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Executive Summary

The Environmental Protection Agency (EPA) and the National Highway Traffic
Safety Administration (NHTSA) are issuing a joint proposal to establish new standards for
light-duty highway vehicles that will reduce greenhouse gas emissions and improve fuel
economy. The joint proposed rulemaking is consistent with the National Fuel Efficiency
Policy announced by President Obama on May 19, 2009, responding to the country’s critical
need to address global climate change and to reduce oil consumption. EPA is proposing
greenhouse gas emissions standards under the Clean Air Act, and NHTSA is proposing
Corporate Average Fuel Economy standards under the Energy Policy and Conservation Act,
as amended. These standards apply to passenger cars, light-duty trucks, and medium-duty
passenger vehicles, covering model years 2012 through 2016. They would require these
vehicles to meet an estimated combined average emissions level of 250 grams of CO2 per
mile in MY 2016 under EPA’s GHG program, and 34.1 mpg in MY 2016 under NHTSA’s
CAFE program and represent a harmonized and consistent national program (National
Program). These standards are designed such that compliance can be achieved with a single
national vehicle fleet whose emissions and fuel economy performance improves year over
year. The proposed National Program would result in approximately 950 million metric tons
of CO2 emission reductions and approximately 1.8 billion barrels of oil savings over the
lifetime of vehicles sold in model years 2012 through 2016.

The vehicle categories covered by the rulemaking are responsible for almost 60
percent of all U.S. transportation-related greenhouse gas emissions and include cars, sport
utility vehicles, minivans, and pickup trucks used for personal transportation. Transportation
related emissions are responsible for approximately 30 percent of total U.S. greenhouse gas
emissions. Under the National Program, automobile manufacturers would be able to build a
single light-duty national fleet that satisfies all requirements under both programs while
ensuring that consumers still have a full range of vehicle choices.

This draft regulatory impact analysis (DRIA) contains supporting documentation to
the EPA proposal. NHTSA has prepared their own Proposed RIA (PRIA) in support of their
proposal (this can be found in NHTSA’s docket for their proposal, NHTSA-2009-0059).
While the two proposals are similar, there are also differences in the analyses that require
separate discussion. This is largely because EPA and NHTSA act under different statutes.
EPA’s authority comes under the Clean Air Act, and NHTSA’s authority comes under EPCA,
and each statute has somewhat different requirements and flexibilities. As a result, each
agency has followed a unique approach where warranted by these differences. Where each
agency has followed the same approach—e.g., development of technology costs and
effectiveness—the supporting documentation is contained in the draft joint technical support
document (draft joint TSD, which can be found in EPA’s docket EPA-HQ-OAR-2009-0472).
Therefore, this DRIA should be viewed as a companion document to the draft joint TSD and
the two documents together provide the details of EPA’s technical analysis in support of its
proposal.

X
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Specifically, this document contains, in Chapter 1, a description of EPA’s use of
technology packages in the OMEGA model. This discussion builds on the discussion
contained in Chapter 3 of the draft joint TSD which provides details of technology costs and
effectiveness but only an overview of how technologies are put together into packages for the
OMEGA model. Chapter 1 also contains a discussion of the lumped parameter model which
is a major part of our determination of the effectiveness of these packages.

In Chapter 2, we present a detailed discussion of our AC credit program and the
technology costs and effectiveness associated with new AC systems. This discussion is
unique to this DRIA as the AC-related proposal is unique to EPA.

In Chapter 3, we present the technical basis of EPA’s proposed standards and an
analysis of the “footprint” approach EPA is proposing for establishing standards. In Chapter
4, we present an overview of the OMEGA model and the modeling results (actual OMEGA
model inputs and outputs) in support of the proposed program and the alternative standards
that were considered. Chapter 5 presents the emission reductions expected from the proposal.
Chapter 6 presents the program costs and fuel savings associated with EPA’s proposal.
Chapter 7 presents the environmental and health impacts, including EPA’s discussion of the
social cost of carbon, and Chapter 8 presents other economic and social impacts—e.g., less
time spent refueling due to higher fuel efficiency—of the proposal. Chapter 9 presents our
analysis of the small business impacts due to EPA’s proposal. All of these discussions—
Chapters 3 through 9—are unique to this DRIA since, even though many of the metrics are
common between EPA and DOT, we have different results due to our use of different models
(EPA’s OMEGA model versus DOT’s CAFE Compliance and Effects Modeling System
(often referred to as "the CAFE model" or "the Volpe model")) and the differences in our
programs (e.g., AC credits versus no AC credits, plus many other program flexibilities).

Greenhouse Emission Impacts of EPA’s Proposal

Table 1 shows reductions estimated from EPA’s proposed GHG standards assuming a
pre-control case of 2011 MY CAFE standards continuing indefinitely beyond 2011, and a
post-control case in which 2016 MY standards continue indefinitely beyond 2016. These
reductions are broken down by upstream and downstream components, including air
conditioning improvements, and also account for the offset from a 10 percent “rebound”
effect in vehicle miles travelled as discussed in Chapter 4 of the joint draft TSD.* Including
the reductions from upstream emissions, total reductions are estimated to reach 325
MMTCO,eq (million metric tons of CO, equivalent emissions) annually by 2030 (a 21
percent reduction in U.S. car and light truck emissions), and grow to over 500 MMTCOzeq in
2050 as cleaner vehicles continue to come into the fleet (a 23 percent reduction in U.S. car
and light truck emissions).

A “Rebound VMT” is the term used to describe the increase in driving that might occur as vehicle fuel
consumption decreases (i.e., the fuel economy improves) since the cost per mile of operating the vehicle
decreases. As a result of this rebound effect, the benefits of the proposed rule are offset slightly since owners of
compliant vehicles drive more miles resulting in slightly more GHG emissions. Importantly, the adverse effects,
or disbenefits, of rebound VMT are far outweighed by the overall benefits of the proposal.
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Table 1. Projected Net GHG Reductions (MMT CO, Equivalent per year)

CALENDAR YEAR 2020 2030 2040 2050

Net reduction to

tailpipe standards* 165.2 324.6 417.5 518.5
Tailpipe standards 107.7 211.4 274.1 344.0
A/C —indirect CO2 11.0 21.1 27.3 34.2
AJ/C —direct HFCs 13.5 27.2 32.1 34.9
Upstream 33.1 64.9 84.1 105.5

Percent reduction

relative to U.S.

reference (cars + light 12.4% 2.14% 22.8% 22.9%

trucks)

Percent reduction

relative to U.S. 2.2% 4.2% 5.2% 6.2%

reference (all sectors)

Percent reduction

relative to worldwide 0.3% 0.6% 0.7% 0.9%

reference

* includes impacts of 10% VMT rebound rate presented in Table III.F.1-3

Criteria Pollutant Impacts of EPA’s Proposal

As shown in Table 2, EPA estimates that the proposed program would result in
reductions of oxides of nitrogen (NOx), volatile organic compounds (VOC), particulate matter
(PM) and oxides of sulfur (SOx), but would increase carbon monoxide (CO) emissions. The
CO increase is because gasoline fueled passenger cars and light trucks contribute over 50
percent of the total CO emissions in the US, whereas for other pollutants the contribution is
less than 40 percent. Thus, for CO the increase from VMT rebound outweighs the upstream
CO reductions. For all pollutants the overall impact of the program would be relatively small
compared to total U.S. inventories across all sectors. In the year 2030, EPA estimates the
proposed program would reduce these total NOx, PM and SOx inventories by 0.2 to 0.3
percent and reduce the VOC inventory by 1.2 percent, while increasing the total national CO
inventory by 0.4 percent.

As shown in Table 3, EPA estimates that the proposed program would result in small
changes for toxic emissions compared to total U.S. inventories across all sectors. In 2030,
EPA estimates the program would reduce total benzene and formaldehyde by 0.04 percent.
Total acrolein, acetaldehyde, and 1,3-butadiene would increase by 0.03 to 0.2 percent.

x1
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Other factors which may impact criteria, or non-GHG, emissions but are not estimated
in this analysis include:

Vehicle technologies used to reduce tailpipe CO2 emissions; because the
regulatory standards for non-GHG emissions are the primary driver for these
emissions, EPA expects the impact of today's program to be negligible on non-
GHG emission rates per mile.

The potential for increased market penetration of diesel vehicles; because
these vehicles would be held to the same certification and in-use standards for
criteria pollutants as their gasoline counterparts, EPA expects their impact to
be negligible on criteria pollutants and other non-GHG emissions.

Early introduction of electric vehicles and plug-in hybrid electric vehicles,
which would reduce criteria emissions in cases where they are able to certify to
lower certification standards. It would also likely reduce gaseous air toxics.

Reduced refueling emissions due to less frequent refueling events and reduced
annual refueling volumes resulting from the GHG standards.

Increased hot soak evaporative emissions due to the likely increase in number
of trips associated with VMT rebound modeled in this proposal.

Increased market share of E10 relative to EO, due to the decreased overall
gasoline consumption of today's proposal combined with an unchanged fuel
ethanol volume.

Table 2. Annual Criteria Emission Impacts of Program (short tons)

UPSTREAM DOWNSTREAM
TOTAL IMPACTS IMPACATS IMPACTS

2020 2030 2020 2030 2020 2030
VOC -73,739 | -142,347 -75,437 | -147,841 1,698 5,494
% of total inventory -0.60% -1.20% -0.61% -1.20% 0.01% 0.05%
CO 70,614 227,832 -7,209 -14,107 77,823 241,939
% of total inventory 0.13% 0.38% -0.01% -0.02% 0.14% 0.40%
NOx -17,206 -27,726 -22,560 -43,286 5,354 15,560
% of total inventory -0.14% -0.20% -0.18% -0.36% 0.04% 0.13%
PM2.5 -2,856 -5,431 -3,075 -6,003 218 572
% of total inventory -0.08% -0.16% -0.09% -0.18% 0.01% 0.02%
SOx -16,307 -31,965 -13,804 -27,060 -2,503 -4,906
% of total inventory -0.18% -0.34% -0.16% -0.29% -0.03% -0.05%

xii
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Table 3. Annual Air Toxic Emission Impacts of Program (short tons)

UPSTREAM DOWNSTREAM
TOTAL IMPACTS IMPACATS IMPACTS

2020 2030 2020 2030 2020 2030
1,3-Butadiene 11 37 -1.8 -3.4 13.2 40.2
% of total inventory 0.07% 0.22% -0.01% -0.02% 0.08% 0.24%
Acetaldehyde 17 61 -8 -15 24.8 75.5
% of total inventory 0.04% 0.13% -0.02% -0.03% 0.05% 0.17%
Acrolein 0 2 -1.1 -2 1.3 3.9
% of total inventory 0.00% 0.03% 0.00% 0.00% 0.02% 0.06%
Benzene -84 =77 -163 -320 79.6 242.2
% of total inventory -0.04% -0.04% -0.08% -0.15% 0.04% 0.11%
Formaldehyde -28 -16 -60 -112 31.8 96.3
% of total inventory -0.03% -0.02% -0.07% -0.10% 0.04% 0.11%

Costs and Benefits of EPA’s Proposal

Table 4 presents estimated annual net benefits for the indicated calendar years. The
table also shows the net present values of those net benefits for the calendar years 2012-2050
using both a 3 percent and a 7 percent discount rate. The table includes the benefits of
reduced GHG emissions—and consequently the annual net benefits—for each of five interim
SCC values considered by EPA (please refer to Chapter 7 of this DRIA for a discussion of the
five interim SCC values). As noted in Chapter 7, there is a very high probability (very likely
according to the IPCC) that the benefit estimates from GHG reductions are underestimates
because, in part, models used to calculate SCC values do not include information about
impacts that have not been quantified. Note that the quantified annual costs shown in Table 4
are negative because fuel savings are included. Fuel savings are considered as negative costs
(i.e., positive benefits) of the proposed vehicle program. The fuel savings outweigh the costs
associated with the addition of new technology and, therefore, the vehicle program costs are
negative.

xiil
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Table 4 Quantified Net Benefits Associated with the Proposed Light-Duty Vehicle GHG Program™"

(Millions of 2007 dollars)

2020 2030 2040 2050 NPV, 3% NPV, 7%
Sssgnﬁed Annual -$25,100 | -$72,500 | -$105,700 | -$146,100 | -$1,287,600 | -$529,500
Quantified Annual Benefits at each assumed SCC value
SCC 5% $9,900 $21,100 $30,200 $42,100 $400,900 $177,200
SCC 5% Newell-Pizer $11,200 $24,400 $35,500 $51,600 $470,100 $205,700
SCC from 3% and 5% $13,400 $29,800 $46,500 $68,600 $594,700 $257,100
SCC 3% $16,900 $39,800 $62,500 $95,600 $788,600 $337,100
SCC 3% Newell-Pizer $22,700 $53,800 $87,500 $132,600 $1,093,100 $462,800
Quantified Net Benefits at each assumed SCC value
SCC 5% $35,000 $93,600 $135,900 $188,200 $1,688,500 $706,700
SCC 5% Newell-Pizer $36,300 $96,900 $141,200 $197,700 $1,757,700 $735,200
SCC from 3% and 5% $38,500 $102,300 $152,200 $214,700 $1,882,300 $786,600
SCC 3% $42,000 $112,300 $168,200 $241,700 $2,076,200 $866,600
SCC 3% Newell-Pizer $47,800 | $126,300 $193,200 | $278,700 $2,380,700 $992,300

*Note that the co-pollutant impacts associated with the standards presented here do not include the full
complement of endpoints that, if quantified and monetized, would change the total monetized estimate of rule-
related impacts. Instead, the co-pollutant benefits are based on benefit-per-ton values that reflect only human
health impacts associated with reductions in PM2.5 exposure. Ideally, human health and environmental co-
benefits would be based on changes in ambient PM2.5 and ozone as determined by full-scale air quality
modeling. However, we were unable to conduct a full-scale air quality modeling analysis in time for the
proposal. We intend to more fully capture the co-pollutant benefits for the analysis of the final standards.
®Quantified annual costs are shown as negative here because fuel savings are included. Fuel savings are
considered as negative costs (i.e., positive benefits) of the proposed vehicle program. The fuel savings outweigh
the costs associated with the addition of new technology and, therefore, the vehicle program costs are negative.

The fuel impacts included here were calculated using pre-tax fuel prices.
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CHAPTER 1:Technology Packages, Cost and Effectiveness

1.1 Overview of Technology

The proposed GHG program is based on the need to obtain significant GHG emissions
reductions from the transportation sector, and the recognition that there are cost effective
technologies to achieve such reductions in the 2012-2016 time frame. As in many prior
mobile source rulemakings, the decision on what standard to set is largely based on the
effectiveness of the emissions control technology, the cost (both per manufacturer and per
vehicle) and other impacts of implementing the technology, and the lead time needed for
manufacturers to employ the control technology. EPA also considers the need for reductions
of greenhouse gases, the degree of reductions achieved by the standards, and the impacts of
the standards in terms of costs, quantified and unquantified benefits, safety, and other impacts.
The availability of technology to achieve reductions and the cost and other aspects of this
technology are therefore a central focus of this rulemaking.

At the same time, the technological problems and solutions involved in this
rulemaking differ in many ways from prior mobile source rulemakings. In the past the
assessment of exhaust emissions control technology has focused on how to reduce the amount
of various unwanted chemical compounds that are generated when fuel is combusted. The
emissions are often the result of incomplete combustion, such as emissions of HC, CO, and
PM. In some cases the combustion products are the result of the specific conditions under
which combustion occurs, such as the relationship between emissions of NOx and the
temperature of combustion. Technology to control exhaust emissions has focused, in part, on
changing the fuel delivery and engine systems so there is more complete combustion of the
fuel which generates less HC, CO, and PM in the engine exhaust but, by design, generates
more CO,. (CO; is one of ultimate combustion products of any carbon containing fuel, such
as gasoline and diesel fuel.). Other changes to the fuel delivery and engine systems have
been designed to change the combustion process to reduce the amount of NOx and PM
generated by the engine. Very large reductions have been achieved by installing and
optimizing aftertreatment (post-combustion, post- engine generated pollution) devices, such
as catalytic converters and catalyzed diesel particulate filters (DPF), that reduce the amount of
emissions of HC, CO, and PM by oxidizing or combusting these compounds in the
aftertreatment device, again generating CO; in the process. In the case of NOx,
aftertreatment devices have focused on the chemical process of reduction, or removal of
oxygen from the compound. Therefore the exhaust emissions control technologies of the past
have focused almost exclusively on (1) upgrading the fuel delivery and engine systems to
control the combustion process to reduce the amount of unwanted emissions from the engine
and in the process increase the amount of CO; emitted, and on (2) aftertreatment devices that
either continue this oxidation process and increase emissions of CO,, or otherwise change the
compounds emitted by the engine. Since CO; is a stable compound produced by the complete
combustion of the fuel — indeed serving as a marker of how efficiently fuel has been
combusted, these two methods employed to address HC, CO, PM, and NOx are not available
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to address CO,. Instead, the focus of the CO2 emissions control technology must be entirely
different—reducing the amount of fuel that is combusted.

Vehicles combust fuel to perform two basic functions: 1) transport the vehicle, its
passengers and its contents, and 2) operate various accessories during the operation of the
vehicle such as the air conditioner. Technology can reduce CO, emissions by either making
more efficient use of the energy that is produced through combustion of the fuel or reducing
the energy needed to perform either of these functions.

This focus on efficiency involves a major change in focus and calls for looking at the
vehicle as an entire system. In addition to fuel delivery, combustion, and aftertreatment
technology, any aspect of the vehicle that affects the need to produce energy must also be
considered. For example, the efficiency of the transmission system, which takes the energy
produced by the engine and transmits it to the wheels, and the resistance of the tires to rolling
both have major impacts on the amount of fuel that is combusted while operating the vehicle.
The braking system the aecrodynamics of the vehicle and the efficiency of accessories, such as
the air conditioner, all affect how much fuel is combusted.

This need to focus on the efficient use of energy by the vehicle as a system leads to a
broad focus on a wide variety of technologies that affect almost all the systems in the design
of a vehicle. As discussed below, there are many technologies that are currently available
which can reduce vehicle energy consumption. These technologies are already being
commercially utilized to a limited degree in the current light-duty fleet. These technologies
include hybrid technologies that use higher efficiency electric motors as the power source in
combination with or instead of internal combustion engines. While already commercialized,
hybrid technology continues to be developed and offers the potential for even greater
efficiency improvements. Finally, there are other advanced technologies under development,
such as lean burn gasoline engines, which offer the potential of improved energy generation
through improvements in the basic combustion process.

The large number of possible technologies to consider and the breadth of vehicle
systems that are affected mean that consideration of the manufacturer’s design and production
process plays a major role in developing the proposed standards. Vehicle manufacturers
typically develop their many different models by basing them on a limited number of vehicle
platforms. Several different models of vehicles are produced using a common platform,
allowing for efficient use of design and manufacturing resources. The platform typically
consists of common vehicle architecture and structural components. Given the very large
investment put into designing and producing each vehicle model, manufacturers typically plan
on a major redesign for the models approximately every 5 years. At the redesign stage, the
manufacturer will upgrade or add all of the technology and make all of the other changes
needed so the vehicle model will meet the manufacturer’s plans for the next several years.
This includes meeting all of the emissions and other requirements that would apply during the
years before the next major redesign of the vehicle.

