $32 | $32 | $32 | $32 | $32 | $25| $25| $25 | $25| $25
Axle low friction lubes | TC | $213 [ $208 | $203 | $197 | $194 | $184 | $181 | $178 | $175 | $172
Axle low friction lubes | Alt 1a
Axle low friction lubes | Alt3 20% | 20% | 20% | 40% | 40% | 40% | 40%
Axle low friction lubes | TCp $0 $0 $0 | $39 | $39 | $37 | $72 | $71| $70| $69
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

2.12.6 Idle Reduction
2.12.6.1 Auxiliary power units (APU)

We have estimated the cost of this technology based on the APU costs discussed in the
Phase 1 rule. That technology was estimated at $4586 (DMC, 2008$, in 2014). With updates,
that cost becomes $4853 (DMC, 201283, in 2014) for Phase 2. We consider this technology to be
on the flat portion of the learning curve (curve 2) and have applied a low complexity ICM with
short term markups through 2022. The resultant technology costs, adoption rates and total cost
applied to the package are shown in Table 2-172.
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Table 2-172 Costs for Auxiliary Power Units (APU)
Sleeper Cab Tractors (2012%)

TECHNOLOGY 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

APU DMC | $4,296 | $4,210 | $4,126 | $4,043 | $3,962 | $3,883 | $3,805 | $3,729 | $3,692 | $3,655
APU IC $859 $857 $856 $855 $854 $674 $673 $673 $673 $672
APU TC | $5,154 | $5,067 | $4,982 | $4,899 | $4,817 | $4,557 | $4,479 | $4,402 | $4,365 | $4,327
APU Alt 30% 30% 30% 30% 30% 30% 30% 30% 30% 30%

la

APU Alt 3 30% 30% 30% 70% 70% 70% 80% 90% 90% 90%
APU TCp $0 $0 $0 | $1,959 | $1,927 | $1,823 | $2,239 | $2,641 | $2,619 | $2,596

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative

2.12.6.2 Neutral idle

We have estimated the cost of this technology based on engineering judgment at $10

(retail, 2013$). Using that estimate, we have divided by a 1.36 RPE and converted to 2012$ to
arrive at a $7 cost (DMC, 2012$, in all years). This DMC is expected to cover development and
some testing and integration work since there is no real hardware required for this technology.
We consider this technology to be on the flat portion of the learning curve with no additional
learning to occur (curve 1) and have applied a low complexity ICM with short term markups
through 2022. The resultant technology costs, adoption rates and total cost applied to the package
are shown in Table 2-173 and Table 2-174 for vocational vehicles.

Table 2-173 Costs for Neutral Idle Technology
Vocational Light/Medium HD Urban Vehicles (20123)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Neutral idle DMC $7 $7 $7 $7 $7 $7 $7 $7 $7 $7
Neutral idle IC 31 $1 31 31 $1 31 31 $1 $1 31
Neutral idle TC 3$9 3$9 3$9 3$9 $9 $8 3$8 $8 3$8 3$8
Neutral idle Alt la

Neutral idle Alt 3 70% | 70% | 70% | 85% | 85% | 85% | 25%
Neutral idle TCp $0 $0 $0 $6 $6 $6 $7 $7 $7 $2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-174 Costs for Neutral Idle Technology
Vocational Light/Medium/Heavy HD Multipurpose Vehicles and
Vocational Light/Medium HD Regional Vehicles
And Vocational Heavy HD Urban Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Neutral idle DMC $7 $7 $7 $7 $7 $7 $7 $7 $7 $7
Neutral idle IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Neutral idle TC $9 $9 $9 $9 $9 $8 $8 $8 $8 $8
Neutral idle Alt 1a

Neutral idle Alt 3 70% | 70% | 70% | 85% [ 85% | 85% | 30%
Neutral idle TCp $0 $0 $0 $6 $6 $6 $7 $7 $7 $2

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption
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2.12.6.3 Stop-start