This redesign often involves a package of changes, designed to work together to meet
the various requirements and plans for the model for several model years after the redesign.
This often involves significant engineering, development, manufacturing, and marketing
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resources to create a new product with multiple new features. In order to leverage this
significant upfront investment, manufacturers plan vehicle redesigns with several model
years’ of production in mind. Vehicle models are not completely static between redesigns as
limited changes are often incorporated for each model year. This interim process is called a
refresh of the vehicle and generally does not allow for major technology changes although
more minor ones can be done (e.g., aecrodynamic improvements, valve timing improvements).
More major technology upgrades that affect multiple systems of the vehicle thus occur at the
vehicle redesign stage and not in the time period between redesigns.

As discussed below, there are a wide variety of emissions control technologies
involving several different systems in the vehicle that are available for consideration. Many
can involve major changes to the vehicle, such as changes to the engine block and heads, or
redesign of the transmission and its packaging in the vehicle. This calls for tying the
incorporation of the emissions control technology into the periodic redesign process. This
approach would allow manufacturers to develop appropriate packages of technology upgrades
that combine technologies in ways that work together and fit with the overall goals of the
redesign. It also allows the manufacturer to fit the process of upgrading emissions control
technology into its multi-year planning process, and it avoids the large increase in resources
and costs that would occur if technology had to be added outside of the redesign process.

Over the five model years at issue in this rulemaking, 2012-2016, EPA projects that
almost the entire fleet of light-duty vehicles (i.e., 85 percent) will have gone through a
redesign cycle. If the technology to control greenhouse gas emissions is efficiently folded
into this redesign process, then by 2016 almost the entire light-duty fleet could be designed to
employ upgraded packages of technology to reduce emissions of CO,, and as discussed
below, to reduce emissions of HFCs from the air conditioner.

In determining the requisite technology and cost of these first ever GHG emissions
standards for light-duty vehicles, EPA proposes to use an approach that accounts for and
builds on this redesign process. This provides the opportunity for several control technologies
to be incorporated into the vehicle during redesign, achieving significant emissions reductions
from the model at one time. This is in contrast to what would be a much more costly
approach of trying to achieve small increments of reductions over multiple years by adding
technology to the vehicle piece by piece outside of the redesign process.

As described below, the vast majority of technology required by the GHG proposal is
commercially available and already being employed to a limited extent across the fleet. The
vast majority of the emission reductions which would result from the proposed rule would
result from the increased the use of these technologies. EPA also believes the proposed rule
would encourage the development and limited use of more advanced technologies, such as
PHEVs and EVs.

In section 1.2 below, a summary of technology costs and effectiveness is presented. In
section 1.3, the process of combining technologies into packages is described along with
package costs and effectiveness. Sections 1.4 through 1.6 discuss the lumped parameter
approach which provides background and support for determining technology and package
effectiveness.
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1.2 Technology Cost and Effectiveness

EPA collected information on the cost and effectiveness of CO2 emission reducing
technologies from a wide range of sources. The primary sources of information were
NHTSA’s 2011 CAFE FRM and EPA’s 2008 Staff Technical Report. In those analyses,
piece costs and effectiveness were estimated based on a number of sources. The objective
was to use those sources of information considered to be most credible. Those sources
included: the 2002 NAS report on the effectiveness and impact of CAFE standards; the 2004
study done by the Northeast States Center for a Clean Air Future (NESCCAF); the
California Air Resources Board (CARB) Initial Statement of Reasons in support of their
carbon rulemaking; a 2006 study done by Energy and Environmental Analysis (EEA) for the
Department of Energy; a study done by the Martec Group for the Alliance of Automobile
Manufacturers, and an update by the Martec Group to that study; and vehicle fuel economy
certification data. In addition, confidential data submitted by vehicle manufacturers in
response to NHTSA’s request for product plans were considered, as was confidential
information shared by automotive industry component suppliers in meetings with EPA and
NHTSA staff held during the second half of the 2007 calendar year. These confidential data
sources were used primarily as a validation of the estimates since EPA prefers to rely on
public data rather than confidential data. EPA also has a contracted study ongoing with FEV
(an engineering services firm) that consists of complete system tear-downs to evaluate
technologies down to the nuts and bolts to arrive at very detailed estimates of the costs
associated with manufacturing them. Lastly, cost and effectiveness estimates have been
adjusted slightly as a result of further meetings between EPA and NHTSA staff in the first
half of 2009 where both piece costs and fuel consumption efficiencies were discussed in
detail. EPA also reviewed the published technical literature which addressed the issue of CO2
emission control, such as papers published by the Society of Automotive Engineers and the
American Society of Mechanical Engineers. The results of all of the research and discussions
are summarized in Chapter 3 of the draft Joint Technical Support Document.

EPA reviewed all this information in order to develop the best estimates of the cost
and effectiveness of CO2 reducing technologies. These estimates were developed for five
vehicle classes: small car, large car, minivan, small truck and large truck. All vehicle types
were mapped into one of these five classes in EPA’s analysis (see Chapter 3 of the draft Joint
TSD). Fuel consumption reductions are possible from a variety of technologies whether they
be engine-related (e.g., turbocharging), transmission-related (e.g., six forward gears in place
of four), accessory-related (e.g., electronic power steering), or vehicle-related (e.g., low
rolling resistance tires). Table 1-1 through Table 1-5 show estimates of the near term cost
associated with various technologies for the five vehicle classes used in this analysis. These
estimates shown in Table 1-1 through Table 1-5 are relative to a baseline vehicle having a
multi-point, port fuel injected gasoline engine operating at a stoichiometric air-fuel ratio with
fixed valve timing and lift and without any turbo or super charging and equipped with a 4-
speed automatic transmission. This configuration was chosen as the baseline vehicle because
it is the predominant technology package sold in the United States. Costs are presented in
terms of their hardware incremental compliance cost. This means that they include all
potential costs associated with their application on vehicles, not just the cost of their physical
parts. A more detailed description of these and the following estimates of cost and
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effectiveness of CO2 reducing technologies can be found in Chapter 3 of the draft joint TSD,
along with a more detailed description of the comprehensive technical evaluation underlying
the estimates.

Table 1-1 EPA’s Incremental Piece Costs for Engine Technologies Marked up to include both Direct and

Indirect Costs in 2016 (2007 Dollars per Vehicle)

E-21

Technology Incremental to Vehi?l? Class
Small Car Large Car Minivan Small Truck | Large Truck
Low friction lubricants Base engine $3 $3 $3 $3 $3
Engine friction reduction | Base engine $50 $75 $75 $75 $100
VVT — intake cam Base engine $40 $80 $80 $80 $80
» | phasing
[}
£ | VVT —coupled cam Base engine $40 $80 $80 $80 $80
Z | phasing
8 VVT — dual cam phasing | Base engine $73 $157 $157 $157 $157
%31 Cylinder deactivation Base engine n/a $150 $150 $150 $169
Discrete VVLT Base engine $125 $181 $181 $181 $259
Continuous VVLT Base engine $245 $449 $449 $449 $489
Cylinder deactivation Base engine n/a $150 $150 $150 $169
g VVT - coupled cam Base engine $40 $40 $40 $40 $40
& | phasing
LE Discrete VVLT Base engine $141 $204 $204 $204 $291
2| Continuous VVLT
sy i -
O | (includes conversion to Base engine w/ VVT $497 $1,048 $1,048 $1,048 $1,146
coupled
Overhead Cam)
Camless valvetrain Base engine 5501 $501 5501 $501 $501
(electromagnetic)
GDI — stoichiometric Base engine $222 $287 $287 $287 $312
GDI — lean burn GDI - stoich $623 $623 $623 $623 $623
Turbocharge (single) Base engine $366 $366 $366 $366 $366
Turbocharge (twin) Base engine $663 $663 $663 $663 $663
R 8 | Downsize to 4 DOHC V6 DOHC -$337 -$337 -$337 -$337 -$337
g E Downsize to 14 DOHC V6 SOHC -$53 -$53 -$53 -$53 -$53
é i; Downsize to 14 DOHC V6 OHV $265 $265 $265 $265 $265
o0 Downsize to 14 DOHC 14 DOHC (larger) -$47 -$47 -$47 -$47 -$47
i é Downsize to I3 DOHC 14 DOHC -$80 n/a n/a n/a n/a
2 E Downsize to V6 DOHC V8 DOHC n/a -$160 -$160 -$160 -$160
& & | Downsize to V6 DOHC V8 SOHC 2V n/a $199 $199 $199 $199
Downsize to V6 DOHC | V8 SOHC 3V n/a $111 $111 $111 $111
Downsize to V6 DOHC V8 OHV n/a $310 $310 $310 $310
Downsize to 14 DOHC | v ponc wio turbo $214 $214 $214 $214 $214
& add turbo
Downsize to 14 DOHC | y/¢ soHC wio turbo $453 $453 $453 $453 $453
& add turbo
Downsize to 14 DOHC
-§ & add turbo V6 OHV w/o turbo $797 $797 $797 $797 $797
£ | Downsize to 14 DOHC 14 DOHC (larger)
é & add turbo w/o turbo $372 $372 $372 $372 $372
< | Downsize to I3 DOHC
S | & add turbo 14 DOHC w/o turbo $344 n/a n/a n/a n/a
) 7
£ | Downsize to VO DOHC | ¢ oHe wio turbo na $613 $613 3613 $613
= | & add twin turbo
Downsize to V6 DOHC V8 SOHC 2V w/o
& add twin turbo turbo n/a $971 $971 $971 $971
Downsize to V6 DOHC V8 SOHC 3V w/o
& add twin turbo turbo n/a $872 $872 $872 $872
Downsize to V6 DOHC | V8 OHV w/o turbo n/a $1,096 $1,096 $1,096 $1,096
1-5
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& add twin turbo

Convert to V6 DOHC V6 SOHC n/a $354 $354 $354 $354
Convert to V6 DOHC V6 OHV n/a $464 $464 $464 $464
Convert to V§ DOHC V8 SOHC 2V n/a $398 $398 $398 $398
Convert to V8§ DOHC V8 SOHC 3V n/a $310 $310 $310 $310
Convert to V8§ DOHC V8 OHV n/a $509 $509 $509 $509
I?lzfi‘;hne HCCT dual- GDI - stoich $253 $375 $375 $375 $659
Diesel — Lean NOX trap Base gasoline engine

Diesel — urea SCR Base gasoline engine $2,655 $2,164 $2,164 $2,961

Table 1-2 EPA’s Incremental Piece Costs for Transmission Technologies Marked up to include both
Direct and Indirect Costs in 2016 (2007 Dollars per Vehicle)

Vehicle Class
Technology Incremental to Small Large Minivan Small Large
Car Car Truck Truck
Aggressive shift logic Base trans $28 $28 $28 $28 $28
Early torque converter lockup | Base trans $25 $25 $25 $25 $25
5-speed automatic 4-speed auto trans $90 $90 $90 $90 $90
6-speed automatic 4-speed auto trans $150 $150 $150 $150 $150
6-speed DCT — dry clutch 6-speed auto trans $65 $65 $65 $65 $65
6-speed DCT — wet clutch 6-speed auto trans $139 $139 $139 $139 $139
6-speed manual 5-speed manual trans $79 $79 $79 $79 $79
CVT 4-speed auto trans $192 $224 $224 n/a n/a

Table 1-3 EPA’s Incremental Piece Costs for Hybrid Technologies Marked up to include both Direct and
Indirect Costs in 2016 (2007 Dollars per Vehicle)

Vehicle Class
Technology Incremental to —
Small Car Large Car Minivan Small Truck | Large Truck
Stop-Start gzsz engine & $351 $398 $398 $398 $437
IMA/ISA/BSG Base engine &
(includes engine & $2.854 $3,612 $3,627 $3,423 $4,431
. trans

downsize)
2-Mode hybrid | Base engine & $4,232 $5,469 $5,451 $4,943 $7,236
electric vehicle trans
Power-split Base engine &
hybrid electric & $3,967 $5,377 $5,378 $4,856 $7,210

. trans
vehicle
Full-Series Base engine &
hydraulic hybrid | trans $750 $825 $825 $900 $1200
Plug-in hybrid | IMA/ISA/BSG $6,922 $9,519 §9,508 $9,083 §12,467
electric vehicle hybrid
Plug-in hybrid | Power-split $5.423 $7.431 $7,351 $7,128 $9,643
electric vehicle hybrid
Full. electric Base engine & $27.628 wa wa na wa
vehicle trans
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Table 1-4 EPA’s Incremental Piece Costs for Accessory Technologies Marked up to include both Direct
and Indirect Costs in 2016 (2007 Dollars per Vehicle)

Technology Incremental to Vehi?l? Class
Small Car Large Car Minivan Small Truck | Large Truck

Improved high efficiency
alterngtor & Base accessories $76 $76 $76 $76 $76
electrification of
accessories
Upgrqde to 42 volt 12 volt electrical $86 $86 $86 $86 $86
electrical system system
Electric power steering Base power
(12 or 42 volt) steering $94 $94 $94 $94 $94

Table 1-5 EPA’s Incremental Piece Costs for Vehicle Technologies Marked up to include both Direct and
Indirect Costs in 2016 (2007 Dollars per Vehicle)

Technology Incremental to Vehi.clc.e Class
Small Car Large Car Minivan Small Truck | Large Truck
o 0,
Aero drag reduction (20% | o yepicle $42 $42 $42 $42 $42
on cars, 10% on trucks)
Eﬁ:: rolling resistance Base tires $6 $6 $6 $6 $6
Low drag brakes (ladder Base brakes n/a n/a n/a $63 $63
frame only)
Secondary axle disconnect | o o opicte $514 $514 $514 $514 n/a
(unibody only)
Front axle disconnect Base vehicle n/a n/a n/a $84 $84
(ladder frame only)

Table 1-6 through Table 1-10 summarize the CO; reduction estimates of various
technologies which can be applied to cars and light-duty trucks. A similar summary of costs
is provided in Chapter 3 of the draft joint TSD and each of these estimates is discussed in

more detail there.
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Table 1-6 Engine Technology Effectiveness

Absolute CO, Reduction (% from baseline vehicle)

Technology Large L Small Large
Small Car Cagr Minivan Truck ngk
Low friction lubricants — incremental to base engine 0.5 0.5 0.5 0.5 0.5
Engine friction reduction — incremental to base engine 1-3 1-3 1-3 1-3 1-3
Overhead Cam Branch
VVT — intake cam phasing 2 1 1 1 2
VVT — coupled cam phasing 3 4 2 3 4
VVT — dual cam phasing 3 4 2 2 4
Cyhnd;r deactivation (includes imp. oil pump, na. 6 6 6 6
if applicable)
Discrete VVLT 4 3 3 4 4
Continuous VVLT 5 6 4 5 5
Overhead Valve Branch
Cyhndser deagtlvatlon (includes imp. oil na 6 6 6 6
pump, if applicable)
VVT — coupled cam phasing 3 4 2 3 4
Discrete VVLT 4 4 3 4 4
Continuous VVLT (includes conversion to 5 6 4 5 5
Overhead Cam)
Camless valvetrain (electromagnetic) ** 5-15 5-15 5-15 5-15 5-15
Gasoline Direct Injection—stoichiometric (GDI-S) 1-2 1-2 1-2 1-2 1-2
gaDSI(ilsi,r)li Eirect Injection—lean burn (incremental to 3-10 9-12 9-12 9-12 10-14
Gasoline HCCI dual-mode (incremental to GDI-S) ** 10-12 10-12 10-12 10-12 10-12
Turbo+downsize (incremental to GDI-S) 5-7 5-7 5-7 5-7 5-7
Diesel — Lean NOx trap[ ]* 15-26 21-32 21-32 21-32 21-32
[25-35] [30-40] [30-40] [30-40] [30-40]
Diesel — urea SCR [ ]* 15-26 21-32 21-32 21-32 21-32
[25-35] [30-40] [30-40] [30-40] [30-40]

* Note: estimates for % reduction in fuel consumption are presented in brackets.

** Note: for reference only, not used in this rulemaking
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Table 1-7 Transmission Technology Effectiveness

Absolute CO, Reduction (% from baseline vehicle)
Technology Small Large Minivan Small Large
Car Car Truck Truck
5-speed automatic (from 4-speed auto) 2.5 2.5 2.5 2.5 2.5
Aggressive shift logic 1-2 1-2 1-2 1-2 1-2
Early torque converter lockup 0.5 0.5 0.5 0.5 0.5
6-speed automatic (from 4-speed auto) 4.5-6.5 4.5-6.5 4.5-6.5 4.5-6.5 4.5-6.5
6-speed AMT (from 4-speed auto) 9.5-14.5 | 9.5-14.5 | 9.5-14.5 9.5-14.5 9.5-14.5
6-speed manual (from 5-speed manual) 0.5 0.5 0.5 0.5 0.5
CVT (from 4-speed auto) 6 6 6 n.a. n.a.

Table 1-8 Hybrid Technology Effectiveness

Absolute CO, Reduction (% from baseline vehicle)

Technology Small Large Minivan Small Large

Car Car Truck Truck
Stop-Start with 42 volt system 7.5 7.5 7.5 7.5 7.5
IMA/ISA/BSG (includes engine downsize) 30 25 20 20 20
2-Mode hybrid electric vehicle n.a. 40 40 40 25
Power-split hybrid electric vehicle 35 35 35 35 n.a.
Full-Series hydraulic hybrid 40 40 40 40 30
Plug-in hybrid electric vehicle 58 58 58 58 47
Full electric vehicle (EV) 100 100 n.a. n.a. n.a.

Table 1-9 Accessory Technology Effectiveness

Absolute CO, Reduction (% from baseline vehicle)
Technology Small Large Minivan Small Large
Car Car Truck Truck
Improveq high efficiency alternator & electrification of 12 12 12 12 12
accessories (12 volt)
Electric power steering (12 or 42 volt) 1.5 1.5-2 2 2 2
Irnprovgd high efficiency alternator & electrification of 24 2.4 24 2.4 2.4
accessories (42 volt)

Table 1-10 Other Vehicle Technology Effectiveness

Absolute CO, Reduction (% from baseline vehicle)
Technology Small Large Minivan Small Large
Car Car Truck Truck
Aero drag reduction (20% on cars, 10% on trucks) 3 3 3 2 2
Low rolling resistance tires (10%) 1-2 1-2 1-2 1-2 n.a.
Low drag brakes (ladder frame only) n.a. n.a. n.a. 1 1
Secondary axle disconnect (unibody only) 1 1 1 1 n.a.
Front axle disconnect (ladder frame only) n.a. n.a. n.a. 1.5 1.5
1-9
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1.3 Package Cost and Effectiveness
1.3.1 Explanation of Technology Packages

Individual technologies can be used by manufactures to achieve incremental CO2
reductions. However, as mentioned in Section 1.1, EPA believes that manufacturers are more
likely to bundle technologies into “packages” to capture synergistic aspects and reflect
progressively larger CO2 reductions with additions or changes to any given package. In
addition, manufacturers typically apply new technologies in packages during model
redesigns—which occur once roughly every five years—rather than adding new technologies
one at a time on an annual or biennial basis. This way, manufacturers can more efficiently
make use of their redesign resources and more effectively plan for changes necessary to meet
future standards.