We have estimated the cost of this technology based on several cost estimates. First, an
estimate from TetraTech of $700 (retail, 2013$) for gasoline HD pickups and vans and $1500
(retail, 2013$) for diesel HD pickups and vans. Using these values, we divided by a 1.36 RPE
and converted to 2012$ to arrive at $507 (DMC, 2012$, in 2021) and $1087 (DMC, 20123, in
2021) which were considered appropriate for vocational MH and HH vehicles, respectively. To
these estimates, we have added the costs for improved accessories used for HD pickups and vans
of $124 (DMC, 2012$, in 2015) which is based on values from the 2017-2025 light-duty FRM.
However, to account for the heavier vocational vehicles relative to the HD pickup and vans, we
have scaled upward the improved accessory value by 50 percent to arrive at a cost of $186
(DMC, 2012%, in 2015). We have then added these values to arrive at costs of $693 (DMC,
2012$, in 2021) and $1272 (DMC, 2012$, in 2021) and have applied the lower cost to vocational
medium HD vehicles and the higher cost to vocational heavy HD vehicles. For vocational light
HD, we have used the stop-start cost for the 2017-2025 rule for LD pickups ($377 DMC, 20123,
in 2015) but have scaled upward that value by 25 percent to account for the weight difference
between the LD and vocational light HD vehicles. Doing this results in a cost of $471 (DMC,
2012$, in 2021). Adding to that the $186 value for improved accessories mentioned earlier gives
the resultant vocational light HD cost of $656 (DMC, 2012$, in 2021). We consider all of these
technologies to be on the flat portion of the learning curve (curve 13) and have applied a medium
complexity ICM with short term markups through 2022. The resultant technology costs, adoption
rates and total cost applied to the package are shown in Table 2-175 for vocational light HD,
Table 2-176 for vocational medium HD, and in Table 2-177 for vocational heavy HD vehicles.

Table 2-175 Costs for Stop-start
Vocational Light HD Urban/Multipurpose/Regional Vehicles (20123)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Stop-start DMC | $719 | $698 | $677 | $656 | $637 | $618 | $599 | $587 | $575 | $564
Stop-start IC | $202 | $201 | $200 | $198 | $197 | $147 | $146 | $146 | $145 | $145
Stop-start TC | $921 | $898 | $876 | $855 | $834 | $764 | $745 | $733 | $721 | $709
Stop-start Alt 1a

Stop-start Alt 3 5% | 5% | 5% 15% | 15% | 15% | 70%
Stop-start TCp $0 $0 $0 | $43 | $42 | $38 | $112 | $110 | $108 | $496

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption

Table 2-176 Costs for Stop-start
Vocational Medium HD Urban/Multipurpose/Regional Vehicles (2012%)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Stop-start DMC | $759 | $736 | $714 | $693 | $672 | $652 [ $632 | $620 | $607 | $595
Stop-start IC | $213 | $212 | $211 | $209 | $208 | $155 | $154 | $154 | $153 | $153
Stop-start TC | $972 | $948 | $925 | $902 | $880 | $807 | $786 | $773 | $761 | $748
Stop-start Alt 1la

Stop-start Alt 3 5% | 5% | 5% | 15% | 15% | 15% | 70%
Stop-start TCp $0 $0 $0 | $45| $44 | $40 | $118 | $116 | $114 | $524

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the
package; alt=alternative; empty cells for adoption rates denote 0% adoption
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Table 2-177 Costs for Stop-start
Vocational Heavy HD Urban/Multipurpose/Regional Vehicles (2012$)

TECHNOLOGY 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Stop-start DMC | $1,394 | $1,352 | $1,312 | $1,272 | $1,234 | $1,197 | $1,161 | $1,138 | $1,115 | $1,093
Stop-start IC $391 | $389 | $387 | $385| $383 | $284 | $283 | $282 | $282 | $281
Stop-start TC | $1,785 | $1,741 | $1,698 | $1,657 | $1,617 | $1,482 | $1,444 | $1,420 | $1,397 | $1,374
Stop-start Alt

la
Stop-start Alt 3 15% 15% 15% 70%
Stop-start TCp $0 $0 $0 $0 $0 $0 | $217 | $213 | $210 | $962

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;

alt=alternative; empty cells for adoption rates denote 0% adoption

For HD pickups and vans, we have based our costs for stop-start systems on the values
used in the light-duty 2017-2025 final rule, but have scaled upward those costs by 25 percent to

account for the larger and harder starting HD engines. Using this approach and converting to

2012$ results in a cost of $471 (DMC, 201283, in 2015). We consider this technology to be on the
steep portion of the learning curve (curve 9, note the different year of cost-applicability relative
to the vocational cost discussed above) and have applied medium complexity markups with near

term markups through 2018. The resultant costs for HD pickups and vans are shown in Table

2-178.

Table 2-178 Costs of Stop-start
HD Pickups and Vans (2012%)

ITEM 2021 2022 2023 2024 2025 2026 2027
Stop-start | DMC $404 $392 $380 $369 $358 $351 $344
Stop-start $134 $134 $134 $133 $133 $133 $132
Stop-start | TC $539 $526 $514 $502 $491 $483 $476