Therefore, the approach taken here is to group technologies into packages of
increasing cost and effectiveness. EPA determined that 19 different vehicle types provided
adequate resolution required to accurately model the entire fleet. This was the result of
analyzing the existing light duty fleet with respect to vehicle size and powertrain
configurations. All vehicles, including cars and trucks, were first distributed based on their
relative size, starting from compact cars and working upward to large trucks. Next, each
vehicle was evaluated for powertrain, specifically the engine size, 14, V6, and V8, and finally
by the number of valves per cylinder. Note that each of these 19 vehicle types was mapped
into one of the five classes of vehicles mentioned in Figure 1-1. While the five classes
provide adequate resolution for the cost basis associated with technology application, they do
not adequately account for all vehicle attributes such as base vehicle powertrain configuration
and mass reduction. For example, costs and effectiveness estimates for the small car class
were used to represent costs for three vehicle types: subcompact cars, compact cars, and
small multi-purpose vehicles (MPV) equipped with a 4-cylinder engine, however the mass
reduction associated for each of these vehicle types was based on the vehicle type sales
weighted average. Note also that these 19 vehicle types span the range of vehicle footprints—
smaller footprints for smaller vehicles and larger footprints for larger vehicles—which serve
as the basis for the proposed GHG standards.

Within each of the 19 vehicle types multiple technology packages were created in
increasing technology content and, hence, increasing effectiveness. Important to note is that
the effort in creating the packages attempted to maintain a constant utility for each package as
compared to the baseline package. As such, each package is meant to provide equivalent
driver-perceived performance to the baseline package. The initial packages represent what a
manufacturer will most likely implement on all vehicles, including low rolling resistance tires,
low friction lubricants, engine friction reduction, aggressive shift logic, early torque converter
lock-up, improved electrical accessories, and low drag brakes. Subsequent packages include
advanced gasoline engine and transmission technologies such as turbo/downsizing, GDI, mass
reduction and dual-clutch transmission. The most technologically advanced packages within
a segment included HEV, PHEV and EV designs. The end result being a list of several
packages for each of 19 different vehicle types from which a manufacturer could choose in
order to modify its fleet such that compliance could be achieved.
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The final step in creating the vehicle packages was to evaluate each package within
the 19 vehicle types for cost-effectiveness. This was accomplished by dividing the
incremental cost of the technology package by its incremental effectiveness and assessing the
overall step in cost-effectiveness. Technology packages that demonstrated little to no increase
in effectiveness and a significant increase in cost were eliminated as a choice for the model.
This process provided several positive aspects in the package creation:

(1) Vehicle packages were not limited by any preconceived assumptions of which
technologies should be more prominent. An example of this is turbo-downsizing a
V6 engine. In some cases the GDI V6 with advanced valvetrain technology was
just as effective as a turbo charge 14, thus excluding the additional cost of turbo
charging;

(2) The OMEGA model was allowed to apply packages in an increasing order of both
effectiveness and cost.

Some of the intermediate packages were not cost-effective. As a result, the model
might be blocked from choosing a subsequent package that was cost-effective. Most of the
diesel packages and some of the hybrid packages exhibited this condition. Due to the high
cost of these packages, and effectiveness on par with advanced gas, the model would not
move through these packages and choose a more cost effective package, thus blocking the
model’s logical progression. This is the reason for the absence of diesel and hybrid packages
in some of the 19 vehicle types available for the OMEGA model. The specific criteria used to
remove certain packages from use the model inputs is discussed further below. It is important
to note that the burning of diesel fuel generates approximately 15% more CO2 than gasoline.
As this rule is based on the reduction of CO2 emissions and not on fuel economy, this creates
an additional effectiveness disadvantage for the diesel packages as compared to the advanced
gas and gas hybrid packages.

Subcompact; 16V |4 DOHC (T1)

SmaII car Compact, 16V 14 DOHC (T2)

Midsize car/small MPV; 16V |4 DOHC (T3)
Midsize/large car; 24V V6 DOHC (T5)
Midsize/large car; 32V V8 DOHC (T6,

Compact car/small MPV; 24V V6 DOHC (T4)
Midsize MPV/small truck; 16V 14 DOHC (T7)
Large MPV; 12V V6 SOHC (T9)
Large MPV; 24V V6 DOHC (T16)
Large MPV; 32V V8 DOHC (T17)
Midsize MPV/small truck; 12V V6 SOHC (T8)

Midsize MPV/small truck; 24V V6 DOHC (T15),
Large truck; 12V V6 SOHC (T11)

Large truck/MPV; 12V V6 OHV (T12

Minivan

Large truck; 16V V8 OHV (T13)

Large truck/van; 16V V8 SOHC (T14)

Large truck/van; 24V V6 DOHC (T18)
Large truck/van; 32V V8 DOHC (T19)

Figure 1-1 Scaling classes to Vehicle Type Mapping

I-11

E-27



Draft Regulatory Impact Analysis

1.3.2 Technology Package Costs & Effectiveness

As described above, technology packages were created for each of 19 different vehicle
types. These packages are described in Table 1-11 and the 2016 MY costs for each package
are also presented. Note that Table 1-11 includes all the packages created and considered by
EPA. Only a subset of these packages was actually used as inputs to the OMEGA model
because some of the packages were not desirable from a cost effectiveness standpoint (in
other words, some packages would be skipped over if the next package provide more
attractive cost effectiveness). Table 1-12 shows the package costs for the packages that were
actually used as inputs to the OMEGA model (note that all packages are listed but only those
for which costs are shown were actually used in the OMEGA model). This table shows the
package costs for each model year 2012 through 2022 and later. This shows the impact of
both learning effects and short-term versus long-term indirect cost markups on the package
costs. For details of the learning effects and indirect cost markups used in this analysis refer
to Chapter 3 of the draft joint TSD. By taking a simple average of the technology package
costs for each year shown in Table 1-12 and then normalizing the averages to the 2016 model
year average, the package costs for each year can be expressed as a percentage relative to
2016. These results are shown in Table 1-13. This table shows that package costs are, on
average, 117% of the costs for 2016. This higher cost is due to backing out the learning
effects that are built into the 2016 model year estimates. For 2014, the costs are 108% of
those for 2016 as learning has occurred between 2012 and 2014. The costs for 2022 are 92%
of those for 2016. This is the result of the long-term ICM kicking in as some indirect costs
are no longer attributable to the proposed program. Table 1-12 also shows the effectiveness
of each package used in the OMEGA model (note that the effectiveness of packages does not
change with model year).
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Table 1-11 Package Descriptions and 2016MY Costs for 19 Vehicle Types (T1-T19), All Packages Considered, Costs in 2007 dollars
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Technology (excluding thosefor | $ | § = 5] > 2 g = o z|z|e]| 9
Vehicle Package Engine Transmission | System Voltage| downsizedengines) | 3 | & a Z 2l & < g B 3181%|=2 8
baseline 1.5L -4V DOHC 14 AT 4 spd 122V
% 1 15L-4V 14 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $18¢
S E 2 1.5L -4V 14 CCP DCT 6 spd 12V LUB EFR IACC 12V EPS AERO 1 LRR 3% $71¢
S« (3 1.2L I3 DVVL + CCP + GDI dry DCT 6 spd 42 S-S LUB EFR 14t0 13 IACC 42V EPS AERO 1 LRR 5%  $1,42:
n 4 0.7L 13 (small) Turbo DCP + GDI dry DCT 6 spd 42 S-S LUB EFR 14t0 13 IACC 42V EPS AERO 1 LRR 10%  $1,94¢
5 150kW/lithium ion (range of FTP 150 miles) NA HEV AERO 1 LRR $27,67"
baseline 2.4L-4V DOHC 14 AT 4 spd 12V
5 1 2.4L4V 14 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $18¢
o_. |2 2.0L 14 CCP +GDI AT 6 spd 122V LUB EFR 1410 14 ASL TORQ IACC 12V EPS AERO 1 LRR 3% $81¢
g g 3 2.4L -4V 14 CCP + GDI DCT 6 spd 12V LUB EFR 14to 14 IACC 12V EPS AERO 1 LRR 3%  $1,02¢
g < |4 2.0L 14 DVVL + CCP + GDI dry DCT 6 spd 42 S-S LUB EFR 14to 14 IACC 42V EPS AERO 1 LRR 10% $1,67¢
8 5 1.5L 14 Turbo DCP + GDI dry DCT 6 spd 42 S-S LUB EFR 14to 14 IACC 42V EPS AERO 1 LRR 10%  $2,00:
6 1.2L 14 HEV (IMA) + GDI dry DCT 6 spd HEV LUB EFR 14to 14 AERO1 LRR $3,34¢
7 1.2L 14 HEV Plug-in IMA + GDI dry DCT 6 spd HEV LUB EFR 14 to 14 AERO 1 LRR $10,26°
> baseline 2.4L-4V DOHC 14 AT 4 spd 12V
o 1 24L -4V 14 AT 4 spd 122V LUB EFR ASL TORQ IACC 12V LRR $18¢
E 2 2.2L 14 CCP + GDI AT 6 spd 122V LUB EFR 1410 14 ASL TORQ IACC 12V EPS AERO 1 LRR 3% $83:
g =3 2.2L 14 DVVL + CCP + GDI DCT 6 spd 122V LUB EFR 14to 14 IACC 12V EPS AERO 1 LRR 5%  $1,01¢
g 8 g 4 2.2L 14 DVVL + CCP + GDI dry DCT 6 spd 42 S-S LUB EFR 1410 14 IACC 42V EPS AERO 1 LRR 10% $1,73¢
8 'g < |5 1.6L 14 Turbo DCP + GDI dry DCT 6 spd 42 S-S LUB EFR 1410 14 IACC 42V EPS AERO 1 LRR 10% $2,06¢
o= 6 1.6L Turbo DCP + GDI lean bum dry DCT 6 spd 42 S-S LUB EFR 14to 14 GDI-LB IACC 42V EPS AERO 1 LRR 30% $4,07
% 7 1.4L 14 Turbo HEV (IMA) + GDI dry DCT 6 spd HEV LUB EFR 1410 14 AERO1 LRR $3,76¢
g 8 1.8L 14 HEV (Power Split) + GDI NA HEV LUB EFR 1410 14 AERO1 LRR $4,24:
9 1.8L 14 HEV Plug-in Power Split + GDI N/A HEV LUB EFR 14 to 14 AERO1 LRR $9,66¢
baseline 3.0L-4V DOHC V6 AT 4 spd 12V
T R 1 3.0L-4V V6 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $21
(/E) e 2 2.0L 14 Turbo DCP + GDI AT 6 spd 122V LUB EFR V6 DOHC to 14 ASL TORQ IACC 12V EPS AERO 1 LRR 3%  $1,30¢
Fﬁ § <13 2.0L 14 Turbo DCP + GDI DCT 6 spd 122V LUB EFR V6 DOHC to 14 IACC 12V EPS AERO 1 LRR 3%  $1,39:
8 S 5 4 2.0L 14 Turbo DCP + GDI DCT 6 spd 42 S-S LUB EFR V6 DOHC to 14 IACC 42V EPS AERO 1 LRR 5%  $1,97¢
é ; > |5 2.0L Turbo DCP + GDI lean bum DCT 6 spd 42 S-S LUB EFR V6 DOHC to 14 GDI-LB IACC 42V EPS AERO 1 LRR 30% $4,27:
£ % 6 2.4L 14 Turbo Diesel DCT 6 spd LUB EFR Diesel-SCR EPS AERO1 LRR 5%  $2,92(
8 7 1.5L 14 Turbo HEV (IMA) + GDI DCT 6 spd HEV LUB EFR V6 DOHC to 14 AERO1 LRR $4,53(
8 2.8L V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV LUB EFR AERO1 LRR $6,00¢

1-13

E-29



Draft Regulatory Impact Analysis

Table 1-11 Continued

baseline 3.3L-4V DOHC V6 AT 4 spd 12V
I 1 3.3L-4V V6 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $214
g 2 3.0L V6 GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3% $1,022
2% (3 3.0L V6 w/ Deac GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 5%  $1,275

T

= Zg 4 3.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR 10% $2,103
ﬁ > |5 2.2L 14 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V6 DOHC to 14 IACC 42V EPS AERO1 LRR 10% $2,245
ﬁ 6 3.0L V6 HCCI GDI DCT 6spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR 30% $3,754
= 7 2.2L Turbo DCP + GDI lean bum DCT 6spd 42 S-S LUB EFR V6 DOHC to 14 GDI-LB IACC 42V EPS AERO1 LRR 30% $4,373
8 2.5L 14 HEV (Power Split) + GDI N/A HEV LUB EFR V6 DOHC to 14 AERO1 LRR $6,005

baseline 4.5L-4V DOHC V8 AT 4 spd 12V
8 1 4.5L -4V V8 AT 4 spd 12v LUB EFR ASL TORQ IACC 12V LRR $214
o 2 4.0L V6 GDI + CCP AT 6 spd 12V LUB EFR V8 DOHC to V6 DOHC ASL TORQ IACC 12V EPS AERO 1 LRR 3% $883
8~ |3 4.0L V6 w/ Deac GDI + CCP AT 6 spd 42 S-S LUB EFR V8 DOHC to V6 DOHC ASL TORQ IACC 42V EPS AERO 1 LRR 5%  $1,633
(\% E 4 4.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR V8 DOHC to V6 DOHC IACC 42V EPS AERO1 LRR 5%  $1,719
O g 5 3.0L V6 Turbo DCP + GDI AT 6 spd 42 S-S LUB EFR V8 DOHC to V6 DOHC ASL TORQ IACC 42V EPS AERO 1 LRR 5%  $2,333
_g 6 3.0L V6 Turbo DCP + GDI DCT 6 spd 42 S-S LUB EFR V8 DOHC to V6 DOHC IACC 42V EPS AERO1 LRR 5%  $2,419
i 7 4.0L V6 HCCI GDI DCT 6 spd 42 S-S LUB EFR V8 DOHC to V6 DOHC IACC 42V EPS AERO1 LRR 30% $3,853
s 8 3.0L V6 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR EPS AERO1 LRR 5%  $3,456
9 3.0L V6 w/ Deac GDI + CCP HEV (2-mode) N/A HEV LUB EFR V8 DOHC to V6 DOHC AERO 1 LRR $5,953

baseline  2.6L-4V DOHC 14 (I5) AT 4 spd 12V
é 1 26L-4V 14 AT 4 spd 12V LUB EFR ASL TORQ IACC 12v LRR $214
i = 2 2.4L 14 CCP +GDI AT 6 spd 12V LUB EFR 14to 14 ASL TORQ IACC 12V EPS AERO1 LRR 3% $987
S35 ~3 2.4L 14 DWL + CCP + GDI DCT 6 spd 12V LUB EFR 14 to 14 IACC 12V EPS AERO 1 LRR 3%  $1,255
B (% E 4 2.4L 14 DVVL + CCP + GDI dry DCT 6 spd 42 S-S LUB EFR 14to 14 IACC 42V EPS AERO 1 LRR 10% $2,054
g § < |5 2.0L 14 Turbo DCP + GDI dry DCT 6 spd 42 S-S LUB EFR 14 to 14 IACC 42V EPS AERO1 LRR 10% $2,369
© 8 6 1.8L Turbo DCP + GDI lean bum DCT 6 spd 42 S-S LUB EFR 14to 14 GDI-LB IACC 42V EPS AERO1 LRR 30% $4,691
=2 |7 1.8L 14 Turbo HEV (IMA) + GDI dry DCT 6 spd HEV LUB EFR 1410 14 AERO1 LRR $4,628
2 8 1.8L 14 Turbo HEV (Power Split) + GDI NA HEV LUB EFR 14to 14 AERO1 LRR $6,164
9 1.8L 14 Turbo HEV Plug-in IMA + GDI dry DCT 6 spd HEV LUB EFR 14 to 14 AERO 1 LRR $14,226

x baseline 3.7L-2V SOHC V6 AT 4 spd 12v
§ 1 3.7L 2V SOHC V6 AT 4 spd 12v LUB EFR ASL TORQ IACC 12V LRR $214
: 2 3.2L 2V SOHC V6 GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3%  $1,044
g 3 3.2L 2V SOHC V6 w/Deac GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3% $1,194
2 4 2.8L 4V V6 GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3% $1,398
g '5_5 5 2.8L 4V V6 GDI + CCP + DVWVL AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 5% $1,696
§ o |6 2.8L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 5% $1,665
s |7 2.8L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 SOHC to V6 DOHC LUB EFR IACC 42V EPS AERO1 LRR 10% $2,528
; § 8 2.4L 14 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V6 SOHC to 14 IACC 42V EPS AERO 1 LRR 10% $2,555
% 9 2.8L 4V V6 HCCI GDI DCT 6spd 42 S-S V6 SOHC to V6 DOHC LUB EFR IACC 42V EPS AERO1 LRR 30% $4,387
o 10 2.4L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S LUB EFR V6 SOHC to 14 GDI-LB IACC 42V EPS AERO 1 LRR 30% $4,890
E 11 2.8L 14 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR EPS AERO1 LRR 5% $2,968
'g 12 3.0L 4V V6 w/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV V6 SOHC to V6 DOHC LUB EFR AERO 1 LRR $4,710
13 3.0L 4V V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV V6 SOHC to V6 DOHC LUB EFR AERO 1 LRR $5,940
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Table 1-11 Continued

E-31

baseline 4.0L-2V SOHC V6 AT 4 spd 12v
1 4.0L 2V SOHC V6 AT 4 spd 12v LUB EFR ASL TORQ IACC 12V LRR $214
139 2 3.6L 2V SOHC V6 GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 3% $1,064
8 3 3.6L 2V SOHC V6 w/Deac GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 3% $1,214
g ~ |4 3.2L 4V V6 GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 3% $1,418
;’ 8 5 3.2L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 5%  $1,699
o g 6 3.2L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 SOHC to V6 DOHC LUB EFR IACC 42V EPS AERO1 LRR 10% $2,596
% 7 2.4L 14 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V6 SOHC to 14 IACC 42V EPS AERO1 LRR 10% $2,623
% 8 3.2L 4V V6 HCCI GDI DCT 6spd 42 S-S V6 SOHC to V6 DOHC LUB EFR IACC 42V EPS AERO1 LRR 30% $4,654
— 9 2.4L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S LUB EFR V6 SOHC to 14 GDI-LB IACC 42V EPS AERO1 LRR 30% $5,158
10 2.0L 14 Turbo HEV (IMA) + GDI DCT 6 spd HEV LUB EFR V6 SOHC to 14 AERO1 LRR $4,814
11 3.2L 4V V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV V6 SOHC to V6 DOHC LUB EFR AERO1 LRR $6,449

baseline 4.7L-2V SOHC V8 AT 4 spd 12v
1 4.7L 2V SOHC V8 AT 4 spd 12v LUB EFR ASL TORQ IACC 12V LRR $214
139 2 4.4 2V SOHC V8 GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 3%  $1,085
8 3 4.4L 2V SOHC V8 w/Deac GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 3% $1,235
g s |4 4.2L 4V V6 GDI + CCP AT 6 spd 12v LUB EFR V8 SOHCto V6 DOHC ASL TORQ IACC 12V EPS AERO1 LRR 3% $1,284
; i ) 4.2L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v LUB EFR V8 SOHCto V6 DOHC ASL TORQ IACC 12V EPS AERO 1 LRR 5%  $1,579
2o |6 4.2L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR V8 SOHCto V6 DOHC IACC 42V EPS AERO 1 LRR 10% $2,512
E > 7 2.8L 4V V6 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V8 SOHCto V6 DOHC IACC 42V EPS AERO 1 LRR 10% $3,211
g 8 4.2L 4V V6 HCCI GDI DCT 6spd 42 S-S LUB EFR V8 SOHCto V6 DOHC IACC 42V EPS AERO 1 LRR 30% $4,774
- 9 2.8L 4V V6 Turbo DCP + GDI lean burn DCT 6spd 42 S-S LUB EFR V8 SOHCto V6 DOHC GDI-LB IACC 42V EPS AERO 1 LRR 30% $5,951
10 3.0L V6 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR EPS AERO1 LRR 5%  $3,037
11 4.2L 4V V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV LUB EFR V8 SOHCto V6 DOHC AERO1 LRR $6,294

baseline 4.2L-2V SOHC V6 AT 4 spd 12v
1 4.2L 2V SOHC V6 AT 4 spd 12v LUB EFR ASL TORQ IACC 12V LRR $239
2 3.9L 2V SOHC V6 GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3%  $1,104
= 3 3.9L 2V SOHC V6 w/Deac GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 3% $1,273
g 4 3.6L 4V V6 GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3% $1,458
5 |5 3.6L 4V V6 GDI + CCP + DVVL AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 5% $1,842
32 |6 3.6L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 5% $1,751
E o |7 3.6L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 SOHC to V6 DOHC LUB EFR IACC 42V EPS AERO 1 LRR LDB 10% $2,735
>~ |8 2.5L 14 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V6 SOHC to 14 IACC 42V EPS AERO 1 LRR LDB 10% $2,743
% 9 4.0L 4V V6 HCCI GDI DCT 6spd 42 S-S V6 SOHC to V6 DOHC LUB EFR IACC 42V EPS AERO 1 LRR LDB 30% $4,967
- 10 2.5L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S LUB EFR V6 SOHC to 14 GDI-LB IACC 42V EPS AERO 1 LRR LDB 30% $5,186
11 2.8L 14 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR EPS AERO1 LRR LDB 5%  $3,871
12 3.6L 4V V6 w/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV V6 SOHC to V6 DOHC LUB EFR AERO1 LRR LDB $5,849
13 3.6L 4V V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV V6 SOHC to V6 DOHC LUB EFR AERO1 LRR LDB $8,364

+Q baseline 3.8L 2V OHV V6 AT 4 sp 12V
35S 1 3.8L-2V OHV V6 AT 4 spd 12v LUB EFR ASL TORQ IACC 12v LRR $239
E % ﬁ 2 3.2L 4V DOHC V6 GDI + CCP AT 6 spd 12v V6 OHV to V6 DOHC LUB EFR ASL TORQ IACC 12V AERO1 LRR 3% $1,324
0 ol |3 3.2L 4V DOHC V6 w/Deac GDI + CCP AT 6 spd 12v V6 OHV to V6 DOHC LUB EFR ASL TORQ IACC 12v AERO 1 LRR 3% $1,493
% g 4 3.2L 4V DOHC V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 OHV to V6 DOHC LUB EFR IACC 42V EPS AERO 1 LRR LDB 10% $2,845
- - 5 2.5L 14 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V6 OHV to 14 DOHC IACC 42V EPS AERO1 LRR LDB 10% _ $3,087
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Table 1-11 Continued

E-32

baseline 5.7L 2V OHV V8 AT 4 spd 12v
1 5.7L 2V OHV V8 AT 4 spd 12v LUB EFR ASL TORQ IACC 12V LRR $239
= 2 5.2L 2V OHV V8 GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V AERO1 LRR 3% $1,051
g 3 5.2L 2V OHV V8 w/Deac GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V AERO1 LRR 3% $1,219
s |4 4.6L 4V V8 GDI + CCP AT 6 spd 12v V8 OHV to V8 DOHC LUB EFR ASL TORQ IACC 12V AERO1 LRR 3%  $1,559
32 (5 4.6L 4V V8 w/ Deac GDI + CCP AT 6 spd 12v V8 OHV to V8 DOHC LUB EFR ASL TORQ IACC 12V AERO1 LRR 5%  $1,879
E o |6 4.6L 4V V8 w/ Deac GDI + CCP DCT 6 spd 42 S-S V8 SOHC to V8 DOHC LUB EFR IACC 42V EPS AERO1 LRR LDB 10% $2,913
) > |7 3.5L 4V V6 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V8 OHV to V6 DOHC IACC 42V EPS AERO1 LRR LDB 10% $3,520
% 8 4.6L 4V V8 HCCI GDI DCT 6spd 42 S-S V8 OHV to V8 DOHC LUB EFR IACC 42V EPS AERO1 LRR LDB 30% $5,647
- 9 3.5L V6 Turbo DCP + GDI lean burn DCT 6spd 42 S-S LUB EFR V8 OHV to V6 DOHC GDI-LB IACC 42V EPS AERO1 LRR LDB 30% $6,355
10 3.5L V6 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR AERO1 LRR LDB 5%  $3,844
11 4.6L 4V V8 w/ Deac GDI + CCP HEV (2-mode) NA HEV V8 OHV to V8 DOHC LUB EFR AERO1 LRR LDB $8,519
< |baseline 5.4L 3V SOHC V8 AT 4 sp 12V
X
Skt |1 5.4L 3V SOHC - v8 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $239
=
= g 2 4.6L 4V DOHC V8 GDI + CCP AT 6 spd 12v '8 SOHC 3V to V8 DOH LUB EFR ASL TORQ IACC 12V AERO1 LRR 3%  $1,210
:’g’, = 13 4.6L 4V DOHC V8 w/ Deac GDI + CCP AT 6 spd 12v '8 SOHC 3Vto V8 DOH LUB EFR ASL TORQ IACC 12V AERO1 LRR 5%  $1,530
s § 4 4.6L 4V DOHC V8 w/ Deac GDI + CCP DCT 6 spd 42 S-S '8 SOHC 3V to V8 DOH LUB EFR IACC 42V EPS AERO1 LRR LDB 10% $2,825
* |5 3.5L V6 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V8 SOHC 3V to V6 DOHC IACC 42V EPS AERO1 LRR LDB 10%  $3,295
- baseline 3.2L-4V DOHC V6 AT 4 spd 12v
g 1 3.2L-4V V6 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $214
Q 2 2.8L V6 GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3% $1,044
2 |3 2.8L V6 GDI + CCP + DVVL AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 5%  $1,342
§ 54 2.8L V6 w/ Deac GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 5% $1,311
5 § £ 5 2.8L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR 5%  $1,881
S E g 6 2.4L 14 Turbo DCP + GDI DCT 6 spd 42 S-S LUB EFR V6 DOHC to 14 IACC 42V EPS AERO1 LRR 5%  $2,023
% g 7 2.8L V6 HCCI GDI DCT 6spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR 30% $4,033
] 8 2.4L 14 Turbo DCP + GDI lean bum DCT 6 spd 42 S-S LUB EFR V6 DOHC to 14 GDI-LB IACC 42V EPS AERO1 LRR 30% $4,494
g 9 2.8L 14 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR EPS AERO1 LRR 5%  $2,968
= 10 3.0L V6 w/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV LUB EFR AERO1 LRR $4,356)
=
11 3.0L V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV LUB EFR AERO1 LRR $5,586
baseline 3.5L-4V DOHC V6 AT 4 spd 12v
g 1 3.5L-4V V6 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $214
S 2 3.2L V6 GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 3% $1,064
g = 3 3.2L V6 w/ Deac GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO 1 LRR 5%  $1,345
‘>’ = |4 3.2L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR 10% $2,243
[ [ 2.4L 14 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V6 DOHC to 14 IACC 42V EPS AERO 1 LRR 5%  $2,057
% > e 3.2L V6 HCCI GDI DCT 6spd 42 S-S LUB EFR IACC 42V EPS AERO 1 LRR 30% $4,300
% 7 2.4L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S LUB EFR V6 DOHC to 14 GDI-LB IACC 42V EPS AERO 1 LRR 30% $4,919
— 8 2.0L 14 Turbo HEV (IMA) + GDI DCT 6 spd HEV LUB EFR V6 DOHC to 14 AERO1 LRR $4,530
9 3.2L V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV LUB EFR AERO1 LRR $6,095
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Table 1-11 Continued

baseline 4.6L-4V DOHC V8 AT 4 spd 12v
_09 1 4.6L -4V V8 AT 4 spd 12v LUB EFR ASL TORQ IACC 12V LRR $214
S 2 4.2L V6 GDI + CCP AT 8 spd 12v LUB EFR V8 DOHC to V6 DOHC ASL TORQ IACC 12V EPS AERO1 LRR 3% $926
g < |3 4.2L V6 w/ Deac GDI + CCP AT 8 spd 12V LUB EFR V8 DOHC to V6 DOHC ASL TORQ IACC 12V EPS AERO 1 LRR 5% $1,221
;’ = |4 4.2L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR V8 DOHC to V6 DOHC IACC 42V EPS AERO1 LRR 10% $2,153
2o [5 2.8L V6 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V8 DOHC to V6 DOHC IACC 42V EPS AERO1 LRR 10% $2,853
f > |6 4.2L V6 HCCI GDI DCT 6spd 42 S-S LUB EFR V8 DOHC to V6 DOHC IACC 42V EPS AERO1 LRR 30% $4,415
g 7 2.8L V6 Turbo DCP + GDI lean burn DCT 6spd 42 S-S LUB EFR V8 DOHC to V6 DOHC GDI-LB IACC 42V EPS AERO1 LRR 30% $5,592
— 8 3.0L V6 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR EPS AERO1 LRR 5%  $3,037
9 4.2L V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV LUB EFR V8 DOHC to V6 DOHC AERO1 LRR $5,935)
baseline 4.0L-4V DOHC V6 AT 4 spd 12v
1 4.0L -4V V6 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $239
= 2 3.6L V6 GDI + CCP AT 6 spd 12v LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 3% $1,104
g 3 3.6L V6 GDI + CCP + DVVL AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 5% $1,488
o |4 3.6L V6 w/ Deac GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V EPS AERO1 LRR 5%  $1,398
32 (5 3.6L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR LDB 10% $2,381
E o |6 2.5L 14 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V6 DOHC to 14 IACC 42V EPS AERO1 LRR LDB 10% $2,504
) > |7 4.0L V6 HCCI GDI DCT 6spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR LDB 30% $4,613
% 8 2.5L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S LUB EFR V6 DOHC to 14 GDI-LB IACC 42V EPS AERO1 LRR LDB 30% $4,947
- 9 2.8L 14 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR EPS AERO1 LRR LDB 5%  $3,871
10 3.6L V6 w/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV LUB EFR AERO1 LRR LDB $5,495
11 3.6L V6 w/ Deac GDI + CCP HEV (2-mode) NA HEV LUB EFR AERO1 LRR LDB $8,010,
baseline 5.6L 4V DOHC V8 AT 4 spd 12v
= 1 5.6L 4V V8 AT 4 spd 12V LUB EFR ASL TORQ IACC 12V LRR $239
g 2 4.6L V8 GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V AERO1 LRR 3% $1,051
5 I3 4.6L V8 w/ Deac GDI + CCP AT 6 spd 12V LUB EFR ASL TORQ IACC 12V AERO1 LRR 5% $1,371
32 |4 4.6L V8 w/ Deac GDI + CCP DCT 6 spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR LDB 10% $2,515
E o |5 3.5L V6 Turbo DCP + GDI DCT 6spd 42 S-S LUB EFR V8 DOHC to V6 DOHC IACC 42V EPS AERO1 LRR LDB 10% $3,036
»~ |6 4.6L V8 HCCI GDI DCT 6spd 42 S-S LUB EFR IACC 42V EPS AERO1 LRR LDB 30% $5,139
% 7 3.5L V6 Turbo DCP + GDI lean burn DCT 6spd 42 S-S LUB EFR V8 DOHC to V6 DOHC GDI-LB IACC 42V EPS AERO1 LRR LDB 30% $5,872
- 8 3.5L V6 Turbo Diesel DCT 6 spd 12 LUB EFR Diesel-SCR AERO1 LRR LDB 5%  $3,844
9 4.6L V8 w/ Deac GDI + CCP HEV (2-mode) NA HEV LUB EFR AERO1 LRR LDB $8,010,

Notes to Table 1-11:

DOHC=dual overhead cam; SOHC=single overhead cam; OHV=overhead valve; AT=automatic transmission; DCT=dual clutch transmission; LUB=low friction lubes; EFR=engine friction
reduction; ASL=aggressive shift logic; TORQ=early torque converter lockup; IACC=improved accessories; EPS=electric power steering; AERO 1=improved aerodynamics; LRR=low rolling

resistance tires.

E-33
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Table 1-12 Package Costs & Effectiveness for 2012-2022+MY for 19 Vehicle Types (T1-T19), Packages Used as Inputs to the OMEGA Model, Costs in 2007 dollars

&
§
8
4
Camshaft changes S
Technology System (excluding those for 8
Vehicle Package Engine Transmission | Voltage downsized engines) 2012 | 2013 | 2014 | 2015 | 2016 | 2017 [ 2018 | 2019 | 2020 | 2021 | 2022 O
baseline 1.5L - 4V DOHC 14 AT 4 spd 12V
g |1 15L-4Vi4 AT 4 spd 12v $206  $202 $197 $193 $189  $189  $189  $189  $189 $189  $182 | 7.6%
g E 2 1.5L-4V 14 CCP DCT 6 spd 12v $801  $779  $757 $736 $716 $716 $716 $716 $716 $716  $685 | 18.9%
S« |3 1.2L 13 DVVL + CCP + GDI dry DCT 6 spd 42 S-S $1,751 $1,717 $1,574 $1,454 $1,422 $1,422 $1,422 $1,422 $1,422 $1,422 $1,340|33.2%
n 4 0.7L 13 (small) Turbo DCP + GDI dry DCT 6 spd 42 S-S $2,343 $2,291 $2,130 $1,994 $1,946 $1,946 $1,946 $1,946 $1,946 $1,946 $1,820|36.4%
5 150kW/lithium ion (range of FTP 150 miles) N/A HEV
baseline 2.4L-4V DOHC 14 AT 4 spd 12V
o 1 2.4 4V 14 AT 4 spd 12v $206  $202 $197 $193 $189  $189  $189  $189  $189 $189  $182 | 7.6%
8 12 2.0L 14 CCP + GDI AT 6 spd 12v $911  $886  $861  $837  $814  $814  $814  $814  $814 $814  $784 [ 17.5%
g g 3 2.4L -4V 14 CCP + GDI DCT 6 spd 12V
% <+ |4 2.0L 14 DVVL + CCP + GDI dry DCT 6 spd 42 S-S $2,037 $1,994 $1,843 $1,715 $1,675 $1,675 $1,675 $1,675 $1,675 $1,675 $1,593|35.4%
8 5 1.5L 14 Turbo DCP + GDI dry DCT 6 spd 42 S-S
6 1.2L 14 HEV (IMA) + GDI dry DCT 6 spd HEV
7 1.2L 14 HEV Plug-in IMA + GDI dry DCT 6 spd HEV
> baseline 2.4L-4V DOHC 14 AT 4 spd 12V
% 1 2.4L -4V 14 AT 4 spd 12v $206  $202 $197 $193 $189 $189  $189 $189  $189 $189  $182 | 7.6%
= 2 2.2L 14 CCP + GDI AT 6 spd 12v
g = |3 2.2L 14 DVVL + CCP + GDI DCT 6 spd 12v $1,137 $1,105 $1,074 $1,043 $1,014 $1,014 $1,014 $1,014 $1,014 $1,014 $972 |23.2%
@ R |4 2.2L 14 DVVL + CCP + GDI dry DCT 6 spd 42 S-S $2,108 $2,063 $1,910 $1,780 $1,739 $1,739 $1,739 $1,739 $1,739 $1,739 $1,656 | 35.4%
8 = ; 5 1.6L 14 Turbo DCP + GDI dry DCT 6 spd 42 S-S
g 2 6 1.6L Turbo DCP + GDI lean burn dry DCT 6 spd 42 S-S
k) 7 1.4L 14 Turbo HEV (IMA) + GDI dry DCT 6 spd HEV
g 8 1.8L 14 HEV (Power Split) + GDI N/A HEV $4,785 $4,644 $4,506 $4,373 $4,243 $4,243 $4,243 $4,243 $4,243 $4,243 $3,710 | 35.9%
9 1.8L 14 HEV Plug-in Power Split + GDI N/A HEV
_ baseline 3.0L-4V DOHC V6 AT 4 spd 12v
s _ 1 3.0L-4V V6 AT 4 spd 12v $231  $227  $222  $218 $214  $214  $214  $214  $214  $214  $207 | 7.6%
c% = 2 2.0L 14 Turbo DCP + GDI AT 6 spd 12V
E § F |3 2.0L 14 Turbo DCP + GDI DCT 6 spd 12v $1,562 $1,518 $1,475 $1,433 $1,392 $1,392 $1,392 $1,392 $1,392 $1,392 $1,190 | 23.4%
— é £ 4 2.0L 14 Turbo DCP + GDI DCT 6 spd 42 S-S $2,392 $2,341 $2,168 $2,021 $1,974 $1,974 $1,974 $1,974 $1,974 $1974 $1,725|31.6%
é > g s 2.0L Turbo DCP + GDI lean burn DCT 6 spd 42 S-S
ES |6 2.4L 14 Turbo Diesel DCT 6 spd
3 7 1.5L 14 Turbo HEV (IMA) + GDI DCT 6 spd HEV
8 2.8L V6 w/ Deac GDI + CCP HEV (2-mode) N/A HEV $9,234 $9,215 $7,493 $6,112 $6,095 $6,095 $6,095 $6,095 $6,095 $6,095 $5,310 | 36.5%
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Table 1-12 Continued