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

2.12.7 Electrification (strong/mild HEV, full EV)

2.12.7.1 Strong hybrid electric vehicle (strong HEV)

We have estimated the cost of this technology using the costs estimated in the 2017-2025
light-duty rule for a light-duty pickup strong HEV. There we estimated the cost at $2729 (DMC,
20108, in 2021) for a LD truck with a 5200 pound curb weight. We have then scaled upward that
value using the ratio of test weights for HD pickups in our MY2014 market file (8739 pounds) to

the test weight of the 5200 pound LD truck (5500 pounds). The resultant strong hybrid costs

become $4335 (DMC, 20128, in 2021) for HD pickups and vans. We consider this technology to
be on the steep portion of the learning curve today but on the flat portion by 2021 (curve 11) and
have applied high complexity level 1 with short term markups through 2024. The resultant
technology costs are shown in Table 2-179 for HD pickups and vans.
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Table 2-179 Costs of Strong Hybrid
HD Pickups and Vans (2012$)

ITEM 2021 2022 2023 2024 2025 2026 2027
Strong HEV | DMC | $4,335 | $4,205| $4,079 | $3,957 $3,838 | $3,723 | $3,648
Strong HEV | IC $2,443 | $2,435 | $2,427 $2,419 [ $1482 | $1478 | $1476
Strong HEV | TC $6,779 $6,640 | $6,506 | $6,376 | $5320 | $5201 | $5,124
Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

For vocational vehicle strong hybrids, we have scaled upward from the HD pickup and
van values using best estimates of curb weights. For vocational vehicles, we have used curb
weights of 16,000 for light HD, 25,150 for medium HD and 42,000 for heavy HD relative to a
6500 pound value for HD pickups. Scaling based on curb weight here should provide an
acceptable scaling of costs with battery and motor sizes since those are generally directly
correlated with the weight of the vehicle itself. Using these scaling factors results in costs for
complete hybrid systems for light, medium and heavy HD, respectively, of $10,672, $16,774 and
$28,013 (DMC, 2012$, in 2021). We consider this technology to be on the steep portion of the
learning curve today but on the flat portion by 2021 (curve 11) and have applied high complexity
level 1 with short term markups through 2022. The resultant technology costs, adoption rates and
total cost applied to the package are shown are shown in Table 2-180 for light HD, in Table
2-181 for medium HD and in Table 2-182 for heavy HD vocational vehicles.

Table 2-180 Costs for Strong Hybrid

Vocational Light HD Urban/Multipurpose Vehicles (20123)

ITEM 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Strong | DMC | $16,674 | $13,340 | $13,340 | $10,672 | $10,351 | $10,041 | $9,740 | $9,448 | $9,164 | $8,981
HEV

Strong | IC $4,975  $4,731 | $4,731 | $4,536 | $4,512 | $2,849 | $2,838 | $2,827 | $2,817 | $2,810
HEV

Strong | TC | $21,649 | $18,070 | $18,070 | $15,207 | $14,864 | $12,890 | $12,578 | $12,275 | $11,981 | $11,791
HEV

Strong | Alt

HEV la

Strong | Alt3 4% 4% 4% 7% 7% 7% 18%
HEV

Strong | TCp $0 $0 $0 $547 $535 $464 $906 $884 $863 | $2,122
HEV

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption
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Table 2-181 Costs for Strong Hybrid

Vocational Medium HD Urban/Multipurpose Vehicles (2012%)

ITEM 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Strong | DMC | $26,210 | $20,968 | $20,968 | $16,774 | $16,271 | $15,783 | $15,310 | $14,850 | $14,405 | $14,117
HEV

Strong | IC $7,820 | $7,436 | $7,436 | $7,129 | $7,093 | $4,478 | $4,461 | $4,444 | $4,428 | $4,418
HEV

Strong | TC | $34,030 | $28,404 | $28,404 | $23,904 | $23,364 | $20,262 | $19,771 | $19,295 | $18,833 | $18,534
HEV

Strong | Alt

HEV la

Strong | Alt3 4% 4% 4% 7% 7% 7% 18%
HEV

Strong | TCp $0 $0 $0 $861 $841 $729 | $1,424 | $1,389 | $1,356 | $3,336
HEV

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption
Table 2-182 Costs for Strong Hybrid
Vocational Heavy HD Urban/Multipurpose Vehicles (2012%)

ITEM 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Strong | DMC | $43,770 | $35,016 | $35,016 | $28,013 | $27,173 | $26,357 | $25,567 | $24,800 | $24,056 | $23,575
HEV

Strong | IC | $13,059 | $12,418 | $12,418 | $11,906 | $11,844 | $7,479 | $7,450 | $7,422 | $7,395| $7,377
HEV

Strong | TC | $56,829 | $47,435 | $47,435 | $39,919 | $39,017 | $33,836 | $33,017 | $32,222 | $31,451 | $30,952
HEV

Strong | Alt

HEV la

Strong | Alt3 4% 4% 4% 7% 7% 7% 18%
HEV

Strong | TCp $0 $0 $0 | $1,437 | $1,405| $1,218 | $2,377 | $2,320 | $2,264 | $5,571
HEV