baseline 3.3L-4V DOHC V6 AT 4 spd 12V
S 1 3.3L-4VV6 AT 4 spd 12V $231 $227 $222 $218 $214 $214 $214  $214 $214  $214 $207 7.6%
° 2 3.0L V6 GDI + CCP AT 6 spd 12V $1,144 $1,112 $1,081 $1,051 $1,022 $1,022 $1,022 $1,022 $1,022 $1,022 $927 |17.9%
g E‘ 3 3.0L V6 w/ Deac GDI + CCP AT 6 spd 12V
4> |4 3.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S $2,537 $2,482 $2,305 $2,153 $2,103 $2,103 $2,103 $2,103 $2,103 $2,103 $1,942|34.2%
2L Is 2.2L 14 Turbo DCP + GDI DCT 6spd 4SS
g 6 3.0L V6 HCCI GDI DCT 6spd 42 S-S
= 7 2.2L Turbo DCP + GDI lean burn DCT 6spd 42 S-S
8 2.5L 14 HEV (Power Split) + GDI N/A HEV $6,772  $6,572 $6,377 $6,188 $6,005 $6,005 $6,005 $6,005 $6,005 $6,005 $5,129 | 37.5%
= baseline 4.5L-4V DOHC V8 AT 4 spd 12V
8 1 45L-4VV8 AT 4 spd 12V $231 $227 $222 $218 $214 $214 $214 $214 $214  $214 $207 7.6%
7} 2 4.0L V6 GDI + CCP AT 6 spd 12v $986  $959  $933  $907  $883  $883  $883  $883  $883  $883  $780 (17.9%
S ~ |3 4.0L V6 w/ Deac GDI + CCP AT 6 spd 42 S-S
é E 4 4.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S $2,103 $2,061 $1,806 $1,757 $1,719 $1,719 $1,719 $1,719 $1,719 $1,719 $1,552|31.9%
3 2 |5 3.0L V6 Turbo DCP + GDI AT 6 spd 4258
[ 6 3.0L V6 Turbo DCP + GDI DCT 6 spd 42 S-S
B 7 4.0L V6 HCCI GDI DCT 6 spd 42S-S
s 8 3.0L V6 Turbo Diesel DCT 6 spd 12
9 3.0L V6 w/ Deac GDI + CCP HEV (2-mode) N/A HEV $9,082 $9,068 $7,346 $5,966 $5,953 $5,953 $5,953 $5,953 $5,953 $5,953 $5,143 | 44.4%
baseline 2.6L-4V DOHC 14 (I5) AT 4 spd 12V
S 1 26L-4VI4 AT 4 spd 12V $231 $227 $222 $218 $214 $214 $214 $214 $214  $214 $207 7.6%
E E 2 2.4L 14 CCP + GDI AT 6 spd 12V $1,104 $1,074 $1,044 $1,015 $987 $987 $987 $987 $987  $987 $890 |17.4%
>3 I3 2.4L 14 DVVL + CCP + GDI DCT 6 spd 12V $1,406 $1,367 $1,328 $1,291 $1,255 $1,255 $1,255 $1,255 $1,255 $1,255 $1,139|21.4%
3 c% E |4 2.4L 14 DVVL + CCP + GDI dry DCT 6 spd 42 S-S $2,481 $2,428 $2,252 $2,102 $2,054 $2,054 $2,054 $2,054 $2,054 $2,054 $1,896|34.7%
% = ;_}/ 5 2.0L 14 Turbo DCP + GDI dry DCT 6 spd 42 S-S $2,837 $2,773 $2,587 $2,427 $2,369 $2,369 $2,369 $2,369 $2,369 $2,369 $2,172|36.3%
=l 6 1.8L Turbo DCP + GDI lean burn DCT 6 spd 42S-S
=42 7 1.8L 14 Turbo HEV (IMA) + GDI dry DCT 6 spd HEV
2 8 1.8L 14 Turbo HEV (Power Split) + GDI N/A HEV $6,951 $6,745 $6,545 $6,352 $6,164 $6,164 $6,164 $6,164 $6,164 $6,164 $5,335|39.6%
9 1.8L 14 Turbo HEV Plug-in IMA + GDI dry DCT 6 spd HEV
X baseline 3.7L-2V SOHC V6 AT 4 spd 12v
5 1 3.7L 2V SOHC V6 AT 4 spd 12v $231 $227 $222 $218 $214 $214 $214 $214 $214  $214 $207 7.6%
'; 2 3.2L 2V SOHC V6 GDI + CCP AT 6 spd 12v $1,168 $1,136 $1,104 $1,073 $1,044 $1,044 $1,044 $1,044 $1,044 $1,044 $948 |17.8%
g 3 3.2L 2V SOHC V6 w/Deac GDI + CCP AT 6 spd 12v $1,337 $1,300 $1,263 $1,228 $1,194 $1,194 $1,194 $1,194 $1,194 $1,194 $1,093|19.6%
0 4 2.8L 4V V6 GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC
= g 5 2.8L 4V V6 GDI + CCP +DWVL AT 6 spd 12v V6 SOHC to V6 DOHC
2 o |6 2.8L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC
g > |7 2.8L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 SOHC to V6 DOHC ~ $3,017 $2,948 $2,756 $2,591 $2,528 $2,528 $2,528 $2,528 $2,528 $2,528 $2,354|32.4%
S |8 2.4L 14 Turbo DCP + GDI DCT 6spd 4SS
% 9 2.8L 4V V6 HCCI GDI DCT 6spd 42 S-S V6 SOHC to V6 DOHC
© 10 2.4L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S
% 11 2.8L 14 Turbo Diesel DCT 6 spd 12
-g 12 3.0L 4V V6 w/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV V6 SOHC to V6 DOHC
13 3.0L 4V V6 w/ Deac GDI + CCP HEV (2-mode)  N/A HEV V6 SOHC to V6 DOHC  $8,838 $8,807 $7,233 $5,968 $5,940 $5,940 $5940 $5,940 $5,940 $5940 $5,193 | 36.3%
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Table 1-12 Continued

baseline 4.0L-2V SOHC V6 AT 4 spd 12v
1 4.0L 2V SOHC V6 AT 4 spd 12v $231 $227 $222 $218 $214 $214 $214 $214 $214  $214 $207 7.6%
g 2 3.6L 2V SOHC V6 GDI + CCP AT 6 spd 12v $1,191 $1,158 $1,126 $1,095 $1,064 $1,064 $1,064 $1,064 $1,064 $1,064 $969 [17.4%
S 3 3.6L 2V SOHC V6 w/Deac GDI + CCP AT 6 spd 12v $1,360 $1,322 $1,285 $1,249 $1,214 $1,214 $1,214 $1,214 $1,214 $1,214 $1,113|19.4%
g & 4 3.2L 4V V6 GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC
; = |5 3.2L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC
% g 6 3.2L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 SOHC to V6 DOHC
© 7 2.4L 14 Turbo DCP + GDI DCT 6spd 42 S-S $3,125 $3,052 $2,857 $2,690 $2,623 $2,623 $2,623 $2,623 $2,623 $2,623 $2,409 | 32.3%
g 8 3.2L 4V V6 HCCI GDI DCT 6spd 42 S-S V6 SOHC to V6 DOHC
- 9 2.4L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S
10 2.0L 14 Turbo HEV (IMA) + GDI DCT 6 spd HEV
11 3.2L 4V V6 w/ Deac GDI + CCP HEV (2-mode)  N/A HEV V6 SOHC to V6 DOHC  $9,633  $9,602 $7,869 $6,477 $6,449 $6,449 $6,449 $6,449 $6,449 $6,449 $5,651 | 36.5%
baseline 4.7L-2V SOHC V8 AT 4 spd 12v
1 4.7L 2V SOHC V8 AT 4 spd 12v $231 $227 $222 $218 $214 $214 $214 $214 $214  $214 $207 7.6%
_g 2 4.4L 2V SOHC V8 GDI + CCP AT 6 spd 12v $1,215 $1,181 $1,148 $1,116 $1,085 $1,085 $1,085 $1,085 $1,085 $1,085 $990 |17.4%
S 3 4.4L 2V SOHC V8 w/Deac GDI + CCP AT 6 spd 12v $1,384 $1,345 $1,307 $1,271 $1,235 $1,235 $1,235 $1,235 $1,235 $1,235 $1,134|19.4%
g s |4 4.2L 4V V6 GDI + CCP AT 6 spd 12v
N 4.2L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v
% ;,’ 6 4.2L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S $2,999 $2,930 $2,739 $2,575 $2,512 $2,512 $2,512 $2,512 $2,512 $2,512 $2,342|34.3%
PR 2.8L 4V V6 Turbo DCP + GDI DCT 6spd 42S-S
g 8 4.2L 4V V6 HCCI GDI DCT 6spd 42 S-S
- 9 2.8L 4V V6 Turbo DCP + GDI lean burn DCT 6spd 42 S-S
10 3.0L V6 Turbo Diesel DCT 6 spd 12
11 4.2 4V V6 w/ Deac GDI + CCP HEV (2-mode)  N/A HEV $9,458 $9,433 $7,704 $6,317 $6,294 $6,294 $6,294 $6,294 $6,294 $6,294 $5,486 | 36.5%
baseline 4.2L-2V SOHC V6 AT 4 spd 12v
1 4.2L 2V SOHC V6 AT 4 spd 12v $256  $252  $247  $243  $239  $239  $239  $239  $239  $239  $231 | 7.6%
2 3.9L 2V SOHC V6 GDI + CCP AT 6 spd 12v $1,233 $1,199 $1,167 $1,135 $1,104 $1,104 $1,104 $1,104 $1,104 $1,104 $984 |18.3%
= 3 3.9L 2V SOHC V6 w/Deac GDI + CCP AT 6 spd 12v $1,424 $1,384 $1,346 $1,309 $1,273 $1,273 $1,273 $1,273 $1,273 $1,273 $1,146 | 19.9%
g 4 3.6L 4V V6 GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC
o |5 3.6L 4V V6 GDI + CCP + DVVL AT 6 spd 12v V6 SOHC to V6 DOHC
3 ,‘:' 6 3.6L 4V V6 w/ Deac GDI + CCP AT 6 spd 12v V6 SOHC to V6 DOHC
é’ o |7 3.6L 4V V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 SOHC to V6 DOHC  $3,256 $3,184 $2,977 $2,800 $2,735 $2,735 $2,735 $2,735 $2,735 $2,735 $2,529|34.9%
%> 8 2.5L 14 Turbo DCP + GDI DCT 6spd 42S-S
ol 9 4.0L 4V V6 HCCI GDI DCT 6spd 42 S-S V6 SOHC to V6 DOHC
- 10 2.5L 14 Turbo DCP + GDI lean bum DCT 6spd 42S-S
11 2.8L 14 Turbo Diesel DCT 6 spd 12
12 3.6L 4V V6 w/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV V6 SOHC to V6 DOHC
13 3.6L 4V V6 w/ Deac GDI + CCP HEV (2-mode)  N/A HEV V6 SOHC to V6 DOHC
+ g baseline 3.8L 2V OHV V6 AT4sp 12V
S S 1 3.8L-2V OHV V6 AT 4 spd 12v $256 $252 $247 $243 $239 $239 $239 $239 $239  $239 $231 7.6%
E % § 2 3.2L 4V DOHC V6 GDI + CCP AT 6 spd 12v V6 OHV to V6 DOHC $1,482 $1,441 $1,401 $1,362 $1,324 $1,324 $1,324 $1,324 $1,324 $1,324 $1,196 | 18.9%
g g = |3 3.2L 4V DOHC V6 w/Deac GDI + CCP AT 6 spd 12v V6 OHV to V6 DOHC $1,672 $1,625 $1,580 $1,536 $1,493 $1,493 $1,493 $1,493 $1,493 $1,493 $1,358(20.1%
T 5 4 3.2L 4V DOHC V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S V6 OHV to V6 DOHC $3,381 $3,305 $3,095 $2,914 $2,845 $2,845 $2,845 $2,845 $2,845 $2,845 $2,635(34.9%
- - 5 2.5L 14 Turbo DCP + GDI DCT 6spd 42 S-S $3,653 $3,569 $3,351 $3,163 $3,087 $3,087 $3,087 $3,087 $3,087 $3,087 $2,820]|35.1%
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Table 1-12 Continued

baseline 5.7L 2V OHV V8 AT 4 spd 12v
1 5.7L 2V OHV V8 AT 4 spd 12v $256 $252 $247 $243  $239 $239 $239  $239  $239 $239  $231 7.6%
= 2 5.2L 2V OHV V8 GDI + CCP AT 6 spd 12v $1,172 $1,141 $1,110 $1,080 $1,051 $1,051 $1,051 $1,051 $1,051 $1,051 $933 |18.3%
g 3 5.2L 2V OHV V8 w/Deac GDI + CCP AT 6 spd 12v $1,363 $1,325 $1,289 $1,253 $1,219 $1,219 $1,219 $1,219 $1,219 $1,219 $1,096 | 19.9%
e |4 4.6L 4V V8 GDI + CCP AT 6 spd 12v V8 OHV to V8 DOHC
3 ,:' 5 4.6L 4V V8 w/ Deac GDI + CCP AT 6 spd 12v V8 OHV to V8 DOHC
'g o |6 4.6L 4V V8 w/ Deac GDI + CCP DCT 6 spd 42 S-S V8 SOHC to VB DOHC  $3,457 $3,379 $3,167 $2,984 $2,913 $2,913 $2,913 $2,913 $2,913 $2,913 $2,705 | 34.9%
P 3.5L 4V V6 Turbo DCP + GDI DCT 6spd 42 S-S $4,142 $4,044 $3,812 $3,610 $3,520 $3,520 $3,520 $3,520 $3,520 $3,520 $3,223]|35.1%
g 8 4.6L 4V V8 HCCI GDI DCT 6spd 42 S-S V8 OHV to V8 DOHC
- 9 3.5L V6 Turbo DCP + GDI lean bum DCT 6spd 42 S-S
10 3.5L V6 Turbo Diesel DCT 6 spd 12
11 4.6L 4V V8 w/ Deac GDI + CCP HEV (2-mode) N/A HEV V8 OHV to V8 DOHC
- ’f‘ baseline 5.4L 3V SOHC V8 AT4sp 12V
Sk |1 5.4L 3V SOHC - V8 AT 4 spd 12V $256 $252 $247 $243  $239 $239 $239  $239  $239  $239  $239 7.6%
F Q 2 4.6L 4V DOHC V8 GDI + CCP AT 6 spd 12v V8 SOHC3V to V8 DOHC $1,352 $1,315 $1,279 $1,244 $1,210 $1,210 $1,210 $1,210 $1,210 $1,210 $1,161 | 18.9%
aéa = |3 4.6L 4V DOHC V8 w/ Deac GDI + CCP AT 6 spd 12v V8 SOHC 3V to VB DOHC $1,714 $1,666 $1,619 $1,574 $1,530 $1,530 $1,530 $1,530 $1,530 $1,530 $1,456|21.2%
8 § 4 4.6L 4V DOHC V8 w/ Deac GDI + CCP DCT 6 spd 42 S-S V8 SOHC 3V to VB DOHC $3,357 $3,282 $3,073 $2,893 $2,825 $2,825 $2,825 $2,825 $2,825 $2,825 $2,687 | 34.9%
* |5 3.5L V6 Turbo DCP + GDI DCT 6spd 42 S-S $3,889 $3,798 $3,573 $3,379 $3,295 $3,295 $3,295 $3,295 $3,295 $3,295 $3,085 | 35.1%
— baseline 3.2L-4V DOHC V6 AT 4 spd 12v
E 1 3.2L-4VV6 AT 4 spd 12V $231 $227 $222 $218  $214  $214  $214  $214  $214  $214  $207 7.6%
2 2 2.8L V6 GDI + CCP AT 6 spd 12V $1,168 $1,136 $1,104 $1,073 $1,044 $1,044 $1,044 $1,044 $1,044 $1,044 $948 |17.8%
& |3 2.8L V6 GDI + CCP + DVVL AT 6 spd 12V
2 94 2.8L V6 w/ Deac GDI + CCP AT 6 spd 12v
5 S |s 2.8L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S $2,286 $2,239 $2,068 $1,924 $1,881 $1,881 $1,881 $1,881 $1,881 $1,881 $1,722]|31.8%
S 2 g 6 2.4L 14 Turbo DCP + GDI DCT 6 spd 42S-S
g g7 2.8 V6 HCCI GDI DCT 6spd 42S-s
g 8 2.4L 14 Turbo DCP + GDI lean bum DCT 6 spd 42 S-S
2 9 2.8L 14 Turbo Diesel DCT 6 spd 12 $3,342 $3,244 $3,149 $3,057 $2,968 $2,968 $2,968 $2,968 $2,968 $2,968 $2,732|32.6%
= 10 3.0L V6 w/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV
11 3.0L V6 w/ Deac GDI + CCP HEV (2-mode) N/A HEV $8,439 $8,420 $6,857 $5,603 $5,586 $5,586 $5586 $5,586 $5,586 $5,586 $4,852 | 35.8%
baseline 3.5L-4V DOHC V6 AT 4 spd 12v
_g 1 3.5L-4VV6 AT 4 spd 12v $231 $227 $222 $218 $214 $214 $214 $214 $214  $214 $207 7.6%
S 2 3.2L V6 GDI + CCP AT 6 spd 12V $1,191 $1,158 $1,126 $1,095 $1,064 $1,064 $1,064 $1,064 $1,064 $1,064 $969 |[17.4%
o |3 3.2L V6 w/ Deac GDI + CCP AT 6 spd 12V
SE |4 3.2L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S
% o |5 2.4L 14 Turbo DCP + GDI DCT 6spd 42 S-S $2,485 $2,431 $2,255 $2,105 $2,057 $2,057 $2,057 $2,057 $2,057 $2,057 $1,806 |31.6%
© > |6 3.2L V6 HCCI GDI DCT 6spd 42 S-S
% 7 2.4L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S
4 8 2.0L 14 Turbo HEV (IMA) + GDI DCT 6 spd HEV
9 3.2L V6 w/ Deac GDI + CCP HEV (2-mode) N/A HEV $9,234 $9,215 $7,493 $6,112 $6,095 $6,095 $6,095 $6,095 $6,095 $6,095 $5,310 [ 36.5%
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Table 1-12 Continued

baseline 4.6L-4V DOHC V8 AT 4 spd 12v
U’; 1 4.6L-4VV8 AT 4 spd 12v $231  $227  $222  $218 $214  $214  $214  $214  $214  $214  $207 | 7.6%
S 2 4.2L V6 GDI + CCP AT 8 spd 12v $1,035 $1,006 $979 $952 $R6  $926 $926 $926  $926  $926  $823 |17.4%
S |3 4.2L V6 w/ Deac GDI + CCP AT 8 spd 12V $1,368 $1,329 $1,292 $1,256 $1,221 $1,221 $1,221 $1,221 $1,221 $1,221 $1,111 | 20.5%
; o |4 4.2L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S $2,593 $2,537 $2,358 $2,205 $2,153 $2,153 $2,153 $2,153 $2,153 $2,153 $1,984|33.7%
% o |5 2.8L V6 Turbo DCP + GDI DCT 6spd 42S-S
>~ |8 4.2L V6 HCCI GDI DCT 6spd 42S-S
g 7 2.8L V6 Turbo DCP + GDI lean bumn DCT 6spd 42 S-S
— 8 3.0L V6 Turbo Diesel DCT 6 spd 12

9 4.2L V6 w/ Deac GDI + CCP HEV (2-mode) N/A HEV $9,053 $9,040 $7,323 $5948 $5935 $5935 $5935 $5935 $5,935 $5,935 $5,127 | 36.5%

baseline 4.0L-4V DOHC V6 AT 4 spd 12v

1 4.0L - 4V V6 AT 4 spd 12v $256  $252  $247  $243  $239  $239  $239  $239  $239 $239  $231 | 7.6%
= 2 3.6L V6 GDI + CCP AT 6 spd 12v $1,233 $1,199 $1,167 $1,135 $1,104 $1,104 $1,104 $1,104 $1,104 $1,104 $984 |18.3%
8 3 3.6L V6 GDI + CCP + DVVL AT 6 spd 12v
e |4 3.6L V6 w/ Deac GDI + CCP AT 6 spd 12v $1,565 $1,521 $1,479 $1,437 $1,398 $1,398 $1,398 $1,398 $1,398 $1,398 $1,270 | 21.0%
32 |5 3.6L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S $2,856 $2,796 $2,601 $2,436 $2,381 $2,381 $2,381 $2,381 $2,381 $2,381 $2,187|34.4%
é o |6 2.5L 14 Turbo DCP + GDI DCT 6spd 42 S-S $2,995 $2,931 $2,732 $2,562 $2,504 $2,504 $2,504 $2,504 $2,504 $2,504 $2,220 |34.5%
v~ |7 4.0L V6 HCCI GDI DCT 6spd 42 S-S
% 8 2.5L 14 Turbo DCP + GDI lean bum DCT 6spd 42 S-S
- 9 2.8L 14 Turbo Diesel DCT 6 spd 12

10 3.6L V6 W/ Deac GDI + CCP HEV (IMA) DCT 6 spd HEV

11 3.6L V6 w/ Deac GDI + CCP HEV (2-mode) N/A HEV

baseline 5.6L 4V DOHC V8 AT 4 spd 12v
= 1 5.6L 4V V8 AT 4 spd 12v $256  $252  $247  $243  $239  $239  $239  $239  $239  $239  $231 | 7.6%
8 2 4.6L V8 GDI + CCP AT 6 spd 12v $1,172 $1,141 $1,110 $1,080 $1,051 $1,051 $1,051 $1,051 $1,051 $1,051 $933 [18.3%
s |8 4.6L V8 w/ Deac GDI + CCP AT 6 spd 12v $1,363 $1,325 $1,289 $1,253 $1,219 $1,219 $1,219 $1,219 $1,219 $1,219 $1,096 | 21.0%
So |4 4.6L V8 w/ Deac GDI + CCP DCT 6 spd 42 S-S $1,556 $1,515 $1,475 $1,435 $1,398 $1,398 $1,398 $1,398 $1,398 $1,398 $1,272(34.4%
é’ o |5 3.5L V6 Turbo DCP + GDI DCT 6spd 42 S-S $2,145 $2,086 $2,029 $1,973 $1,919 $1,919 $1,919 $1,919 $1,919 $1,919 $1,703 | 34.5%
o [ 4.6L V8 HCCI GDI DCT 6spd 42 S-S
5 7 3.5L V6 Turbo DCP + GDI lean bum DCT 6spd 42S-S
- 8 3.5L V6 Turbo Diesel DCT 6 spd 12

9 4.6L V8 w/ Deac GDI + CCP HEV (2-mode) N/A HEV
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Table 1-13 Package Costs Measured Relative to the Package Costs for the 2016MY

PACKAGE COSTS
YEAR | pELATIVE TO 2016
2012 117%

2013 115%

2014 108%

2015 102%

2016 100%

2017 100%

2018 100%

2019 100%

2020 100%

2021 100%

2022+ 92%

We do not show cost and effectiveness estimates for a number of the technology listed
in Table 1-12, as we determined that these packages were not cost effective relative to other
packages available for a specific vehicle type. The process used to make these determinations
is discussed below.

As discussed in detail in Chapter 4 of this DRIA, the order of technology which will
be applied to any specific vehicle by the OMEGA model is set in the Technology input file.
Since the goal of adding technology is to move the manufacturer closer to compliance with
the GHG standard, the available technology packages should be placed in order of their total
GHG effectiveness. Otherwise, the model is adding technology which moves the
manufacturer further from compliance. At the same time, the cost of each successive package
should be greater than that of the prior package. In this case, a greater degree of GHG
reduction is available at a lower cost. The package with the greater cost and lower overall
effectiveness should therefore be removed from the list.

Table 1-14 presents the complete list of technology packages which were described
for vehicle type #6, which includes midsize and large cars equipped with a V8 engine with
either SOHC or DOHC and 4 valves per head. The only exception is that the package
including an HCCI engine has been removed as this technology is not expected to be
commercially available in time for widespread introduction by 2016. The information listed
in the first six columns is taken from Table 1-12. The values in the seventh column, which
are explained below, are used to remove packages which would not likely be applied by a
manufacturer and therefore, should not be included in the OMEGA modeling.
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Table 1-14 Evaluation of Technology Packages for Vehicle Type #6

System Weight Total CO2 Total 2016 | $/delta CO2
Engine Transmission Voltage Reduction Reduction Cost %
4.5L DOHC 4-Valve V8 AT 4 spd 12V 0% 7.6% $214 $2,816
4.0L V6 GDI + CCP AT 6 spd 12V 3% 17.9% $883 $6,497
4.0L V6 w/ Deac GDI + CCP AT 6 spd 42 S-S 5% 28.2% $1633 $7,274
3.0L V6 Turbo DCP + GDI AT 6 spd 42 S-S 5% 28.5% $2333 $284,727
4.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S 5% 31.9% $1719 $(17,617)
3.0L V6 Turbo DCP + GDI DCT 6spd 42 S-S 5% 32.1% $2419 $2,363
3.0L V6 Turbo Diesel DCT 6 spd 12V 5% 35.0% $3456 $35,737
3.0L V6 w/ Deac GDI+CCP HEV 2-mode HEV 0% 44.4% $5953 $26,586
Remove Turbo with AT 6 spd
4.5L DOHC 4-Valve V8 AT 4 spd 12V 0% 7.6% $214 $2,816
4.0L V6 GDI + CCP AT 6 spd 12V 3% 17.9% $883 $6,497
4.0L V6 w/ Deac GDI + CCP AT 6 spd 42 S-S 5% 28.2% $1633 $7,274
4.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S 5% 31.9% $1719 $2,305
3.0L V6 Turbo DCP + GDI DCT 6spd 42 S-S 5% 32.1% $2419 $452,082
3.0L V6 Turbo Diesel DCT 6 spd 12V 5% 35.0% $3456 $35,737
3.0L V6 w/ Deac GDI + CCP HEV 2-mode HEV 0% 44.4% $5953 $26,586
Remove Turbo with DCT 6 spd
4.5L DOHC 4-Valve V8 AT 4 spd 12V 0% 7.6% $214 $2,816
4.0L V6 GDI + CCP AT 6 spd 12V 3% 17.9% $883 $6,497
4.0L V6 w/ Deac GDI + CCP AT 6 spd 42 S-S 5% 28.2% $1633 $7,274
4.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S 5% 31.9% $1719 $2,305
3.0L V6 Turbo Diesel DCT 6 spd 12V 5% 35.0% $3456 $56,828
3.0L V6 w/ Deac GDI + CCP HEV 2-mode HEV 0% 44.4% $5953 $26,586
Remove Diesel
4.5L DOHC 4-Valve V8 AT 4 spd 12V 0% 7.6% $214 $2,816
4.0L V6 GDI + CCP AT 6 spd 12V 3% 17.9% $883 $6,497
4.0L V6 w/ Deac GDI + CCP AT 6 spd 42 S-S 5% 28.2% $1633 $7,274
4.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S 5% 31.9% $1719 $2,305
3.0L V6 w/ Deac GDI + CCP HEV 2-mode HEV 0% 44.4% $5953 $34,012
Remove two AT 6 spd steps
4.5L DOHC 4-Valve V8 AT 4 spd 12V 0% 7.6% $214 $2,816
4.0L V6 w/ Deac GDI + CCP DCT 6 spd 42 S-S 5% 31.9% $1719 $6,184
3.0L V6 w/ Deac GDI + CCP HEV 2-mode HEV 0% 44.4% $5953 $34,012

The seventh, or last column of Table 1-14 is a measure of the incremental cost
effectiveness of each package relative to the previous package. Specifically, it is the ratio of

the incremental cost of the current package over the previous package to the incremental

effectiveness of the current package over the previous package. In both cases (cost and
effectiveness), the increment is the arithmetic difference. As discussed above, OMEGA uses

a different measure of incremental effectiveness in its calculation of CO2 emissions. Here,

however, the arithmetic difference in the effectiveness of two technology packages provides
the best comparison across packages, since the base CO2 emissions inherent in the total

effectiveness estimates is the same; that of the base vehicle. Therefore, a 10% difference

between two packages with 7% and 17% effectiveness, respectively, represents the same CO2
emission reduction as a 10% difference between two packages with 27% and 37%
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effectiveness, respectively. Generally, a low ratio of incremental cost to incremental
effectiveness is better than a high ratio. Ideally, the technology packages included in the
model would progress from lower ratios to higher ratios.

The topmost section of Table 1-14 shows all of the packages described earlier except
for the HCCI engine package. The order of the packages has been rearranged slightly from
that in Table 1-12 in order to place the packages in order of increasing total effectiveness. As
can be seen, there are two very large anomalies in the ratios of incremental cost to incremental
effectiveness. The ratio for the turbocharged engine with a 6 speed automatic transmission is
very high, while that for the engine with cylinder deactivation with a dual clutch transmission
is negative. The cause of this is that the cost of the latter package is lower than the former. If
the latter package can achieve a 31.9% reduction in CO2 emissions at a cost of $1,719, then
there is no point in considering a package which only achieves a 28.5% reduction in CO2
emissions for a cost of $2,333. Therefore, we removed the package for the turbocharged
engine with a 6 speed automatic transmission and repeated the calculations. (In general, the
package just prior to one with a negative ratio of incremental cost to incremental effectiveness
should be removed.) The revised set of technology packages is shown in the second section
of Table 1-14.

The second set of packages now shows one obvious anomaly. The ratio of
incremental cost to incremental effectiveness for the turbocharged engine with a dual clutch
transmission is more than a factor of 10 higher than any of the others. This occurs because
this package only reduces CO2 emissions by 0.2% over the previous package for an
incremental cost of $700. A manufacturer would be better off applying the next package (the
diesel) to a portion of its vehicles than to apply the turbocharged engine with a dual clutch
transmission package to a higher percentage of its vehicles. Therefore, we removed the
package for the turbocharged engine with the dual clutch transmission and again repeated the
calculations. The revised set of technology packages is shown in the third section of Table
1-14.

The greatest anomaly in the third set of ratios is that for the diesel package. It is more
than twice the value of the ratio for the 2-mode hybrid. If we believed that manufacturers
would prefer to implement diesel technology over strong hybridization for some reason, we
could have left both packages in the modeling. However, absent such a reason, we removed
the diesel engine package from vehicle type #6. The revised set of technology packages is
shown in the fourth section of Table 1-14.

The greatest anomaly in the fourth section of the table is that the ratio of incremental
cost to incremental effectiveness for the engine with cylinder deactivation and a dual clutch
transmission is much lower than those for the two prior packages. In order to assess the
benefit of removing the two prior packages, we do so in the fifth and last section of Table
1-14. As can be seen, the ratio of incremental cost to incremental effectiveness for the engine
with cylinder deactivation and a dual clutch transmission increases to over $6,184. This is
only marginally lower than the ratios for the two packages which have been excluded.
Retaining the two packages provides a more gradual application of technology. This provides
the model the choice of applying technology which is currently widespread in the fleet (6-
speed automatic transmissions and 12 volt electrical systems) to a greater percentage of sales
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before applying more extensive technology (dual clutch transmissions and start stop
technology). Therefore, we did not exclude the two technologies based on a strict use of the
ratio of incremental cost to incremental effectiveness.

1.4 EPA’s Lumped Parameter Approach for Determining Effectiveness
Synergies

EPA engineers reviewed existing tools that could be used to develop estimates of the
technology synergies, including the NEMS model'. However, the synergies in the NEMS
model depend heavily upon an assumed technology application flow path; those technologies
that the model would apply first would be expected to have fewer synergies than those applied
later on. For this reason, and because this report includes many new technologies not
available in NEMS, it was necessary for EPA to develop its own set of estimates. EPA used a
well-documented engineering approach known as a lumped-parameter technique to determine
values for synergies. At the same time, however, EPA recognized the availability of more
robust methods for determining the synergistic impacts of multiple technologies on vehicle
CO, emissions than the lumped-parameter approach, particularly with regard to applying
synergy effects differentiated across different vehicle classes, and therefore augmented this
approach with the detailed vehicle simulation modeling described in Section 1.4.7.

The basis for EPA’s lumped parameter analysis is a first-principles energy balance
that estimates the manner in which the chemical energy of the fuel is converted into various
forms of thermal and mechanical energy on the vehicle. The analysis accounts for the
dissipation of energy into the different categories of energy losses, including each of the
following:

e Second law losses (thermodynamic losses inherent in the combustion of fuel),

e Heat lost from the combustion process to the exhaust and coolant,

e Pumping losses, i.e., work performed by the engine during the intake and exhaust
strokes,

e Friction losses in the engine,

e Transmission losses, associated with friction and other parasitic losses,

e Accessory losses, related directly to the parasitics associated with the engine
accessories and indirectly to the fuel efficiency losses related to engine warmup,

e Vehicle road load (tire and aerodynamic) losses;

with the remaining energy available to propel the vehicle. It is assumed that the baseline
vehicle has a fixed percentage of fuel lost to each category.

Each technology is categorized into the major types of engine losses it reduces, so that
interactions between multiple technologies applied to the vehicle may be determined. When a
technology is applied, its effects are estimated by modifying the appropriate loss categories by
a given percentage. Then, each subsequent technology that reduces the losses in an already
improved category has less of a potential impact than it would if applied on its own. Table
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1-15 below is an example spreadsheet used by EPA to estimate the synergistic impacts of a
technology package for a standard-size car.

Table 1-15 Sample Lumped Parameter Spreadsheet

EPA Staff Deliberative Materials--Do Not Quote or Cite

Vehicle Energy Effects Estimator

Vehicle type: Standard Car Description: Technology picklist
Family Package: Z
Indicated Energy Heat
Brake Energ Engine Friction Lost To
Vehicle Road Loads Parasitics | Gearbox, Exhaust &
Mass Drag Tires T.C. Coolant
Inertia Aero Rolling Access Trans Friction ~ Pumping | Ind Eff Second
Load Load Load Losses Losses Losses Losses Losses Law Check
Baseline % of fuel 13.0% 4.0% 4.0% 1.8% 4.2% 6.6% 4.4% 32.0% 30.0% 100.0% OK
Reduction 0% 16% 8% 64% 33% 16% 75%
% of original fuel 13.0% 3.4% 3.7% 0.8% 33% 5.6% 1.1% 31.8% 30%
Indicated Mech Brake Drivetrain Fuel Road
Efficiency | Efficiency | Efficiency | Efficiency | Efficienc Loads

Baseline 38.0% 71.1% 27.0% 77.8% 21.0% 100.0%
New 38.2% 82.5% 31.5% 87.2% 27.5% 95.4%

| Current Results

Brake
Efficienc

72.9%  Fuel Consumption Original friction/brake ratio S
27.1% FC Reduction Based on PMEP/IMEP >>>> 11% 27%
37.2%  FE Improvement (GM study) =71.1% mech efficiency

N/A  Diesel FC Reduction

Independent User Picklist
Technology FC Estimate Loss Category Impl ion into estimator Include? (0/1) Gross FC Red
Aero Drag Reduction 3.0% Acro 16% aero (cars), 10.5% aero (trucks) 1 3.0%
Rolling Resistance Reduction 1.5% Rolling 8% rolling 1 1.5%
Low Fric Lubes 0.5% Friction 2% friction 1 0.5%
EF Reduction 2.0% Friction 8.5% friction 1 2.0%
ICP 2.0% Pumping 12% pumping, 38.2% IE, -2% fric 0 0.0%
DCP 3.0%  total VVT Pumping 18.5% pumping, 38.2% IE, -2% fric 0 0.0% Pick one
CCP 3.0%  total VVT Pumping 18.5% pumping, 38.2% IE, -2% fric 1 3.0%
Deac 6.0% Pumping, friction 39% pumping 0 0.0%
DVVL 4.0% Pumping 30% pumping, -3% friction 1 4.0%
CVVL 5.0% Pumping 37% pumping, -3% friction 0 0.0%
Camless 10.0% Pumping 76% pumping, -5% friction 0 0.0%
GDI 1.5% Ind Eff 38.6% Ind Eff 0 0.0%
Turbo/Dnsize 6.0% Pumping 39% pumping 0 0.0%
S-spd 2.5% Trans, pumping 22% pumping, -5% trans 0 0.0%
CVT 6.0% Trans, pumping 46% pumping, -5% trans 0 0.0%
ASL 1.5% Pumping 9.5% pumping 1 1.5%
Agg TC Lockup 0.5% Trans 2.5% trans 1 0.5%
6-spd auto 5.5% Trans, pumping 42% pumping, -5% trans 1 5.5%
AMT 6.5% Trans 35% trans (increment) 1 6.5%
42V S-S 7.5% F,P,A 13% friction, 19% pumping, 38% access 1 7.5%
12V acc + Imp alt 1.5% Access 18% access 0 0.0%
EPS 1.5% Access 18% access 1 1.5%
42V acc + imp alt 3.0% Access 36% access 1 3.0% Or#51
HCCI dual-mode 11.0% Ind. Eff, pumping 41% IE, 25% pumping 0 0.0%
GDI (lean) 10.5% Ind. Eff, pumping 40% IE, 38% pumping 0 0.0%
|Diesel - LNT 30.0% over gas _Ind Eff, pumping 48% IE, 85% pumping, -13% friction 0 0.0% Pick one
|Diesel - SCR 30.0% over gas _Ind Eff, pumping 46% IE, 80% pumping, -13% friction 0 0.0%
Opt. E25 8.5% Ind. Eff, pumping 39% IE, 40% pumping 0 0.0%

33.6%
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Table 1-16 below lists the technologies considered in this example, their
corresponding individual technology effectiveness values, and a comparison of the gross
combined package CO, reduction (i.e. disregarding synergies) to the lumped parameter
results. The difference is the implied synergistic effects of these technologies combined on a
package.