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative; empty cells for adoption rates denote 0% adoption

value using the ratio of curb weights for HD pickups of 6500 pounds to the 3500 pound curb

2.12.7.2 Mild hybrid electric vehicle (mild HEV)

We have estimated the cost of this technology using the costs estimated in the 2017-2025
light-duty rule for a light-duty pickup mild HEV. There we estimated the cost at $983 (DMC,
20108, in 2021) for a LD truck with a 3500 pound curb weight. We have then scaled upward that

weight. The resultant mild hybrid costs become $1894 (DMC, 2012$, in 2017) for HD pickups
and vans. We consider this technology to be on the flat portion of the learning curve (curve 6)

and have applied high complexity level 1 with short term markups through 2024. The resultant
technology costs are shown in Table 2-183 for HD pickups and vans.
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Table 2-183 Costs of Mild Hybrid
HD Pickups and Vans (2012$)

ITEM 2021 2022 2023 2024 2025 2026 2027
MildHEV | DMC | $1677 | $1626 | $1594 | $1562| $1531 | $1500| $1470
Mild HEV | IC $1,053 | $1,050 | $1,048 | $1,046 $643 $642 $641
Mild HEV | TC $2,730 | $2,677 | $2,642 | $2,608 | $2,173 | $2,142 | $2,111

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

For tractors, we have estimated the cost of this technology based on an estimate from

TetraTech of $20,000 (retail, 2013$). Using that value, we divided by a 1.36 RPE and converted
to 2012$ to arrive at a cost of $14,487 (DMC, 20123, in 2018). We consider this technology to
be on the flat portion of the learning curve (curve 12) and have applied a high complexity level 1

markup with short term markups through 2025. The resultant technology costs are shown in

Table 2-184 (note that this technology is not expected to be used so the application rate is 0%).

Table 2-184 Costs for Mild Hybrid
Tractors (2012%)

ITEM 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Mild | DMC | $14,487 | $14,052 | $13,631 | $13,222 | $12,958 | $12,698 | $12,444 | $12,196 | $11,952 | $11,713
HEV

Mild IC $6,157 | $6,125 | $6,094 | $6,065 | $6,045 | $6,026 | $6,008 | $5,989 | $3,806 | $3,798
HEV

Mild TC | $20,644 | $20,178 | $19,725 | $19,287 | $19,003 | $18,725 | $18,452 | $18,185 | $15,758 | $15,510
HEV

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; TCp=total cost applied to the package;
alt=alternative

1.36 RPE and converted to 2012$ to arrive at a cost of $56,418 (DMC, 20123, in 2014). We

2.12.7.3 Full electric vehicle (Full EV)

For vocational vehicle full EVs, we have used an estimate of $77888 (retail, 20133)
based on an estimate from The West Coast Collaborative.l”® Using that value, we divided by a

consider this technology to be on the steep portion of the learning curve (curve 4) and have
applied a high complexity level 1 markup with short term markups through 2028. The resultant
technology costs are shown in Table 2-185.

Table 2-185 Costs of Full Electric Vehicle
Vocational Light/Medium HD (Urban/Multipurpose/Regional) Vehicles (2012%)

ITEM 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Full DMC | $36,108 | $35,025 | $33,974 | $32,955 | $31,966 | $31,007 | $30,077 | $29,174 | $28,591 | $28,019
EV

Full IC | $22,492 | $22,413 | $22,336 | $22,262 | $22,189 | $22,119 | $22,051 | $21,985 | $21,942 | $21,900
EV

Full TC | $58,600 | $57,438 | $56,310 | $55,216 | $54,155 | $53,126 | $52,128 | $51,159 | $50,533 | $49,920
EV

Notes: DMC=direct manufacturing cost; IC=indirect cost; TC=total cost

For day cab tractor full EVs, we have used an estimate of $203,000 (retail, 2012$) based
on an estimate from the California Energy Commission. Using that value, we divided by a 1.36
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RPE to arrive at a cost of $149,265 (DMC, 20123, in 2014). We consider this technology to be
on the steep portion of the learning curve (curve 4) and have applied a high complexity level 1
markup with short term markups through 2028. The resultant technology costs are shown in

Table 2-186.
Table 2-186 Costs for Full Electric Vehicle
Day Cab Tractors (2012%)
ITEM 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Full DMC | $95,529 | $92,664 | $89,884 | $87,187 | $84,572 | $82,034 | $79,573 | $77,186 | $75,642 | $74,130
EV
Full IC $59,507 | $59,297 | $59,094 | $58,897 | $58,705 | $58,520 [ $58,340 | $58,165 | $58,052 | $57,941
EV
Full TC | $155,036 | $151,961 | $148,978 | $146,084 | $143,277 | $140,554 | $137,913 | $135,351 | $133,694 | $132,071
EV

Notes: DMC=direct manufacturing cost; I