Table 1-16 Comparison of Lumped Parameter Analysis with Standard Car Package

TECHNOLOGY INDIVIDUAL CO2 CUMULATIVE CO2
REDUCTION REDUCTION

Aero Drag 3% 3%
Rolling Resistance Reduction 1.5% 4.5%
Low Friction Lubricants 0.5% 4.9%
Engine Friction Reduction 2.0% 6.8%
VVT — Coupled Cam Phasing 3.0% 9.6%
VVT — Discrete Variable Lift 4.0% 13.2%
Aggressive Shift Logic 1.5% 14.5%
Early Torque Convertor Lock-up 0.5% 15.0%
6-speed Automatic Transmission 5.5% 19.6%
6-speed Dual Clutch Transmission 6.5% 24.9%
Stop-start with 42 volt system 7.5% 30.5%
Electric Power Steering 1.5% 31.5%
42V acc + improved alternator 3.0% 33.6%

Gross combined effectiveness 33.6%

Lumped Parameter Estimate 27.1%

Estimated synergistic effects -6.5%

The synergy estimates obtained using the lumped parameter technique were
subsequently compared to the results from the vehicle simulation work. EPA will continue to
use the lumped parameter approach as an analytical tool, and (using the output data from the
vehicle simulation as a basis) may adjust the synergies as necessary in the future.

14.1 Ricardo’s Vehicle Simulation

Vehicle simulation modeling was performed by Ricardo, Inc. The simulation work
addressed gaps in existing synergy modeling tools, and served to both supplement and update
the earlier vehicle simulation work published by NESCCAF. Using a physics-based, second-
by-second model of each individual technology applied to various baseline vehicles, the
Ricardo model was able to estimate the effectiveness of the technologies acting either
individually or in combination. This information could then be used to estimate the synergies
of these technology combinations, and also to differentiate the synergies across different
vehicle classes.
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In total, Ricardo modeled five baseline vehicles and twenty-six distinct technology
combinations, covering the full range of gasoline and diesel powertrain technologies used in
the Volpe model, with the exception of the powersplit, plug-in and two-mode hybrid vehicle
technologies. The five generalized vehicle classes modeled were a standard car, a full-size
car, a small multi-purpose vehicle (MPV), a large MPV and a large truck. The complete list
of vehicles and technology packages is given below in this section, along with a detailed
explanation of the selection criteria.

Each technology package was modeled under a constraint of “equivalent
performance” to the baseline vehicle. To quantify the performance, a reasonably
comprehensive, objective set of vehicle performance criteria were used as a basis to compare
with the baseline vehicle, characterizing the launch acceleration, passing performance and
grade capability that a vehicle buyer might expect when considering a technology package.
The main metrics used to compare vehicle performance are listed below in Table 1-17.

Table 1-17 Performance Metrics Used as Basis for “Equivalent Performance”

CHARACTERISTIC PERFORMANCE METRIC

Overall Performance Time to accelerate from 0-60 MPH

Launch Acceleration Time to accelerate from 0-30 MPH
Vehicle speed and distance after a 3-second acceleration
from rest

Passing Performance Time to accelerate from 30 to 50 MPH
Time to accelerate from 50 to 70 MPH

Grade Capability Maximum % grade at 70 MPH
(standard car, large car, small MPV and large MPV)
Maximum % grade at 60 MPH at GCVWR (large truck)

Notes: All accelerations are assumed at WOT (wide open throttle) condition. GCVWR = Gross Combined
Vehicle Weight Rating

A summary of the vehicle simulation results is given below in Section 1.4.7, including
the CO; emissions reduction effectiveness for each technology package. The full Ricardo
vehicle simulation results, including the acceleration performance data, may be found in
Ricardo’s final report posted publicly at EPA’s website.”

1.4.2 Description of Ricardo’s Report

In this section, the structure, methodology and results from the Ricardo vehicle
simulation report are summarized. EPA worked closely with Ricardo to develop baseline
models of five generalized vehicle classes that could be validated against EPA certification
data, and then used as a platform upon which to add various technology packages. The
vehicle simulation modeling results generated by Ricardo consist of the following:

¢ Baseline vehicle characterization, to determine the baseline fuel consumption and CO;
emissions over the EPA combined cycle federal test procedure (FTP) for five baseline
vehicles, for validation with EPA certification data.

e Simulation of the vehicle technology combinations (applied to the baseline vehicles)
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e Incremental technology effectiveness estimates, to examine the effect of adding
technologies one-by-one. These could then be used more directly to validate synergies
estimated using the lumped parameter method.

This section describes the selection process for each of the baseline vehicles and the
technology packages, and summarizes the results of the vehicle simulation.

1.4.3 Determination of representative vehicle classes

In an effort to establish a reasonable scope for the vehicle simulation work and to
update the earlier simulation done by NESCCAF, EPA chose five representative vehicle
classes as the basis for evaluating technology benefits and synergies, representing the vehicle
attributes of the projected highest-volume light-duty car and truck sales segments. These five
classes covered a broad range of powertrain and vehicle characteristics, over which the
effectiveness and synergies of each of the technologies could be evaluated. The main
distinguishing attributes of the five vehicle classes considered by EPA and Ricardo are given
below in Table 1-18.

Table 1-18 Attributes of the Five Generalized Vehicle Classes Considered by Ricardo

VEHICLE STANDARD LARGE SMALL LARGE LARGE
CLASS CAR CAR MPV MPV TRUCKS
EPA Vehicle Compact, Large CAR Small SUV, Minivans, Large SUV’s,
Types Included Midsize Small Mid-SUV’s Large Pickups
Pickup
Curb Weight 2800-3600 lbs >3600 lbs 3600-4200 | 4200-4800 1bs | >4800 Ibs
Range 1bs
Engine Type 14 Vo6 14 Vo6 V8
Drivetrain FWD RWD/AWD FWD FWD/AWD 4WD
Body Type Unibody Unibody Unibody Unibody Ladder Frame
Towing None None Partial Partial Full
Capability
Example vehicles | Toyota Camry, | Chrysler 300, | Saturn Vue, | Dodge Grand Ford F-150,
Chevy Malibu, Ford 500 / Ford Caravan, Chevy
Honda Accord Taurus Escape, GMC Acadia, Silverado
Honda CR- Ford Flex 1500, Dodge
\% Ram

EPA then selected representative vehicle models for each of these classes, based on three

main criteria:

e The vehicle should possess major attributes and technology characteristics that are
near the average of its class, including engine type and displacement, transmission

type, body type, weight rating, footprint size and fuel economy rating.
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e [t should be among the sales volume leaders in its class, or where there is not a
clearly-established volume leader, the model should share attributes consistent with
major sellers.

e The vehicle should have undergone a recent update or redesign, such that the
technology in the baseline model could be considered representative of vehicles sold
at the beginning of the proposed regulatory timeframe.

Consideration was also given to include the sales-leading vehicle manufacturers
among the baseline models. Hence, the U. S. domestic manufacturers account for four of the
five models (Chrysler 300, GM/Saturn Vue, Chrysler/Dodge Caravan, and the Ford F-150),
while import manufacturers are represented in their strongest sales segment, the standard car
class, by the Toyota Camry.

1.4.4 Description of Baseline Vehicle Models

The baseline vehicles selected to represent their respective vehicle classes are
described below in Table 1-19, listed with the critical attributes that EPA used as selection
criteria. While each attribute for these baseline vehicles does not match the precise average
for its class, each of these baselines is an actual vehicle platform that allows validation of the
simulation data with “real world” certification data.
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Table 1-19 Description of Baseline Vehicles

VEHICLE CLASS | STANDARD LARGE SMALL LARGE LARGE
CAR CAR MPV MPV TRUCKS
Baseline Vehicle Toyota Saturn Dodge Grand
! ! Y Chrysler 300 U & Ford F-150
Camry VUE Caravan
CO2 Emissions*
. 327 409 415 435 575
(g/mi)
Base Engine DOHC 14 SOHC V8 DOHC 14 OHV V6 SOHC V8
Displacement
2.4 3.5 2.4 3.8 5.4
@)
Rate Power
(HP) 154 250 169 205 300
@ Torque (ft-1bs) 160 250 161 240 365
g Valvetrain Type VVT (DCP) Fixed VVT (DCP) Fixed VVT (CCP)
= Valves/Cylinder 4 4 4 2 3
'E Drivetrain FWD RWD FWD FWD 4WD
2 Transmission Auto Auto Auto Auto Auto
P # og Forward 5 5 4 4 4
>y peeds
© .
= C“”(’lzz )e‘ght 3108 3721 3825 4279 5004
> ETW (lbs) 3500 4000 4000 4500 6000
GVWR (lbs) -- -- 4300 5700 6800
GCWR (lbs) -- - -- -- 14000
Front Track
Width (in.) 62 63 61.4 63 67
Wheelbase (in.) 109.3 120 106.6 119.3 144.5
o &| Displacement/
2 < Weight Ratio 1.54 1.88 1.25 1.78 2.16
g = (L/ton)
= 9
HE g Power /
n“: S Weight Ratio 99.1 134.4 88.4 95.8 119.9
@ (HP/ton)

*-Estimated CO, equivalent, taken from EPA adjusted combined fuel economy

ratings.

1.4.5 Technologies Considered by EPA and Ricardo in the Vehicle Simulation

A number of advanced gasoline and diesel technologies were considered in the
Ricardo study, comprising the majority of the technologies used in the Volpe model, with the
exception of the hybrid electric vehicle technologies. In developing a comprehensive list of
technologies to be modeled, EPA surveyed numerous powertrain and vehicle technologies
and technology trends, in order to assess their potential feasibility in the next one to ten years.
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The list of technologies considered therefore includes those that are available today (e.g.,
variable valve timing, six-speed automatic transmissions) as well as some that may not be
ready for five to ten years (e.g., camless valve actuation and HCCI engines). Table 1-20
below lists the technologies that Ricardo included in the vehicle simulation models.

Table 1-20 Technologies Included in the Ricardo Vehicle Simulation

ENGINE TECHNOLOGIES
Abbreviation Description
DOHC Dual Overhead Camshafts
SOHC Single Overhead Camshaft
OHV Overhead Valve (pushrod)
CCP Couple Cam Phasing
DCP Dual (independent) Cam Phasing
DVVL Discrete (two-step) Variable Valve Lift
CVVL Continuous Variable Valve Lift
Deac Cylinder Deactivation
CVA Camless Valve Actuation (full)
Turbo Turbocharging and engine downsizing
GDI Gasoline Direct Injection
Diesel Diesel with advanced aftertreatment
HCCI Homogenous Charge Compression Ignition (gasoline)
LUB Low-friction engine lubricants
EFR Engine Friction Reduction
TRANSMISSION TECHNOLOGIES
Abbreviation Description
L4 Lock-up 4-speed automatic transmission
L5 Lock-up 5-speed automatic transmission
L6 Lock-up 6-speed automatic transmission
DCT6 6-speed Dual Clutch Transmission
CVT Continuously Variable Transmission
ASL Aggressive Shift Logic
TORQ Early Torque Converter Lock-up
ACCESSORY TECHNOLOGIES

Abbreviation Description
ISG (42V) 42V Integrated Starter-Generator
EPS Electric Power Steering
EACC Electric Accessories (water pump, oil pump, fans)
HEA High-Efficiency Alternator

VEHICLE TECHNOLOGIES
Abbreviation Description
AERO Aerodynamic drag reduction (10~20%)
ROLL Tire Rolling Resistance reduction (10%)
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1.4.6 Choice of Technology Packages

EPA chose a number of technology packages representing a range of options that
manufacturers might pursue. In determining these technology combinations, EPA considered
available cost and effectiveness numbers from the literature, and applied engineering
judgment to match technologies that were compatible with each other and with each vehicle
platform. Also, where appropriate, the same technologies were applied to multiple vehicle
classes, to determine where specific vehicle attributes might affect their benefits and
synergies. Table 1-21 below describes in detail the technology content in each technology
package simulated by Ricardo.

Table 1-21 Description of the Vehicle Technology Packages Modeled by Ricardo

VEHICLE | TECHNOLOGY
oS Ny ENGINE VALVETRAIN | TRANSMISSION | ACCESSORIES
Baseline 2.4 Liter 14 DOHC, DCP G =
© 1SG (42V), EPA
S B )
. z 2.4L 14, PFI CCP. DVVL DCT6 MW
g0 1 24114, GDI DCP, DVVL CVT EPS. EACC. HEA
% 1SG (42V), EPS,
2 2.4L 14, GDI DCP L6 .
Baseline 2.4 Liter 14 DOHC, DCP L6 EPS
1SG (42V), EPA,
z 2.4L 14, PFI CCP. DVVL DCT6 MoV
1 24114, GDI DCP, DVVL CVT EPS. EACC. HEA
> 1SG (42V), EPA,
& 2 2.4L 14, GDI DCP L6 MoV
= 15 15L 14, GDL, DCP DCT6 EPS, EACC, HEA
= Turbo
7 15a 2.4L 14, GDI CVA DCT6 EPS. EACC. HEA
15b 2'4LHIS’C§}DL DCP, CVVL DCT6 EPS, EACC, HEA
5 1.9L 14, Diesel DOHC DCT6 EPS. EACC. HEA
Baseline 3.5 Liter V6 SOHC L5 -
4 2.2L 14, GDI, DCP L6 EPS, EACC, HEA
. Turbo
3 5 2.8L 14, Diesel DOHC DCT6 EPS. EACC. HEA
2 Y1 3.5L V6, GDI CVA DCT6 EPS. EACC, HEA
N
2 Y2 Lo oPb DCP, CVVL DCT6 EPS, EACC, HEA
5 6a 3.0L V6, GDI DCP, CVVL DCT6 EPS. EACC. HEA
1SG (42V), EPA,
16 3.5L V6, GDI CCP, Deac L6 MoV
> Baseline 3.8 Liter V6 OHV L4 -
& 4 2.1L 14, GDI, DCP L6 EPS, EACC, HEA
= Turbo
2 6b 3.0L V6, GDI CCP. Deac DCT6 EPS. EACC. HEA
5 1SG (42V), EPA,
3 16 3.8L V6, GDI CCP, Deac L6 AN
o Baseline 5.4 Liter, V8 SOHC, CCP L4 -
[5)
= 9 5.4L V8, GDI CCP, Deac DCT6 ISG (42V), EPA,
s < EACC
10 2 AL ‘7(, phT’ DCP DCTA M A f“‘f“’ UE é
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Turbo
1 4.3L V8, Dicsel DOHC DCT6 EPS, EACC, HEA
2 1SG (42V), EPA,
5.4L V8, GDI CCP, Deac L6 MV
17 54L V8, GDI DCP, DVVL L6 EPS, EACC, HEA
X1 54L V8, GDI CVA DCT6 EPS, EACC, HEA
X2 > '4LHVC8C’IGDL DCP, CVVL DCT6 EPS, EACC, HEA

Other: 20% Aerodynamic drag reduction, 10% tire rolling resistance reduction assumed for all
vehicles, except Large Trucks. 10% Aerodynamic drag reduction assumed for Large Truck. Low-Friction
lubricants and moderate engine friction reductions are assumed for all vehicles. Aggressive shift logic and early
torque converter lockup strategies are assumed for all vehicles, where applicable.

1.4.7 Simulation Results

The CO; emissions results from the vehicle simulation are summarized below in Table
1-22 (for cars) and Table 1-23 (for light-duty trucks). The CO, estimates are given for the
combined city and highway test cycles, according to the EPA Federal Test Procedure (FTP),
with the technology package results compared with the baseline vehicle as shown.

It is important to reiterate that each of the technology package results were obtained
with performance determined to be equivalent to the baseline vehicle. No attempt was made
to project trends in performance during the proposed regulatory period, nor was the
performance downgraded to give improved fuel efficiency. A full comparison of vehicle
acceleration performance is given in the Ricardo final report.

Table 1-22 CO, Emissions Estimates Obtained from Vehicle Simulation (Cars)

co2 co2 Cco2 co2
e | TECHNONOLGY MAJOR CITY HWY COMB | REDUCTION
PACKAGE FEATURES*
g/mi g/mi g/mi %
3 Baseline 24L14,DCP,L5 | 338 217 284 -
= CCP, DVVL, .
S z boT 156 250 170 214 24.7%
S
= GDL DCP, )
: ! VYL CVT 204 198 251 11.5%
& 2 GDL, IDS%P’ Le, 277 180 233 17.8%
Baseline 3.5L V6, L5 420 279 356 -
@ 221 14, GDI
N ) ) 0
5. 4 oo DCP L6 346 236 206 16.9%
=0 2.8L I4 Diesel
= 4 0
E 5 oo 315 21 273 23.5%
Y1 GDL CVA.DCT | 278 199 242 32.0%
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Y2 GDI, HCCI, DCT 290 197 248 30.4%
GDI, DCP, 0

6a CVVL, DCT 331 235 288 19.2%
GDI, CCP, Deac, o

16 L6.1SG 301 205 257 27.7%

*-Please refer to Table 1-20 for a full description of the vehicle technologies

Table 1-23 CO, Emissions Estimates Obtained from Vehicle Simulation (Light-Duty Trucks)

Cco2 Cco2 Cco2 Cco2
vemcry | TECHNONOLGY MAJOR CITY | HWY | COMB | REDUCTION
PACKAGE FEATURES*
g/mi g/mi g/mi %
Baseline 2.4L 14, DCP, EPS 367 253 316 =
z CCP, D}’S‘g’ DCT, 272 208 243 23.0%
2 ] GDL, DCP, DVVL, 310 227 272 13.7%
2 CVT
= 2 GDL DCP., L6, 1SG 201 211 255 19.3%
S 1.5L 14 GDL Turbo. .
g 15 BCP DOT 272 212 245 22.5%
15a GDL CVA, DCT 262 193 231 26.8%
15b GDL HCCL DCT 270 197 237 24.8%
5 19L 14 Diesel, DCT | 282 205 247 21.8%
> Baseline 3.8L V6 458 313 393 --
S 4 2.1L If)’g)D% 6T“rb°’ 357 256 312 20.6%
& 6b GDIL CCP. Deac, DCT | 333 243 295 24.9%
S 16 GDL, CCIPS;(]?%‘C’ L6, 1 355 225 280 28.7%
Baseline 5.4L V8, CCP 612 402 517 --
9 GDL, CCPI’S%Q'“‘C’ DCT. | 43 315 379 26.7%
4
S 10 3.6L E%SDDIC?“T"O’ 404 319 366 29.3%
= T 4.8L V8 Diesel, DCT | 444 326 391 24.4%
on
= 12 GDIL CCP, Deac, L6, | 459 328 400 22.6%
a ISG
17 GDL DCP.DVVL.L6 | 492 333 420 18.8%
X1 GDIL CVA, DCT a0 314 374 27.8%
X2 GDL HCCL DCT 425 311 374 27.7%

*-Please refer to Table 1-20 for a full description of the vehicle technologies

1.5 Comparison of Lumped-Parameter Results to Modeling Results

Considering the following:
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1)

2)

3)
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EPA’s lumped-parameter package estimates are comparable with those obtained from
the detailed Ricardo simulations. This is illustrated in Figure 1-2 below.

EPA is confident in the plausibility of the individual technology effectiveness
estimates in, based on the sources from which that information was assimilated, as
detailed in Section 2 of this report.

Additionally, EPA expresses confidence in the overall Ricardo package results due to
the robust methodology used in building the models and generating the results.

20% A

B Ricardo
BL-P

S|ZIZ|B|RBIEIRB|RBIE|E|E|E|E|E|R|B|R|E|3|8|c 8|8

= =

212|223 13|32 %lslalalala 2 2|2 |E|EE|E|E E|E
2 g g g g g g =) = o = o = o [} 19 o
Al | Bd|la|lalal a5 SISISI SIS C%D %‘) %D
— — —

2 Z 1 2 | 15 |15a|15b| 5 4 5 |6a |16 |YL|Y2| 4 |6b|16| 9 | 10| 11|12 |17 | X1 | X2

Package

Figure 1-2 Comparison of Ricardo package results to equivalent lumped parameter package results

Based on this, EPA concludes that the synergies derived from the lumped parameter

approach are generally plausible (with a few packages that garner additional investigation).
EPA will continue to analyze this data, focusing on those packages where the differences
between the two approaches are large.

The simulation results may present opportunities to improve the fidelity of the

lumped-parameter approach by identifying differences between different platforms or
important vehicle traits (such as displacement-to-weight ratio, e.g.). There might also be
opportunity to infer (through detailed analysis) the individual effectiveness values for some
technologies by comparing and isolating Ricardo package results across different vehicle
platforms.
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1.6 Using the Lumped-Parameter Technique to Determine Synergies in a
Technology Application Flowpath (Identifying “Technology Pairs” to
account for synergies)

In order to account for the real world synergies of combining of two or more
technologies, the product of their individual effectiveness values must be adjusted based on
known interactions, as noted above. When using an approach in which technologies are
added sequentially in a pre-determined application path to each individual vehicle model, as
used in NHTSA’s 2006 fuel economy rule for light trucks’, these interactions may be
accounted for by considering a series of interacting technology pairs. EPA believes that a
lumped parameter approach can be used as a means to estimate and account for synergies for
such a technology application method. When using a sequential technology application
approach which applies more than one technology, it is necessary to separately account for the
interaction of each unique technology pair. Moreover, if the sequential technology
application approach applies a technology that supersedes another, for example, where a
VVLT system is substituted in place of a cylinder deactivation system, its incremental
effectiveness must be reduced by the sum of the synergies of that technology with each
individual technology that was previously applied, regardless of whether any of them have
also been superseded. Figure 1-3 below provides an example of how technology pairs are
identified for a specific technology application path similar to one used by NHTSA. In this
example, an interaction is identified between each of the engine technologies (except GDI)
with each of the transmission technologies. So, in this example, were the model to couple a
turbocharged and downsized GDI engine with a 6-speed transmission, it would apply a series
of many synergy pairs to the combined individual effectiveness values to arrive at the overall
effectiveness.

Engine Technology Trans Technology

VVT (ICP)

A

y
VVT (CCP) L5

A 4 A\ 4

DIS L6

A\ 4

VVLT (DVVL)

GDI

A 4

TURB

(Lines indicate potential synergies)

Figure 1-3 Illustration of technology pairings for a specific technology application path
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CHAPTER 2: Air Conditioning

2.1 Overview of Air Conditioning Impacts and Technologies

Over 95% of the new cars and light trucks in the United States are equipped with air
conditioner (MAC) systems. In the 1970’s and 1980’s, air conditioner systems were an
optional (luxury) feature, but it now comes standard on almost all new vehicle models. The
Mobile Air Conditioner (A/C) system is a unique and distinct technology on the automobile.
It is different from the other technologies described in Chapter 3 of the joint Technical
Support Document (TSD) in several ways. First, most of the technologies described in the
joint TSD directly affect the efficiency of the engine, transmission, and vehicle systems. As
such, these systems are almost always active while the vehicle is moving down the road or
being tested on a dynamometer for the fuel economy and emissions test drive cycles. A/C on
the other hand, is a parasitic load on the engine that only burdens the engine when the vehicle
occupants demand it. Since it is not tested as a normal part of the fuel economy and
emissions test drive cycles, it is referred to as an “off-cycle” effect. There are many other off-
cycle loads that can be switched on by the occupant that affect the engine; these include
lights, wipers, stereo systems, electrical defroster/defogger, heated seats, power windows, etc.
However, these electrical loads individually amount to a very small effect on the engine
(although together they can be significant). The A/C system (by itself) adds a significantly
higher load on the engine as described later in this chapter. Secondly, present A/C systems
leak a powerful greenhouse gas directly into the air - even when the vehicle is not in
operation. No other vehicle system does this. Because of these factors, a distinct approach to
control of MAC systems is justified, and a separate technical discussion is also warranted.

As just mentioned above, there are two mechanisms by which A/C systems contribute
to the emissions of greenhouse gases. The first is through direct leakage of the refrigerant
into the air. The hydrofluorocarbon refrigerant compound currently used in all recent model
year vehicles is R134a (also known as 1,1,1,2-Tetrafluoroethane, or HFC-134a). Based on
the higher global warming potential of HFCs, a small leakage of the refrigerant has a greater
global warming impact than a similar amount of emissions of some other mobile source
GHGs. R134a has a global warming potential (GWP) of 1430.

? This means that 1 gram of R134a has the equivalent global warming potential of
1,430 grams of CO2 (which has a GWP of 1).* In order for the A/C system to take advantage
of the refrigerant’s thermodynamic properties and to exchange heat properly, the system must

2 The global warming potentials (GWP) used in the NPRM analysis are consistent with Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment Report (AR4). At this time, the IPCC Second Assessment Report
(SAR) global warming potential values have been agreed upon as the official U.S. framework for addressing
climate change. The IPCC SAR GWP values are used in the official U.S. greenhouse gas inventory submission
to the United Nations climate change framework. When inventories are recalculated for the final rule, changes
in GWP used may lead to adjustments.

2-1

E-57



Draft Regulatory Impact Analysis

be kept at high pressures even when not in operation. Typical static pressures can range from
50-80 psi depending on the temperature, and during operation, these pressures can get to
several hundred psi. At these pressures leakage can occur through a variety of mechanisms.
The refrigerant can leak slowly through seals, gaskets, and even small failures in the
containment of the refrigerant. The rate of leakage may also increase over the course of
normal wear and tear on the system. Leakage may also increase more quickly through rapid
component deterioration such as during vehicle accidents, maintenance or end-of-life vehicle
scrappage (especially when refrigerant capture and recycling programs are less efficient).
Small amounts of leakage can also occur continuously even in extremely “leak-tight” systems
by permeating through hose membranes. This last mechanism is not dissimilar to fuel
permeation through porous fuel lines. Manufacturers may be able to reduce these leakage
emissions through the implementation of technologies such as leak-tight, non-porous, durable
components. The global warming impact of leakage emissions also can be addressed by using
alternative refrigerants with lower global warming potential. Refrigerant emissions can also
occur during maintenance and at the end of the vehicle’s life (as well as emissions during the
initial charging of the system with refrigerant), and these emissions are already addressed by
the CAA Title VI stratospheric ozone program, as described below.

The second mechanism by which vehicle A/C systems contribute to GHG emissions is
through the consumption of additional fuel required to provide power to the A/C system and
from carrying around the weight of the A/C system hardware year-round. The additional fuel
required to run the system is converted into CO; by the engine during combustion. These
increased emissions due to A/C operation can be reduced by increasing the overall efficiency
of the vehicle’s A/C system, as described below. EPA will not be addressing modifications to
the excess weight of the A/C system, since the incremental increase in CO, emissions and fuel
consumption due to carrying the A/C system is directly measured during the normal federal
test procedure, and is thus already subject to the normal control program.

EPA’s analysis indicates that together, these (A/C related) emissions account for about
9% of the greenhouse gas emissions from cars and light trucks. In this document, EPA will
separate the discussion of these two categories of A/C-related emissions because of the
fundamental differences in the emission mechanisms and the methods of emission control.
Refrigerant leakage control is akin in many respects to past EPA fuel evaporation control
programs (in that containment of a fluid is the key feature), while efficiency improvements
are more similar to the vehicle-based control of CO; set out in the joint TSD (in that they
would be achieved through specific hardware and controls).

EPA recognizes that California and the European Union also believe that A/C related
emissions account for a significant part of greenhouse gas emissions. Both California and the
European Union have either proposed or discussed programs to limit GHGs from A/C
systems. EPA has evaluated these programs and this document discusses some similar
features and others that emphasize additional emission reduction mechanisms.
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2.2 Air Conditioner Leakage
2.2.1 Impacts of Refrigerant Leakage on Greenhouse Gas Emissions

There have been several studies in the literature which have attempted to quantify the
emissions (and impact) of air conditioner HFC emissions from light duty vehicles. In this
section, several of these studies are discussed.

2.2.1.1 In-Use Leakage Rates

Based on measurements from 300 European 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% 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% empty and the fraction recovered at end-of-life was 8.5%.

2.2.1.2 Emission Inventory

The EPA publishes an inventory of greenhouse gases and sinks on an annual basis.
The refrigerant emissions numbers that are used in the present analysis are from the Vintaging
model, which is used to generate the emissions included in this EPA inventory source. The
HFC refrigerant emissions from light duty vehicle A/C systems was estimated to be 61.8 Tg
CO, equivalent in 2005 by the Vintaging model.””

In 2005, refrigerant leakage accounted for about 5.1% of total greenhouse gases from
light duty sources. The following table shows the breakdown of greenhouse gases as broken
down by the different emissions processes in 2005. The baseline tailpipe CO,, N,O and CH4
emissions are from MOVES, the refrigerant emissions are from the Vintaging model, and the
A/C CO2 emissions are from EPA and the National Renewable Energy Laboratory (NREL) as
described below.

? EPA reported the MVAC emissions at 56.6 Tg CO, EQ, using a GWP of 1300. This number has been
adjusted using a GWP of 1430.
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Table 2-1. CO2 equivalent emissions from light duty vehicles broken up by source or process.

Emissions source or process | Tg CO2 (equivalent) | Percentage of total
Tailpipe CO2 (w/o A/C) 1,076 88.6%

CO2 from A/C 47.2 3.9%
HFC-134a (Leakage) 61.8 5.1%

N20 28.2 2.3%

CH4 1.9 0.2%

Total 1,215

From a vehicle standpoint, the Vintaging model assumes that 42% of the refrigerant
emissions are due to direct leakage (or “regular” emissions), 49% for service and maintenance
(or “irregular” emissions), and 9% occurs at disposal or end-of-life as shown in the following
table. These are based on assumptions of the average amount of chemical leaked by a vehicle
every year, how much is lost during service of a vehicle (from professional service center and
do-it-yourself practices), and the amount lost at disposal. These numbers vary somewhat over
time based on the characteristics (e.g. average charge size and leakage rate) of each “vintage”
of A/C system, assumptions of how new A/C systems enter the market, and the number of
vehicles disposed of in any given year.

Table 2-2: Light duty vehicle HFC-134a emissions in 2005 from Vintaging model. HFC emissions can be
converted to CO2 equivalent by multiplying by 1430 GWP.

Emission Process HFC emissions (metric tons) Fraction of total
Leakage 18,151 0.42
Maintenance/servicing 21,176 0.49
Disposal/end-of-life 3,890 0.09
Total 43,217 1.0

2.2.2 A/C Leakage Credit

The level to which each technology can reduce leakage can be calculated using the
SAE Surface Vehicle Standard J2727 — HFC-134a Mobile Air Conditioning System
Refrigerant Emission Chart. This industry standard was developed by SAE and the
cooperative industry and government IMAC (Improved Mobile Air Conditioning) program
using industry experience, laboratory testing of components and systems, and field data to
establish a method for calculating leakage. With refrigerant leakage rates as low as 10 g/yr, it
would be exceedingly difficult to measure such low levels in a test chamber (or shed). Since
the J2727 method has been correlated to “mini-shed” results (where select components are
tested in a small chamber, simulating real-world driving cycles), the EPA considers this
method to be an appropriate surrogate for vehicle testing of leakage. It is also referenced by
the California Air Resources Board in their Environmental Performance Label regulation and
the State of Minnesota in their GHG reporting regulation.*”

2.2.2.1

Why Is EPA Relying on a Design-Based Rule?

As with any design-based rule, it is possible to achieve compliance by simply
selecting the minimum number of design attributes needed to meet a particular threshold or
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standard. Whether a design-based approach is used for emissions compliance or earning
voluntary GHG credits, manufacturers will rightly choose the combination of design attributes
which yield the maximum benefit at the lowest cost. However, there is a risk that some
manufacturers may select poor quality, cheap parts, or implement the changes poorly,
resulting in vehicles which ostensibly meet the rule’s provisions, but in practice, fail to
achieve their stated benefits. However, EPA believes that the market-driven incentive of
assuring customer satisfaction will drive manufacturers to design A/C systems that perform as
promised, and never need to be recharged. Also, it should be noted that the relative leakage
rates assigned to various components, materials, and technologies in SAE J2727 are based on
(and correlated to) actual leakage rates, as measured in bench- and field-test studies of
vehicles and components.

In the case of refrigerant leakage, it would be very costly and burdensome to design,
develop, and implement a test procedure and facility for measuring refrigerant leakage on
each and every vehicle type a manufacturer produces. With leakage levels on many new
vehicles expected to be as low as 9 g/yr (0.001 g/hr), it would be difficult to accurately
measure the actual leakage rate. Even if it were possible to build a suitable facility capable of
accurately measuring very low levels of refrigerant leakage, such a facility would still not
exercise the A/C system across its normal range of operation, both in terms of engine and
vehicle speeds as well as ambient conditions (e.g. under high compressor load, leakage past
the compressor shaft seal on a running system can be 20 times higher than the static leakage
level).'” In addition, it is very likely that any performance-based test would become obsolete
in the timeframe of this rulemaking, as low-GWP refrigerants are likely to be adopted by
manufacturers.

In the absence of a vehicle-level performance test to measure the how a particular A/C
system design functions (and the difficulty in creating such a test), EPA is proposing to rely
upon the best available design metrics for quantifying system performance. EPA believes that
the SAE J2727 method as an appropriate method for quantifying the expected yearly
refrigerant leakage rate from A/C systems.

2.2.2.2 How Are Credits Calculated?

The A/C credit available to manufacturers will be calculated based on how much a
particular vehicle’s annual leakage value is reduced against the average new vehicle, and will
be calculated using a method drawn directly from the SAE J2727 approach. By scoring the
minimum leakage rate possible on the J2727 components enumerated in the proposed rule
(expressed in the proposed rule as a measure of annual leakage), one earns the maximum A/C
credit (on a gram per mile basis).

The A/C credit available to manufacturers will be calculated based on the reduction to
a vehicle’s yearly leakage rate, using the following equation:
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Equation 1 — Credit Equation

A/C Credit = (MaxCredit) * [ 1 - (§86.166-12 Score/AvgImpact®) * (GWPRefrigerant/1430)]

There are four significant terms to the credit equation. Each is briefly summarized below, and
is then explained more thoroughly in the following sections. Please note that the values of
many of these terms change depending on whether HFC-134a or an alternative refrigerant are
used. The values are shown in Table 2-3, and are documented in the following sections.

e “MaxCredit” is a term for the maximum amount of credit entered into the equation
before constraints are applied to terms. The maximum credits that could be earned by
a manufacturer is limited by the choice of refrigerant and by assumptions regarding
maximum achievable leakage reductions.

e “Score/Avglmpact” is the leakage score of the A/C system as measured according to
the §86.166-12 calculation in units of g/yr, where the minimum score which is deemed
feasible is fixed.

e “Avglmpact” is the annual average impact of A/C leakage.

o “GWPRefrigerant” is the global warming potential for direct radiative forcing of the
refrigerant as defined by EPA (or IPCC).

Table 2-3: Components of the A/C Credit Calculation

Alternative

HFC-134a Refrigerant

Cars Trucks Cars Trucks
MaxCredit equation input (grams /mile CO2 EQ) 12.6 15.6 13.8 17.2
A/C credit maximum (grams /mile CO2 EQ) 6.3 7.8 13.8 17.2
§86.166-12 Score Avglmpact (grams / HFC year) 8.3 10.4 83 10.4
Avg Impact (grams / HFC year) 16.6 20.7 16.6 20.7

2.2.2.2.1 Max Credit Term

In order to determine the maximum possible credit on a gram per mile basis, it was
necessary to determine the projected real world HFC emissions per mile in 2016. Because
HFC is a leakage type emission, it is largely disconnected from vehicle miles traveled

* Proposed section 86.166-12 sets out the individual component leakage values based on the SAE value.
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(VMT).> Consequently, the total HFC inventory in 2016 was calculated, and then calculated
the relevant VMT. The quotient of these two terms is the HFC contribution per mile.

Consistent with the methodology presented in DRIA chapter 5, the HFC emission
inventories were estimated from a number of existing data sources. The per-vehicle per-year
HFC emission of the current (reference) vehicle fleet was determined using averaged 2005
and 2006 registration data from the Transportation Energy Databook (TEDB) and 2005 and
2006 mobile HFC leakage estimates from the EPA Emissions and Sinks report described
above.'"'? The per-vehicle per-year emission rates were then adjusted to account for the new
definitions of car and truck classes (described in preamble section I), by increasing the car
contribution proportionally by the percentage of former trucks that are reclassified as cars.
This inventory calculation assumes that the leakage rates and charge sizes of future fleets are
equivalent to the fleet present in the 2005/2006 reference years. Preliminary EPA analysis
indicates that this may increasingly overstate the future HFC inventory, as charge sizes are
decreasing.

The per-vehicle per-year average emission rate was then scaled by the projected
vehicle fleet in each future year (using the fleet predicted in the emissions analysis) to
estimate the HFC emission inventory if no controls were enacted on the fleet. After dividing
the 2016 inventory by total predicted VMT in 2016, an average per mile HFC emission rate
(“base rate’’) was obtained.

The base rate is an average in-use number, which includes both old vehicles with
significant leakage, as well as newer vehicles with very little leakage. The new vehicle
leakage rate is discussed in section 2.2.2.2.2, while deterioration is discussed in section 2.2.5.

e  Max Credit with Conventional Refrigerant (HFC-134a)
Two adjustments were made to the base rate in order to calculate the Maximum HFC
credit with conventional refrigerant. First, EPA has determined that 50% leakage
prevention is the maximum potentially feasible prevention rate in the 2012-2016
timeframe (section 2.2.3). Some leaks will occur and are expected, regardless of
prevention efforts. The accuracy of the J2727 approach (as expressed in proposed
§86.112), as a design based test, decreases as the amount of expected leakage
diminishes. 50% of the base rate is therefore proposed to be set as the maximum
potential leakage credit for improvements to HFC leakage using conventional
refrigerant.

Second, EPA expects that improvements to conventional refrigerant systems will
affect both leakage and service emissions, but will not affect end of life emissions.
EPA expects that reductions in the leakage rate from A/C systems will result in fewer
